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Introduction
 This book is a revision of IEEE Std 142-1991, the IEEE Green Book™. Thisrecommended practice has served electrical engineers seeking electrical system groundinginformation since the first edition in 1956. It reflects the experience and sound judgmentof a working group made up of engineers active in the design and operation of electricalsystems for industrial and commercial power systems.
 Notice to users
 Errata
 Errata, if any, for this and all other standards can be accessed at the following URL:http://standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged tocheck this URL for errata periodically.
 Interpretations
 Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/index.html.
 Patents
 Attention is called to the possibility that implementation of this standard may require useof subject matter covered by patent rights. By publication of this standard, no position istaken with respect to the existence or validity of any patent rights in connection therewith.The IEEE shall not be responsible for identifying patents or patent applications for whicha license may be required to implement an IEEE standard or for conducting inquiries intothe legal validity or scope of those patents that are brought to its attention.
 This introduction is not part of IEEE Std 142-2007, IEEE Recommended Practice for Groundingof Industrial and Commercial Power Systems.
 iv Copyright © 2007 IEEE. All rights reserved.
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IEEE Recommended Practice for Grounding of Industrial and Commercial Power Systems
 Chapter 1System grounding
 1.1 Introduction
 1.1.1 Overview
 This chapter provides recommended procedures for the system grounding of industrialand commercial power systems, and the proper selection and application of groundingimpedances. Special cases of system grounding are also addressed for generators,uninterruptible power supplies (UPS), portable mining equipment, and multi-voltagesystems.
 1.1.2 General
 Grounding of an electrical system is a decision that must be faced sometime by mostengineers charged with planning or modifying electrical distribution. Grounding in someform is generally recommended, although there are certain exceptions. Several methodsand criteria exist for system grounding; each has its own purpose.
 It is the intention of this chapter to assist the engineer in making decisions on the subjectby presenting basic reasons for grounding or not grounding and by reviewing generalpractices and methods of system grounding.
 The practices set forth herein are primarily applicable to industrial power systems thatdistribute and utilize power at medium or low voltage, usually within a smallergeographical area than is covered by a utility.
 Where distances or power levels may dictate circuitry and equipment similar to a utility,consideration of utility practices is warranted. However, restrictions of the NationalElectrical Code® (NEC®), NFPA 701 particular needs of service and the experience andtraining of the workforce should also be considered.
 1Information on references can be found in 1.16.
 Copyright © 2007 IEEE. All rights reserved. 1
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IEEEStd 142-2007 CHAPTER 1
 Where an industrial power system includes power-generating equipment, the reasons forgrounding these components may be the same as those for grounding similar componentsof public utility systems. The methods of grounding would generally be similar under likeconditions of service. However, in the industrial setting, conditions of service may bealtered by the following:
 a) Location within the power system
 b) Individual generator characteristics
 c) Manufacturing process requirements
 All of these may affect grounding decisions.
 The NEC, sponsored by the National Fire Protection Association, contains regulationspertaining to system and equipment grounding applicable to industrial, commercial, andspecial occupancy facilities. These rules are considered minimum requirements for theprotection of life and property and should be carefully reviewed during the course ofsystem design. The recommended practices in this document are intended to supplement,and not negate, any of the requirements in the NEC.
 1.2 Definitions
 For the purposes of this document, the following terms and definitions apply. TheAuthoritative Dictionary of IEEE Standards Terms [B8]2 and the NEC should bereferenced for terms not defined in this subclause.
 1.2.1 effectively grounded: Grounded through a sufficiently low impedance such that forall system conditions the ratio of zero-sequence reactance to positive-sequence reactance(X0/X1) is positive and not greater than 3, and the ratio of zero-sequence resistance topositive-sequence reactance (R0/X1) is positive and not greater than 1.
 1.2.2 equipment grounding conductor (EGC): The conductor used to connect the non-current-carrying metal parts of the equipment, raceways, and other enclosures to thesystem grounded conductor, the grounding electrode conductor (GEC), or both, at theservice equipment or at the source of a separately derived system.
 1.2.3 ground: A conducting connection, whether intentional or accidental, between anelectrical circuit or equipment and the earth, or to some other body that serves in place ofthe earth.
 1.2.4 grounded: Connected to earth or to an extended conducting body that serves insteadof the earth, whether the connection is intentional or accidental.
 1.2.5 grounded system: A system in which at least one conductor or point (usually themiddle wire or neutral point of transformer or generator windings) is intentionallygrounded, either solidly or through an impedance.
 2The numbers in brackets correspond to those of the bibliography in 1.17.
 2 Copyright © 2007 IEEE. All rights reserved.
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IEEESYSTEM GROUNDING Std 142-2007
 1.2.6 grounding system: A system that consists of all interconnected groundingconnections in a specific power system and is defined by its isolation from adjacentgrounding systems. The isolation is provided by transformer primary and secondarywindings that are coupled only by magnetic means. Thus, the system boundary is definedby the lack of a physical connection that is either metallic or through a significantly highimpedance.
 1.2.7 high-resistance grounded: A resistance-grounded system designed to limit ground-fault current to a value that can be allowed to flow for an extended period of time, whilestill meeting the criteria of R0 < Xco, so that transient voltages from arcing ground faultsare reduced. The ground-fault current is usually limited to less than 10 A, resulting inlimited damage even during prolonged faults.
 1.2.8 low-resistance grounded: A resistance-grounded system that permits a higherground-fault current to flow to obtain sufficient current for selective relay operation.Usually meets the criteria of R0/X0 less than or equal to 2. Ground-fault current is typicallybetween 100 A and 1000 A.
 1.2.9 per-phase charging current (Ico): The current (Vln/Xco) that passes through onephase of the system to charge the distributed capacitance per phase-to-ground of thesystem; Vln is the line-to-neutral voltage and Xco is the per-phase distributed capacitivereactance of the system.
 1.2.10 reactance grounded: Grounded through an impedance, the principal element ofwhich is inductive reactance.
 1.2.11 resistance grounded: Grounded through an impedance, the principal element ofwhich is resistance.
 1.2.12 resonant grounded: A system in which the capacitive charging current isneutralized by an inductive current produced from a reactor connected between the systemneutral and ground. By properly “tuning” the reactor (selecting the right tap), a lowmagnitude of fault current can be achieved. In general, when this occurs the arc will notmaintain itself and the ground fault is extinguished or “quenched.” In a parallel circuit,consisting of L and C, this happens when,
 1.2.13 Rn: The value of the resistance connected from the neutral to the ground of aresistance-grounded system. For high-resistance grounded systems where Rn is a majorcomponent of R0, the relationship R0 = 3Rn applies.
 1.2.14 R0: The per-phase zero-sequence resistance of the system.
 1.2.15 separately derived system: A wiring system whose power is derived from agenerator, transformer, or converter windings and has no direct electrical connection,
 ωL1ωC-------- or f
 1
 2π LC-------------------= =
 Copyright © 2007 IEEE. All rights reserved. 3
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IEEEStd 142-2007 CHAPTER 1
 including a solidly connected grounded circuit conductor, to supply conductorsoriginating in another system.
 1.2.16 solidly grounded: Connected directly through an adequate ground connection inwhich no impedance has been intentionally inserted.
 1.2.17 static charge: The electricity generated when two dissimilar substances come intocontact. Conveyor belts are active producers of static electricity.
 1.2.18 switching surge: A transient wave of overvoltage in an electric circuit caused bythe operation of a switching device interrupting current.
 1.2.19 system charging current: The total distributed capacitive charging current (3Vln/Xco) of a three-phase system.
 1.2.20 three-phase, four-wire system: A system of alternating current supply comprisingfour conductors, three of which are connected as in a three-phase three-wire system, thefourth being connected to the neutral point of the supply or midpoint of one phase in caseof delta-connected transformer secondary for the purpose of conducting load current.
 1.2.21 three-phase, three-wire system: A system of alternating current supplycomprising three conductors, between successive pairs of which are maintainedalternating differences of potential successively displaced in phase by one third of aperiod.
 1.2.22 transient overvoltage: The temporary overvoltage associated with the operation ofa switching device, a fault, a lightning stroke, an arcing ground fault on an ungroundedsystem, or other instigating events.
 1.2.23 ungrounded system: A system without an intentional connection to ground exceptthrough potential indicating or measuring devices or other very high-impedance devices.
 1.2.24 Xco: The distributed per-phase capacitive reactance to ground of the system.
 1.2.25 X0: Zero-sequence reactance of the system.
 1.2.26 X1: Positive-sequence reactance of the system.
 1.2.27 X2: Negative-sequence reactance of the system.
 1.3 Purposes of system grounding
 System grounding is the intentional connection to ground of a phase or neutral conductorfor the purpose of:
 a) Controlling the voltage with respect to earth, or ground, within predictable limits,and
 4 Copyright © 2007 IEEE. All rights reserved.

Page 15
                        

IEEESYSTEM GROUNDING Std 142-2007
 b) Providing for a flow of current that will allow detection of an unwantedconnection between system conductors and ground. Such detection may theninitiate operation of automatic devices to remove the source of voltage from theseconductors.
 The NEC prescribes certain system grounding connections that must be made to be incompliance with the code. The control of voltage to ground limits the voltage stress on theinsulation of conductors so that insulation performance can more readily be predicted. Thecontrol of voltage also allows reduction of shock hazard to persons who might come incontact with live conductors.
 1.4 Methods of system neutral grounding
 1.4.1 Introduction
 Most grounded systems employ some method of grounding the system neutral at one ormore points. These methods can be divided into two general categories: solid groundingand impedance grounding. Impedance grounding may be further divided into severalsubcategories: reactance grounding, resistance grounding, and ground-fault neutralizergrounding. Figure 1-1 shows examples of these methods of grounding.
 Each method, as named, refers to the nature of the external circuit from system neutral toground rather than to the degree of grounding. In each case the impedance of the generatoror transformer whose neutral is grounded is in series with the external circuit. Thus asolidly grounded generator or transformer may or may not furnish effective grounding tothe system, depending on the system source impedance.
 Many of the concepts involved in defining system grounding types and levels are bestexplained in terms of symmetrical components or equivalent circuits. The reader who isnot familiar with these analytical methods is referred to Chapter 2 of Beeman and toChapter 3 of IEEE Std 399™ (IEEE Brown Book™) for guidance.
 Molded-case circuit-breaker interrupting capabilities can be affected by the method ofgrounding. In addition, if other than solidly grounded wye systems are used, the circuitbreakers’ single-pole interrupting ratings should be evaluated for the application
 1.4.2 Ungrounded system (no intentional grounding)
 In an ungrounded system, there is no intentional connection between the systemconductors and ground. However, as shown in Figure 1-2, there always exists a capacitivecoupling between one system conductor and another, and also between system conductorsand ground. Consequently, the so-called ungrounded system is in reality a capacitancegrounded system, by virtue of the distributed capacitance from the system conductors toground. Since the capacitance between phases has little effect on the groundingcharacteristics of the system, it will be disregarded. For simplicity, the distributedcapacitive reactance to ground, Xco, is assumed to be balanced.
 Copyright © 2007 IEEE. All rights reserved. 5
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IEEEStd 142-2007 CHAPTER 1
 In an unfaulted condition, with balanced three-phase voltages applied to the lines, thecapacitive charging current, Ico, in phase will be equal and displaced 120° from oneanother. The phase voltages to ground will also be equal and displaced 120° from oneanother. The vectors relationships are shown in part b) of Figure 1-2. Since the neutral ofthe distributed capacitances is at earth potential, it follows that the neutral of thetransformer is also at earth potential, being held there by the capacitance to ground.
 If one of the system conductors, phase C for example, faults to ground, current flowthrough that capacitance to ground will cease, since no potential difference across it nowexists. The voltage across the remaining two distributed capacitors to ground will,however, increase from line to neutral to line to line. The capacitive charging current, Ico,
 Figure 1-1—System neutral circuit and equivalent diagrams for ungrounded and grounded systems
 6 Copyright © 2007 IEEE. All rights reserved.
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 in the two unfaulted phases will therefore increase by the square root of 3. As shown inFigure 1-3, the line-to-ground voltages are no longer 120°, but 60° apart.
 Hence, the vectorial sum of the capacitive charging current to ground is no longer zero,but is 3 Ico or three times the original charging current per phase. The fault current, Ig,flowing from the faulted conductor to ground, leads the original line-to-neutral voltage(Vnc = –Vcn) by approximately 90°.
 In an ungrounded system, it is possible for destructive transient overvoltages to occurthroughout the system during restriking ground faults. These overvoltages, which can beseveral times normal in magnitude, result from a resonant condition being establishedbetween the inductive reactance of the system and the distributed capacitance to ground.This phenomenon is discussed in detail by Beeman. Experience has proved that these
 Figure 1-2—Ungrounded system: (a) circuit configuration,(b) vector diagram
 Copyright © 2007 IEEE. All rights reserved. 7
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IEEEStd 142-2007 CHAPTER 1
 overvoltages may cause failure of insulation at multiple locations in the system,particularly at motors. Transient overvoltages from restriking ground faults are the mainreason why ungrounded systems are no longer recommended and grounded systems ofsome form are the predominant choice. To reduce transient overvoltages during restrikingground faults, one should ground the system using either solid or impedance grounding asindicated in Figure 1-4.
 Various detection schemes are used to detect the presence of a single line-to-ground fault.The simplest scheme employs three light bulbs, each connected between line voltage andground. Under normal operation the three bulbs are illuminated with low equal intensity.When a single line-to-ground fault occurs, that bulb connected to the faulted phase isextinguished. The remaining two bulbs increase in intensity, since the voltage on theunfaulted phases increases from line-to-neural to line-to-line.
 Figure 1-3—Single line-to-ground fault on an ungrounded system: (a) circuit configuration, (b) vector diagram
 8 Copyright © 2007 IEEE. All rights reserved.
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IEEESYSTEM GROUNDING Std 142-2007
 Another scheme frequently used takes the form of three voltage transformers with theirprimary windings connected in wye and the neutral point grounded. The secondarywindings of the transformers are connected in broken delta, with a voltage relay connectedin the open corner and used to operate an indication or alarm circuit. Using this scheme,loading resistors may be required either in the primary neutral or secondary circuit toavoid ferroresonance.
 The problem of locating a single line-to-ground fault on an ungrounded system can betime consuming. Usually, the first step is to open the secondary feeders, one at a time, todetermine on which feeder the fault is located. Afterwards, the branch circuits are openedone at a time. Finally, the individual loads are taken off. None of these proceduresimproves service continuity.
 Figure 1-4—Independent grounding of each voltage level
 Copyright © 2007 IEEE. All rights reserved. 9
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 If a ground cannot be located before a second line-to-ground fault occurs, whose currentmust be carried by the EGC or earth, the result will be a line-to-line fault. This will becontrasted later to a grounded system that develops enough ground current to clear,automatically and selectively, each faulted circuit.
 1.4.3 Resistance grounding
 In a resistance-grounded system, the neutral of the transformer or generator is connectedto ground through a resistor. A typical resistance-grounded neutral system is shown inFigure 1-5. As commonly installed, the resistance has a considerably higher ohmicmagnitude than the system reactance at the resistor location. Consequently, the line-to-ground fault current is primarily limited by the resistor itself.
 The reasons for limiting the current by resistance grounding include the following:
 a) To reduce burning and melting effects in faulted electric equipment, such asswitchgear, transformers, cables, and rotating machines.
 b) To reduce mechanical stresses in circuits and apparatus carrying fault currents.
 c) To reduce electric-shock hazards to personnel caused by stray ground-faultcurrents in the ground-return path.
 d) To reduce the arc blast or flash hazard to personnel who may have accidentallycaused or happen to be in close proximity to the ground fault.
 e) To reduce the momentary line-voltage dip occasioned by the occurrence andclearing of a ground fault.
 f) To secure control of transient overvoltages while at the same time avoiding theshutdown of a faulted circuit on the occurrence of the first ground fault (high-resistance grounding).
 Resistance grounding may be either of two classes, high resistance or low resistance,distinguished by the magnitude of ground-fault current permitted to flow. Although thereare no recognized standards for the levels of ground-fault current that define these twoclasses, in practice there is a clear difference.
 Figure 1-5—Resistance-grounded system
 10 Copyright © 2007 IEEE. All rights reserved.
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 1.4.3.1 High-resistance grounding
 High-resistance grounding employs a neutral resistor of high ohmic value. The value ofthe resistor is selected to limit the current, Ir, to a magnitude equal to or slightly greaterthan the total capacitance charging current, 3 Ico, as shown in Figure 1-6.
 Typically, the ground-fault current, Ig, is limited to 10 A or less, although somespecialized systems at voltages in the 15 kV class may require higher ground-fault levels.In general, the use of high-resistance grounding on systems where the line-to-ground faultexceeds 10 A should be avoided because of the potential damage caused by an arcingcurrent larger than 10 A in a confined space (see Foster, Brown, and Pryor).
 Several references are available that give typical system charging currents for major itemsin the electrical system (see Electrical Transmission and Distribution Reference Book;Baker). These will allow the value of the neutral resistor to be estimated in the projectdesign stage. The actual system charging current may be measured prior to connection ofthe high-resistance grounding equipment following the manufacturer’s recommendedprocedures.
 Figure 1-6—Single line-to-ground fault on a high-resistance grounded system: (a) circuit configuration, (b) vector diagram
 Copyright © 2007 IEEE. All rights reserved. 11
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 High-resistance grounding usually does not require immediate clearing of a ground faultsince the fault current is limited to a very low level. The protective scheme associated withhigh-resistance grounding is usually detection and alarm rather than immediate trip out.
 A typical scheme for detecting a ground fault in a high-resistance grounded system isshown in Figure 1-7. Under normal operation, the neutral point of the transformer is atzero potential. When a single line-to-ground fault occurs, the neutral point is raised toapproximately line-to-neutral voltage. This rise in voltage is then detected using anovervoltage relay, 59. A step-down transformer is typically used to reduce the line toneutral voltage of the system to a level (usually 120 V) acceptable to the relay. Since aground fault may persist for an indefinite length of time, a continuous (rather than shortterm) rating should be imposed on the grounding resistor.
 High-resistance grounding has the following advantages:
 a) Service continuity is maintained. The first ground fault does not require processequipment to be shut down.
 b) Transient overvoltage due to restriking ground faults is reduced (to 250% ofnormal).
 c) A signal tracing or pulse system will facilitate locating a ground fault.
 d) It eliminates flash hazards to personnel associated with high ground-fault currents.
 e) The need for and expense of coordinated ground-fault relaying is eliminated.
 High-resistance grounding is generally employed in the following:
 1) Low voltage (where permitted), i.e., commercial and industrial locations wherethere are no line-to-neutral loads.
 Figure 1-7—Scheme for detecting a ground fault on a high-resistance grounded system
 12 Copyright © 2007 IEEE. All rights reserved.
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 2) Medium-voltage systems where service continuity is desired and capacitive charg-ing current is not excessive.
 3) Retrofits of previously ungrounded systems where it is desired to reduce transientovervoltages potentially caused by restriking ground faults.
 1.4.3.2 Low-resistance grounding
 Low-resistance grounding is designed to limit ground-fault current to a range between100 A and 1000 A, with 400 A being typical. The neutral resistor, R, shown in Figure 1-8,is selected according to R = Vln/Ig, where Vln is the system line to neutral voltage and Ig isthe desired ground-fault current. Figure 1-9 illustrates the flow of currents for a singleline-to-ground fault on a low-resistance grounded system. Since the combined effects ofcharging current and system source impedance will affect the ground-current value lessthan 0.5% in the typical range of utility supplied systems, it is permissible to ignore theseeffects in calculating the ground-fault resistance value. The general practice is to considerthat the full system line-to-neutral voltage appears across the grounding resistor. Only inthe case of systems supplied by small generators should departure from this generalpractice be considered.
 Low-resistance grounding has the advantage of facilitating the immediate and selectiveclearing of a grounded circuit. This requires that the minimum ground-fault current belarge enough to positively actuate the applied ground-fault relay. One method of detectingthe presence of a ground fault uses an overcurrent relay, 51G. This method is presented inFigure 1-10. When a ground fault occurs, the neutral potential is raised to approximatelyline-to-neutral voltage, resulting in current flow through the resistor. A typical turns ratiofor the current transformer is indicated. Upon indication that a ground fault has occurred,action would be initiated to disconnect the transformer from the secondary circuit.
 Figure 1-8—Low-resistance grounded system
 Copyright © 2007 IEEE. All rights reserved. 13
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 Since it is the intent that the ground-fault current supplied by low-resistance grounding bepromptly and automatically cleared by protective relaying, the grounding resistor can berated for intermittent duty. Normal practice is to rate it for 10 s or 30 s, depending uponthe degree of security appropriate for the application. In cases of faults that are not, orcannot be, disconnected by secondary breakers, the ability for prompt and automaticdisconnection of the primary source is required. Suitable relaying and switching devicesfor this purpose are an integral part of the low-resistance system design as shown inFigure 1-10.
 Low-resistance grounding finds application in medium-voltage systems of 15 kV andbelow, particularly where large rotating machinery is used. By limiting ground-faultcurrents to hundreds of amperes, instead of thousands of amperes, damage to expensiveequipment is reduced. A special application of low-resistance grounding is also mandatedin mining systems supplying portable equipment trailing cables (see 1.11).
 Both high- and low-resistance grounding are designed to limit transient overvoltages tosafer limits (250% of normal).
 Systems grounded through resistors require surge arresters suitable for use on ungroundedneutral circuits. Metal-oxide surge arrester ratings must be chosen so that neither themaximum continuous operating voltage capability nor the one-second temporaryovervoltage capability is exceeded under system ground-fault conditions.
 Figure 1-9—Single line-to-ground fault on a low-resistance grounded system
 14 Copyright © 2007 IEEE. All rights reserved.
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 1.4.4 Reactance grounding
 The term reactance grounding describes the case in which a reactor is connected betweenthe system neutral and ground, as shown in Figure 1-11. Since the ground fault that mayflow in a reactance-grounded system is a function of the neutral reactance, the magnitudeof the ground-fault current is often used as a criterion for describing the degree ofgrounding. In a reactance-grounded system, the available ground-fault current should beat least 25% (X0 = 10X1) and preferably 60% (X0 = 3X1) of the three-phase fault current toprevent serious transient overvoltages. The term X0, as used, is the sum of the source zero-sequence reactance, X0, plus three times the grounding reactance, 3Xn, (X0 = X0 source +3Xn). This is considerably higher than the level of fault current desirable in a resistance-grounded system, and therefore reactance grounding is usually not considered analternative to low-resistance grounding.
 Reactance grounding is typically reserved for applications where there is a desire to limitthe ground-fault duty to a magnitude that is relatively close to the magnitude of a three-phase fault. Use of neutral grounding reactors to provide this fault limitation will often befound to be a less expensive application than use of grounding resistors if the desiredcurrent magnitude is several thousand amperes.
 These circumstances may arise in one of two possible instances. One potential setting iswhere a large substation feeds a medium-voltage distribution system, and the totalzero-sequence impedance of the step-down transformers in the station causes the single-line-to-ground-fault current to greatly exceed the magnitude of a three-phase fault, andground-fault limitation is desired to keep the total fault current within the reasonablelimits. These conditions tend to occur most often in electric utility distribution practice.
 Figure 1-10—Scheme for detecting a ground fault on a low-resistance grounded system
 Copyright © 2007 IEEE. All rights reserved. 15
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 The second instance is where there is a desire to serve single-line-to-neutral-connectedload directly at the terminal voltage of generators, i.e., without an intervening generatorisolation transformer. In this instance, a current will flow in the generator neutral as aresult of unbalance between the loads on the three phases. A resistor in the neutral circuitof the generator will limit the flow of this unbalance, thereby limiting the ability of thesystem to carry unbalanced single-phase load. Medium-voltage generators are typicallynot designed to withstand the unbalanced mechanical forces associated with supplyingground-fault currents that exceed the magnitude of current that the machine wouldproduce to a three-phase fault at its terminals, thereby making solid grounding of theneutral undesirable. Use of low-reactance grounding to limit the ground-fault magnitudeto a level slightly lower than the three-phase level is a way to resolve these applicationconstraints. The conditions that favor low-reactance grounding of generators are relativelyrare, so this practice is somewhat obscure.
 Figure 1-11—Single line-to-ground fault on a low reactance grounded system: (a) circuit configuration, (b) vector diagram
 16 Copyright © 2007 IEEE. All rights reserved.
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 1.4.5 Resonant grounding (ground-fault neutralizer)
 A ground-fault neutralizer is a reactor connected between the neutral of a system andground. The reactor, Xl, is specially selected, or tuned, to resonate with the distributedcapacitance, Xco of the system so that a resulting ground-fault current is resistive and lowin magnitude. A resistance, r, is shown depicting reactor losses. The resulting ground-faultcurrent is in phase with the line to neutral voltage so that current zero and voltage zerooccur simultaneously. If the ground fault is in air, such as an insulator flashover, it may beself-extinguishing.
 Operation of a ground-fault neutralizer is explained with reference to Figure 1-12. Thedistributed capacitance per phase is assumed to be balanced. When one phase of thesystem is grounded (assume phase C) a line-to-neutral voltage, Vcn, is impressed acrossthe reactor. This produces a lagging inductive current, Il, that flows from the neutralizerthrough the transformer, to the fault, then to the ground. At the same time a leadingcapacitive current, 3 Ico, flows from the two unfaulted lines through the capacitance toground and to the fault. The lagging current from the inductor and the leading currentfrom the distributed capacitance are practically 180° out of phase. By properly tuning thereactor (selecting the right tap), the inductive and capacitive components of current can bemade to neutralize each other, leaving only a relatively small component of resistivecurrent, Ir, to flow in the fault.
 This method of grounding formerly was occasionally seen in high-voltage transmissionpractice. Today, it is rarely encountered in North America. There are a few instances inwhich it has been applied for generator grounding in large central stations, especially inthe New England area. However, it is relatively common in electric utility distributionpractice in the UK and Europe. A key requirement is that because the resonant circuitmust be retuned if the distributed parameters of the associated circuit are changed, theideal application is one that does not involve frequent circuit switching or reconfiguration.
 1.4.6 Solid grounding
 Solid grounding refers to the connection of a system conductor, usually the neutral of agenerator, power transformer, or grounding transformer directly to ground, without anyintentional intervening impedance. However, both the impedance of the source and theunintentional impedance in the connection to ground must be considered when evaluatingthe grounding. Two examples of solidly grounded systems are shown in Figure 1-13.
 Copyright © 2007 IEEE. All rights reserved. 17
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 To assess the benefits of a solid connection to ground, it is necessary to determine thedegree of grounding provided in the system. A good guide in answering this question isthe magnitude of ground-fault current as compared to the system three-phase fault current.The higher the ground-fault current in relation to the three-phase fault current, the greaterthe degree of grounding in the system. Effectively grounded systems will have a line-to-ground short-circuit current of at least 60% of the three-phase, short-circuit value. In termsof resistance and reactance, effective grounding of a system is accomplished only whenR0 <= X1 and X0 <= 3X1 and such relationships exist at all points in the system. The X1component used in the above relation is the Thevenin equivalent positive-sequence
 Figure 1-12—Single line-to-ground fault on a resonant grounded system: (a) circuit configuration, (b) vector diagram
 18 Copyright © 2007 IEEE. All rights reserved.
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 reactance of the complete system including the subtransient reactance of all rotatingmachines. The R0 component is primarily three times the resistance of the connection toground.
 Because the reactance of a solidly grounded generator or transformer is in series with theneutral circuit (see Figure 1-1), a solid connection does not provide a zero impedancecircuit. If the reactance of the system zero-sequence circuit is too great with respect to thesystem positive-sequence reactance, the objectives sought in grounding, principallyfreedom from transient overvoltages, may not be achieved. If R0 is too high it may notcreate transient voltages, but it may also not provide desired suppression of voltage toground on the unfaulted phases.
 Figure 1-13—Solidly grounded systems: (a) grounded wye, (b) corner grounded delta
 Copyright © 2007 IEEE. All rights reserved. 19
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 This is rarely a problem in typical industrial and commercial power systems. Asufficiently low resistance to earth may be difficult to achieve, but the “ground” to whichfaults occur will be the bonded conductive electrical enclosures. The zero-sequenceimpedance of most generators used in these systems is much lower than the positive-sequence impedance of these generators. The zero-sequence impedance of a delta-wyetransformer will not exceed the transformer’s positive-sequence impedance. There are,however, conditions under which relatively high zero-sequence impedance may occur.
 One of these conditions is a power system fed by several generators and/or transformers inparallel. If the neutral of only one source is grounded, it is possible for the zero-sequenceimpedance of the grounded source to exceed the effective positive-sequence impedance ofthe several sources in parallel.
 Another such condition may occur where power is distributed to remote facilities by anoverhead line without a metallic ground-return path. In this case, the return path forground-fault current is through the earth, and even though both the neutral of the sourceand the non-conducting parts at the load may be grounded with well-made electrodes, theground-return path includes the impedance of both of these ground electrodes. Thisimpedance may be significant. Another significant source of zero-sequence impedance isthe large line-to-ground spacing of the overhead line.
 Solid grounding is generally recommended for the following:
 a) Low-voltage systems (600 V and below) where automatic isolation of a faultedcircuit can be tolerated or where capability is lacking to isolate a ground fault in ahigh-resistance grounded system.
 b) Medium- or high-voltage systems (above 15 kV) in order to permit the use ofequipment with insulation levels to ground rated for less than line to line voltage.
 c) Medium- or high-voltage applications where the desire for a higher magnitude ofground-fault current in order to be able to provide selective ground-fault detectionon lengthy distribution feeders outweighs concerns about arc flash and potentialgradients as personnel hazards in a workplace setting.
 1.4.7 Characteristics of grounding methods
 The advantages and disadvantages of the various methods of grounding are summarized inTable 1-1.
 20 Copyright © 2007 IEEE. All rights reserved.
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 1.5 Obtaining the system neutral
 The best way to obtain the system neutral for grounding purposes in three-phase systemsis to use source transformers or generators with wye-connected windings. The neutral isthen readily available. Such transformers are available for practically all voltages except240 V. On new systems, 208Y/120 V or 480Y/277 V, wye-connected transformers maybe used to good advantage instead of 240 V. Wye-connected source transformers for2400 V, 4160 V, and 13 800 V systems are available as a standard option, whereas 4800 Vand 6900 V, wye-connected source transformers may be priced at a premium rate. Thealternative is to apply grounding transformers.
 1.5.1 Grounding transformers
 System neutrals may not be available, particularly in many older systems rated 600 V orless and in many existing 2400 V, 4800 V, and 6900 V systems. When existing deltaconnected or ungrounded systems are to be grounded, grounding transformers can be usedto obtain a neutral. The most commonly used grounding transformers are the zigzag andwye-delta type.
 1.5.2 Zigzag grounding transformers
 One type of grounding transformer commonly used is a three-phase zigzag transformerwith no secondary winding. The internal connection of the transformer is illustrated inFigure 1-14(1). The impedance of the transformer to balanced three-phase voltages is highso that when there is no fault on the system, only a small magnetizing current flows in thetransformer winding. The transformer impedance to zero-sequence voltages, however, islow so that it allows high ground-fault currents to flow. The transformer divides theground-fault current into three equal components; these currents are in phase with eachother and flow in the three windings of the grounding transformer. The method of windingis seen from Figure 1-14(1) to be such that when these three equal currents flow, thecurrent in one section of the winding of each leg of the core is in a direction opposite tothat in the other section of the winding on that leg. This tends to force the ground-faultcurrent to have equal division in the three lines and accounts for the low impedance of thetransformer-to-ground currents.
 A zigzag transformer may be used for effective grounding, or an impedance can beinserted between the derived neutral of the zigzag transformer and ground to obtain thedesired method of grounding. This transformer is seldom employed for medium-voltage,high-resistance grounding. An example of low-resistance grounding is shown inFigure 1-14(2). The overcurrent relay, 51G, is used to sense neutral current that only flowsduring a line-to-ground fault.
 22 Copyright © 2007 IEEE. All rights reserved.
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 Figure 1-14(1)—Zigzag grounding transformer: (a) core windings, (b) system connection
 Figure 1-14(2)—Low-resistance grounding of system through a zigzag grounding transformer with neutral sensing current relay
 Copyright © 2007 IEEE. All rights reserved. 23
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 1.5.3 Wye-delta grounding transformers
 A wye-delta connected three-phase transformer or transformer bank can also be utilizedfor system grounding, as shown in Figure 1-15(a) and Figure 1-15(b). As in the case of thezigzag transformer, it can be used for effective grounding or to accomplish resistance-typegrounding of an existing ungrounded system. The delta connection must be closed toprovide a path for the zero-sequence current, and the delta voltage rating is selected forany standard value. A resistor inserted between the primary neutral and ground, as shownin Figure 1-15(a) and Figure 1-15(b), provides a means for limiting ground-fault current toa level satisfying the criteria for resistance-grounded systems. For this arrangement, thevoltage rating of the wye winding need not be greater than the normal line-to-neutralsystem voltage. A neutral sensing current relay, 51G, is shown for detection of a singleline-to-ground fault. For high-resistance grounding it is sometimes more practical oreconomical, as illustrated in Figure 1-16, to apply the limiting resistor in the secondarydelta connection. For this configuration the grounding bank must consist of three single-phase transformers with the primary wye neutral connected directly to ground. Thesecondary delta is closed through a resistor that effectively limits the primary ground-faultcurrent to the desired low level. For this alternative application, the voltage rating of eachof the transformer windings forming the wye primary should not be less than the systemline-to-line voltage.
 The rating of a three-phase grounding transformer or bank, in kilovoltampere (kVA), isequal to the rated line-to-neutral voltage in kilovolts times the rated neutral current (seeElectrical Transmission and Distribution Reference Book). Most grounding transformersare designed to carry their rated current for a limited time only, such as 10 s or 1 min.Consequently, they are much smaller in size than an ordinary three-phase continuouslyrated transformer with the same rating.
 Figure 1-15(a)—Wye-delta grounding transformer showing current flow
 24 Copyright © 2007 IEEE. All rights reserved.
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 It is generally desirable to connect a grounding transformer directly to the main bus of apower system, without intervening circuit breakers or fuses, to prevent the transformerfrom being inadvertently taken out of service by the operation of the intervening devices.(In this case the transformer is considered part of the bus and is protected by the relayingapplied for bus protection.) Alternatively, the grounding transformer should be served bya dedicated feeder circuit breaker, as shown in part a) of Figure 1-17, or connectedbetween the main transformer and the main switchgear, as illustrated in part b) ofFigure 1-17. If the grounding transformer is connected as shown in part b) of Figure 1-17,there should be one grounding transformer for each delta-connected bank supplyingpower to the system, or enough grounding transformers to assure at least one groundingtransformer on the system at all times. When the grounding transformer is so connected, itis included in the protective system of the main transformer.
 1.5.4 Grounding at points other than system neutral
 In some cases, low-voltage systems (600 V and below) are grounded at some point otherthan the system neutral to obtain a grounded electrical system. This is done because deltatransformer connections do not provide access to the three-phase system neutral. Twosystems are in general use.
 Figure 1-15(b)—Low-resistance grounding of system through a wye-delta grounding transformer with neutral sensing current relay
 Copyright © 2007 IEEE. All rights reserved. 25
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 1.5.5 Corner-of-the-delta grounded systems
 Some low-voltage, ungrounded systems, have been conceived, as shown in part b) ofFigure 1-13, using delta connected supply transformers with no readily available neutralgrounding. Because of its limitations, this type of grounding is no longer popular and isnot widely used in industrial systems.
 1.5.6 One phase of a delta system grounded at midpoint
 In some areas where the utility has both a single-phase 120/240 V load and three-phase240 V loads, they have supplied a larger single-phase 120/240 V transformer and one ortwo smaller 240 V transformers, all connected in delta with the midpoint of the 120/240 Vgrounded for a 240/120 V three-phase four-wire system. This provides neutral groundingfor the single-phase 120/240 V and also grounding for the 240 V three-phase system. It isnot recommended for voltages over 240 V.
 The advantages of this type of grounding scheme are as follows:
 a) First cost for transformers and fuses can be less than for separate singletransformer and three-phase systems.
 b) Mid-phase grounding effectively controls, to safe levels, the transientovervoltages to ground.
 c) These diverse loads can be served from a single service.
 Figure 1-16—High-resistance grounding of system through a wye-broken delta grounding transformer with neutral sensing voltage relay
 26 Copyright © 2007 IEEE. All rights reserved.
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 The disadvantages are as follows:
 1) The shock hazard of the high phase leg to ground is 208 V, which is 1.73 times thevoltage of a neutral grounded 240 V system. Since this voltage can appear across asingle pole of a breaker, 277 V rated breakers may be required.
 2) There must be positive identification of the conductor with the highest voltage toground to avoid connecting 120 V loads to that conductor.
 3) The fault currents on the single-phase system may be higher than normallyexpected for the size of the system, possibly requiring higher rated panelboards.
 Figure 1-17—Connection of grounding transformers in delta connected or ungrounded power system to obtain neutral for system grounding:
 (a) circuit feeder breaker, (b) connected between main transformer and main switch gear
 Copyright © 2007 IEEE. All rights reserved. 27
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 1.6 Location of system grounding points
 1.6.1 Selection
 Each system as described in this chapter is characterized by its isolation from adjacentgrounding systems. The isolation is provided by transformer primary and secondarywindings. The NEC defines such a system as “separately derived.” A separately derivedsystem is one “whose power is derived from a generator, transformer, or converterwindings and that has no direct electrical connection, including a solidly connectedgrounded circuit conductor, to supply conductors originating in another system.”Therefore, the new system created by a transformer or generator requires theestablishment of a new system ground if it is required or desired that this system begrounded. See Figure 1-4 for an example of grounding each separately derived system.The system ground point should always be at the power source as required or permitted bythe NEC, including exceptions for multi-source systems.
 1.6.2 Transformer configurations
 There are two requirements that must be met for a transformer to provide a system ground.The first requirement is fairly intuitive; the transformer winding at the voltage where aground is desired must be connected in wye (sometimes referred to as star in Europeanpractice). The wye is essential to provide a neutral point that can be connected to earth; adelta winding does not present a neutral point and therefore there is no electricalconnection that could be connected to earth for the purpose of establishing a groundreference for the system. Alternatively, transformers with windings connected in theinterconnected star or zigzag configuration also provide a neutral point that can begrounded.
 The second requirement is a bit more involved. Table 1-1 lists a number of options for themode of system grounding; in order for these options to exist, the impedance of thetransformer to ground-fault current must be significantly lower than the impedance of theconnection between the neutral and earth such that this neutral impedance governs theselection of grounding mode. The Electrical Transmission and Distribution ReferenceBook provides a good theoretical background for this statement. Essentially, however, thisrequirement translates into a requirement that the transformer contain a second windingthat is connected in delta. Thus, a transformer that is intended to provide a system groundmust provide a wye-connected winding at the voltage of the system to be grounded, andmust also contain a delta winding. The most common configuration that meets thisrequirement in industrial and commercial applications is a transformer that has a delta-connected primary winding and a wye-connected secondary winding.
 Wye-wye transformers alone cannot be used to ground industrial and commercial powersystems. In special cases it is possible to use wye-wye transformers that are equipped withdelta-connected tertiary windings to provide system grounding. This arrangement can bedesigned for low-resistance grounding as well as effective grounding. It is also possible touse wye-connected autotransformers provided they also have a delta-connected tertiarywinding, although this is a relatively uncommon practice and should only be used toprovide effective (solid) grounding—applying a neutral grounding resistor between
 28 Copyright © 2007 IEEE. All rights reserved.
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 ground and the neutral of an autotransformer can lead to undesirable neutral voltageexcursions.
 It is also a relatively common practice to use wye-wye transformers with special five-legmagnetic cores to serve commercial applications on effectively grounded (utility)distribution systems. This connection is chosen to address concerns with ferroresonancethat come about because of single-phase switching (it is a common practice that utilitydistribution systems use single-point load-break switching devices, typically hook-stickoperated), and this connection minimizes concerns with ferroresonance that wouldotherwise be present in that situation. But rather than provide system grounding itself,what the five-leg core wye-wye transformer does is to provide a continuous path forground-fault currents from the primary distribution system into the commercial load onthe secondary. Therefore, the system ground is actually established by the transformer thatsupplies the host distribution system. This practice therefore results in the commercialsystem also being effectively grounded.
 1.6.3 Delta-wye transformer
 In a delta-wye connected transformer, with the load-side neutral grounded, zero-sequencecomponents of current can flow in the secondary wye-connected windings due to a groundfault. Zero-sequence current is then induced into the primary windings of the transformerand circulates in the delta connection. Positive and negative-sequence currents passthrough the transformer combining to produce high current in two of the primary phaseconductors. A ground fault on the secondary of the delta-wye connected transformerappears as a line-to-line fault on the primary. See Figure 1-18.
 If the neutral of the wye-connected windings is not grounded, then zero-sequence currentcannot flow and the system becomes ungrounded.
 Zero-sequence components of current can flow through a wye-wye connected transformerif a neutral path exists on both sides of the transformer. An example is shown inFigure 1-20 where a delta-wye connected transformer, T1, supplies power to a wye-wyeconnected transformer, T2. A fault on the load side of T2 produces zero-sequence current,which flows in the primary and secondary windings of that transformer. Zero-sequencecurrent is permitted to flow in the primary of T2 because a path exists in the delta-wyeconnected transformer T1. Disconnecting any of transformer neutrals, on either T1 or T2,would prevent the flow of zero-sequence current in both transformers, except as allowedby magnetizing reactance.
 Depending upon the connections to the transformer, the use of a wye-wye transformer canresult in a single system, or its load side may be a separately derived system. Figure 1-19and Figure 1-20 show a single system, whereas Figure 1-21 shows a separately derivedsystem.
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 NOTE—In Figure 1-18, configurations a) and c) permit the flow of zero-sequence current; b) and d)do not.3
 1.6.4 Wye-wye transformers
 A wye-wye transformer, T2, is shown in Figure 1-20 with the primary and secondaryneutrals interconnected and grounded. This transformer configuration is used on solidlygrounded utility distribution systems, particularly underground systems, to preventferroresonance when the supply switches can be operated one pole at a time. The utilities
 3Notes in text, tables, and figures are given for information only and do not contain requirements needed toimplement the standard.
 Figure 1-18—Zero-sequence impedance of different transformer configurations
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 ground the primary neutral point to minimize the neutral-to-earth voltage throughout thelength of the distribution line and by default on underground systems using bareconcentric neutral cables. They ground the secondary neutral to provide an effectivelygrounded low-voltage service. Note that this multiple grounding of the primary at eachtransformer is not essential to prevent ferroresonance or provide secondary grounding aslong as the fourth conductor is brought to the primary neutral of the transformer. Theneutral-to-transformer case and ground connection minimizes secondary neutral-to-ground voltage during a fault between primary and transformer case.
 In an industrial distribution system, the physical length of the circuit will usually be shortenough so that excessive neutral-to-ground voltages will not be present even if there is noground at the wye-wye transformer common neutral terminals, as shown in Figure 1-19.The NEC normally prohibits grounding of the neutral on the load side of the servicedisconnect, but allows multigrounding of the neutral of an outdoor overhead line or directburial cable with bare neutral if the circuit voltage is over 1000 V.
 As shown in Figure 1-19, with a continuous connection from the source neutral to theprimary and secondary neutrals of the wye-wye transformer, the output of the transformerwould not constitute a separately derived system as defined in the NEC. If the neutral isgrounded at the source, T1, the output of the wye-wye transformer will be a continuationof the grounded system, though at the secondary voltage of the transformer. A fault, F2, onthe load side of the wye-wye connected transformer, T2, will produce zero-sequencecomponents of current in its primary windings. This zero-sequence current will flow backto the secondary neutral terminal of source transformer, T1. However, this current flowingthrough 51G cannot determine whether the fault is located before or after the wye-wyetransformer, nor can residual or zero-sequence ground detection schemes on the output ofT1. The main benefit of this transformer connection is to utilize the standard wye-wyetransformer that contains an internal primary-to-secondary neutral connection suitable forutility practice as shown in Figure 1-20.
 Figure 1-19—Transformer connections illustrating the flow of zero-sequence current resulting from a line to ground fault
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 The circuit supplied by the wye-wye connected transformer shown in Figure 1-21 can beconsidered a separately derived system, since there are no direct metallic connectionsbetween the primary and secondary of the transformer. Primary and secondary groundfaults are separately measured and relayed. The secondary of the transformer will not begrounded unless a connection to earth is made. The secondary could be impedancegrounded. Secondary neutral grounding will also require a connection from the neutral ofthe primary source to the primary neutral of the wye-wye transformer to supply zero-sequence current. Unlike the delta-wye transformer, the wye-wye transformer itself is nota source of zero-sequence current. Grounding can be achieved without a primary neutralconnection if a phase of the secondary rather than the neutral is grounded, since nozero-sequence current is involved. The effect is then identical to corner grounding of adelta-delta transformer.
 Figure 1-20—Grounded wye-grounded wye transformer with multigrounded common neutral
 Figure 1-21—Grounded wye-grounded wye transformer with separately grounded neutrals
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 If a delta tertiary is added to a wye-wye transformer it will not be necessary to supplyzero-sequence current from the primary source, since the tertiary will act as a source ofzero-sequence current.
 Thus, the wye-wye transformer can be considered a part of a single multi-voltage systemif the neutrals are interconnected or can be considered to create a separate system if theyare not. The symmetry of the wye-wye allows it to provide grounding for its load-sidesystem even though the source and load side may be interchanged at any time.
 1.6.5 Single power source
 When a system has only one source of power (generator or transformer), grounding maybe accomplished by connecting the source neutral to earth either directly or through aneutral impedance (Figure 1-22). Provision of a switch or circuit breaker to open theneutral circuit is not recommended. It is not desirable to operate the system ungroundedby having the ground connection open while the generator or transformer is in service.
 In the event that some means of disconnecting the ground connection is required formeasurement, testing, or repair, a disconnecting link should be used and only openedwhen the system is de-energized.
 1.6.6 Multiple power sources
 For installation of interconnected multiple power sources (i.e., generators or powertransformers), operated in parallel, system grounding can be accomplished using one ofthe two following methods:
 a) Each source grounded, with or without impedance (Figure 1-23).
 Figure 1-22—Grounding for systems with one source of power: (a) solidly grounded, (b) R or Z grounded.
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 b) Each source neutral connected to a common neutral bus, which is then grounded,with or without impedance (Figure 1-24).
 For solidly grounded systems, with multiple sources, where all sources must be solidlygrounded, it is acceptable to separately ground each power source as shown in part a) ofFigure 1-23 unless third harmonics are present or if it results in exceeding the faultcapability of the generators. Levels of fault current in systems where generators areparalleled with transformer sources on a four-wire basis must be calculated usingsymmetrical component sequence values for the sources appropriately combined in thesystem (see Nichols). Commercial computer programs are now available that willcalculate branch currents for unbalanced faults in systems with both utility and generatorsources. There can be a significant increase in the total system ground-fault current ascompared to the sum of the fault current available from sources when not in a combinedsystem, while the increase in generator currents can be proportionally even greater. Referto 1.7.3.2. Where sources are in close proximity, or where the system is four wire, thecommon neutral or ground bus as shown in part a) of Figure 1-24 should be used. In afour-wire system the sources would not be considered as separately derived.
 If the power sources are not in close proximity, common ground point is notrecommended. The impedance in the neutral bus connection may become large enough toprevent effectively grounding the neutral of the source at the remote location. Theinterconnection may inadvertently become open, allowing the transformer to operateungrounded.
 For impedance grounded systems it is acceptable to separately connect each neutral toground through an individual impedance [part b) of Figure 1-23]. Each impedance ratingshould allow sufficient current to satisfy the criteria for the grounding system being used.
 Individual neutral switching devices (automatic or manual) are not recommended, sinceincorrect operation may allow a power source to operate ungrounded.
 System relaying is more complex when there are multiple ground-fault sources. The faultcurrent sensed by the feeder is variable, depending on the number of ground-fault currentsources that are connected at the time of the fault.
 When individual source impedances are used for low- or high-resistance grounding,circulation of third harmonic currents between paralleled generators is usually not aproblem since the impedance limits the circulating current to tolerable values. When thetotal ground-fault current from several individual impedances exceeds about 1000 A, acommon ground point and single impedance should be considered to provide a singleacceptable value of ground-fault current [part b) of Figure 1-24]. The advantage of thisconnection is that the maximum fault current is known, and selective relaying can be usedto open tie breakers and selectively isolate the faulted bus.
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 The primary purpose of neutral disconnecting devices in impedance grounded systems, asshown in part b) of Figure 1-24, is to isolate the generator or transformer neutral from theneutral bus when the source is taken out of service, because the neutral bus is energizedduring ground faults. A generator or transformer disconnected from the power bus, butwith an unbroken connection of its neutral to the neutral bus, would have all of itsterminals elevated with respect to ground during a ground fault. Disconnecting devicesshould be metal enclosed and interlocked in such a manner as to prevent their operationexcept when the transformer primary and secondary switches or generator main and fieldcircuit breakers are open. On low-voltage systems the use of four-pole breakers mayprovide adequate interlocking. In this case line-to-neutral voltage should not be used forsynchronizing.
 Figure 1-23—Grounding for systems with multiple power sources(Method 1): (a) solidly grounded, (b) R or Z grounded
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 In the case of multiple transformers, all neutral isolating devices may be normally closedbecause the presence of delta-connected windings (which are nearly always present on atleast one side of each transformer) minimizes the circulation of harmonic current betweentransformers. Generators that are designed to suppress zero-sequence harmonics, usuallyby the use of a two-thirds pitch winding, will have negligible circulating currents whenoperated in parallel; therefore, it is often found practical to operate these types ofgenerators with the neutral disconnect device closed. This simplifies the operatingprocedure and increases assurance that the system will be grounded at all times, becauseinterlocking methods can be used.
 Figure 1-24—Grounding for systems with multiple power sources(Method 2): (a) solidly grounded, (b) R or Z grounded
 36 Copyright © 2007 IEEE. All rights reserved.

Page 47
                        

IEEESYSTEM GROUNDING Std 142-2007
 It is sometimes desirable to operate with only one generator neutral disconnecting deviceclosed at a time to eliminate any circulating harmonic or zero-sequence currents. Inaddition, this method provides control over the maximum ground-fault current andsimplifies ground relaying. When the generator whose neutral is grounded is to be shutdown, another generator is grounded by means of its neutral disconnecting device beforethe main and neutral disconnecting device of the first one are opened. This method hassome inherent safety considerations that must be recognized and addressed in order toensure continual safe operation. The procedures required to permit only one disconnectingdevice to be closed with multiple sources generally do not permit the use of conventionalinterlocking methods to ensure that at least one neutral disconnecting device will beclosed. Therefore, this method should only be used where strict supervision of operatingprocedures is assured.
 1.6.7 Grounding locations specified by the NEC
 The following locations for ground connections are required, or permitted, by the NEC forthe most common types of power system grounding. This is not intended to be a completelisting of code requirements, and the current edition of the NEC should be consulted fordetails or recent changes as well as to determine whether grounding is required orprohibited. The purpose of this subclause is to call attention to location requirements andnot to interpret the requirements, since that is the province of the cognizant enforcingauthorities.
 On service-supplied systems of 50 V to 1000 V, system grounding, when required orelected, should be made at the service entrance, between the load end of the service dropor lateral and the neutral landing point. If the service is supplied from a transformerexternal to the building one additional grounding point is required external to the building.If a grounded conductor extends past the service entrance switch, it should have no furthergrounds on this extension except as noted by the various exceptions in the NEC to thisrequirement, as follows.
 Where dual services feed a double-ended bus, a single ground at the center point of theneutral bus is allowed to replace those previously listed.
 If more than one building is fed from a single service there should be a system groundingconnection made at the entrance to each building. However, if an EGC is run with the loadconductors, this ground connection can be eliminated so as to avoid elevating non-current-carrying enclosures above ground potential due to load drop in the neutral conductor.
 Grounding connections should not be located or connected so as to cause objectionablecurrents in grounding conductors or grounding paths.
 Separately derived circuits, if required or elected to have a system ground, should begrounded between the source and the first disconnecting device. System groundingconnections downstream of the disconnecting device have the same rules as for service-supplied circuits.
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 The point of grounding for systems shall be the neutral or common conductor where oneexists; otherwise the point shall be a phase conductor.
 On systems over 1000 V, a transformer-derived neutral may also be used as theattachment point for a system ground. This method is not mentioned for effectivegrounding of low-voltage systems.
 High-voltage and medium-voltage systems may also have multiple neutral grounds wherethe conductors are overhead outdoors or where they are directly buried with a bare neutralconductor.
 1.7 Grounding of industrial and commercial generators
 1.7.1 Industrial and commercial generator characteristics
 Generators have several characteristics that are significantly different from transformers,the other common source of power. As compared to the transformer, the generator haslittle ability to withstand the heating effects or mechanical forces of short circuits. Thegenerator may be required by standards to withstand a less than 10-per-unit short circuit,and the imposition of higher currents is defined as unusual service by the NationalElectrical Manufacturers Association (NEMA) MG 1, whereas a transformer may berequired to withstand a 25 per-unit current. The generator may be capable of withstandingless than 25% of the heating effect of this current as compared to the transformer. If thecurrent is unbalanced, this capability may be reduced to less than 10% of the transformercapability (see NEMA MG 1; Nichols).
 Unlike the transformer, the three sequence reactances of a generator are not equal. Thezero-sequence reactance has the lowest value, and the positive-sequence reactance variesas a function of time. Thus, a generator will usually have higher initial ground-faultcurrent than a three-phase fault current if the generator has a solidly grounded neutral.According to NEMA, the generator is required to withstand only the three-phase currentlevel unless it is otherwise specified (see NEMA MG 1). Also, NEMA states that thenegative-sequence current thermal withstand limit is a product of time in seconds and thesquare of per-unit negative-sequence current (I2
 2t) equaling 40 (see NEMA MG 1). With asolidly grounded neutral, the steady-state ground-fault current will be about eight timesthat of full-load current, while the steady-state three-phase fault current is three times full-load current; but, because of the negative-sequence content of the ground-fault current, thegenerator has less thermal withstand capability than it would for a three-phase fault.
 Generators produce slightly nonsinusoidal voltages because of saturation and imperfectwinding and flux distribution (see Woodbury). Industrial generators therefore produce oddharmonic voltages, with the third harmonic voltage being as much as 10%. Theseharmonic voltages can cause heating from circulating currents in a closed loop. This is onereason why most industrial generators have their internal windings connected in wyerather than delta. The third harmonic voltages produced in the generator’s windings are inphase and additive. This would cause third harmonic current to circulate within the delta-connected windings, as shown in Figure 1-25. The circulating current would create
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 additional heating within the generator thereby reducing some of its thermal capacity.Generators that operate in a delta connection allow for this in their design.
 If the generator windings are designed with a two-thirds pitch, the third harmonic voltagecan be suppressed (see Baker), but the zero-sequence impedance will be loweredincreasing the ground-fault current.
 A grounded generator connected to a delta-wye transformer is shown in Figure 1-26. Anythird harmonic voltage, V3, produced by the generator would be impressed on the primaryof the transformer. Since the third harmonic voltages are in phase, the voltage differenceacross each winding of the transformer’s delta will equal zero and no third harmonic, ormultiples of the third harmonic, current can be expected to flow.
 Figure 1-25—Circulation of third harmonic current in a delta-connected generator
 Figure 1-26—Analysis of third harmonic current (no zero-sequence loop)
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 Any current flowing as a result of a line-to-ground fault on the secondary side of thetransformer will appear, as shown in Figure 1-27, as a line-to-line fault at the generatoroutput. This type of fault is the most damaging to the generator because of its negative-sequence content. There will be no zero-sequence current flow in the generator eventhough the generator is grounded. Zero-sequence current will circulate in the deltawinding of this transformer.
 The physical limitations imposed by generator construction results in less availableinsulation thickness, with a resulting reduction in voltage-impulse withstand as comparedto nonrotating electrical equipment. Thus, special attention should be given to limitingvoltage to ground by the grounding of generator neutrals.
 Internal ground faults in solidly grounded generators can produce large fault currents.These currents can damage the laminated core, adding significantly to the time and cost ofrepair. Such currents persist until the generator voltage decays, since they are not capableof being interrupted by the generator circuit breaker (see McFadden). Both magnitude andduration of these currents should be limited whenever possible.
 NOTE—One per unit is equal to generator-rated current.
 1.7.2 Single unparalleled generator
 This configuration may offer the most options for grounding. The distribution system maybe particularly designed for flexibility in applying grounding by having only three-wireloads connected directly to the generator or even having only a single transformerconnected to the generator (unit bank). Thus the design may employ high-resistancegrounding to minimize damage from internal ground faults, or low-resistance grounding ifneeded to operate selective ground relays. In either case the ground-current level shouldbe substantially less than the phase-current fault levels.
 The generator may also be applied to a four-wire load without transformation. If thegenerator is rated for solidly grounded service, the neutral may be connected directly to
 Figure 1-27—Zero-sequence currents during a wye side fault
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 the grounded circuit conductor. If a standard generator is used, a reactor should beconnected between neutral and the grounded circuit conductor so as to limit themomentary ground-fault current to no more than the momentary three-phase fault current(see Beeman; NEMA MG 1). When 3i0 = i"d the value of this neutral reactor, XN, shouldbe as shown in Equation (1.1):
 (1.1)
 where
 3i0 = Ground-fault current = 3Vin/(X"d + X2 + X0 + 3Xn)
 i"d = Three-phase subtransient fault current = Vin/X"d
 X"d = Generator subtransient reactance
 X2 = Generator negative-sequence reactance
 X0 = Generator zero-sequence reactance
 Vin = Phase to neutral voltage
 Note that a resistor should not be used for this purpose, since its impedance is inquadrature with the machine reactance and thus would require a much larger value ofresistance than reactance. This resistance would incur large losses from the flow of eitherfault or load current. The zero-sequence load current would also produce an objectionablevoltage drop, since the load is primarily resistive.
 On the other hand, the neutral reactor will cause little voltage drop to be produced by in-phase zero-sequence load current. The total zero-sequence current will be a small valuebecause the generator has limited unbalanced current capacity. The continuous negative-sequence current capability of generators covered in ANSI C50 standards is 8% or 10%.For salient-pole generators covered under NEMA MG 1, the limit is 10% at full load. Theuse of the reactor between the generator neutral and the neutral circuit conductor does notaffect the NEC requirement that the neutral circuit conductor be solidly grounded.
 If generators are solidly grounded, the system’s circuit breaker duty must be calculated atthe higher ground-fault duty.
 If the wye side of a delta-wye transformer is connected to a generator that is configuredfor four-wire service, the generator should be designed with a two-thirds pitch winding.This transformer will act as a short circuit to third harmonic currents, and withoutcancellation of third harmonic voltage, the resultant current may adversely affect ground-fault relaying and generator capacity.
 1.7.3 Paralleled generators in an isolated system
 This subclause covers only those generators that are paralleled to other generators on thesame bus. Generators paralleled through transformers would be considered as paralleled toa separate source. (See Pillai et al.)
 XN 1 3⁄ 2Xd″ X2– X0–( )=
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 1.7.3.1 Circulating harmonic current
 The considerations are similar to 1.7.1 except for the possible circulation of thirdharmonic current between solidly grounded generators if any of the generators do not havetwo-thirds pitch windings. If generators are of identical design, there will be no significantcirculation of third harmonic current while the generators are being operated at identicalpower and reactive current outputs. If the generators are not of identical design, there willbe a third harmonic circulating current. If identical generators are operated with unequalloading, there will be a third harmonic circulating current.
 This is demonstrated in Figure 1-28, where two generators are shown solidly connected toa neutral bus (see McFadden). Due to differing electrical parameters and constructiondetails, each generator produces a different amount of third harmonic voltage, e31 and e23,at its terminals. As a result a third harmonic current circulates between the generators. Themagnitude of this current depends on the third harmonic loop voltage, e3, and the thirdharmonic loop impedance, Z. Since the generators are solidly connected to the neutral bus,the third harmonic loop impedance can be small. The resulting circulating currentproduces additional heat in each generator. More important, the zero-sequence thirdharmonic current circulating through the loop may pick up ground relays causing falsetripping of the generator circuit breakers (see McFadden).
 Generators with two-thirds pitch windings have the minimum impedance to the flow ofthird harmonic currents generated elsewhere due to their low zero-sequence impedance.
 High-resistance grounding of the generators will adequately limit these harmonic currents.Thus, it is attractive to use high-resistance grounding on the generators, as shown inFigure 1-29, even if there are load feeders directly connected to the generator bus, and touse low-resistance bus grounding to provide selective relaying on the load feeders. Low-resistance grounding of the generators at values not exceeding 25% of generator ratingwill normally suppress third harmonic current to adequate values even with dissimilargenerators, but the variable ground-fault current available with multiple generators maypose a relay-coordination problem.
 Figure 1-28—Two parallel generators solidly connected to a neutral bus
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 1.7.3.2 Ground-fault limitations
 NEMA MG 1 places a requirement on the design of synchronous generators that windingsshall be braced to withstand the mechanical forces resulting from a bolted three-phaseshort circuit at the machine terminals. Generator phase currents to ground can actuallyexceed these three-phase values causing possible machine damage (see Woodbury). Thiscan be illustrated [see Equation (1.2)] by considering a generator with typical per unitimpedances of
 X1 = X2 = 0.14 pu, X0 = 0.08 pu (1.2)
 where X1, X2, and X0 are the positive, negative, and zero-sequence reactances,respectively. The three-phase fault current, I3ph, at the generator terminals, as a function ofthe line to neutral voltage is shown in Equation (1.3):
 I3ph = ELN/X1 = 1/0.14 = 7.14 pu (1.3)
 If the generator neutral is solidly grounded, the line-to-ground fault current, ISLG, at itsterminals, as given by Equation (1.4):
 ISLG = 3ELN/(X1 + X2 + X0) = 3/(0.14 + 0.14 + 0.08) = 8.33 pu (1.4)
 The ground-fault current is therefore 8.33/7.14 = 1.17 times the required generator designcapability. Since ground faults are more likely to occur than phase faults, they pose agreater potential threat to the system.
 If two generators are connected in parallel as shown in Figure 1-30 and only one is solidlygrounded, then the ground-fault current increases to 1.91 times three-phase fault current of
 Figure 1-29—Two parallel generators with grounding resistors
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 one generator. The current in the faulted phase of the grounded generator further increasesto 1.27 times the required design value. Both can be seen by considering the phase Acurrent at the fault, as shown in Equation (1.5):
 I1 = I2 = I0 = 1/(0.07 + 0.07 + 0.08) = 4.545 pu (1.5)
 Ia = I1 + I2 + I0 = 13.63 pu
 where I1, I2, and I0 are the positive, negative, and zero-sequence components of the faultcurrent.
 In the grounded generator [see Equation (1.6)]:
 I0 = 4.545 pu (1.6)
 I1 = I2 = 4.545/2 pu
 Ia = 4.545 + 2(4.545/2) = 9.09 pu
 and the ground-fault current is 13.63/7.14 = 1.91 times the calculated three-phase faultcurrent of one generator. The phase A current in the grounded generator is now9.09/7.14 = 1.27 times the three-phase faulted level of one generator.
 The preceding example provides reasons for not solidly grounding generator neutrals.Where the neutrals are to be grounded, impedance should be added.
 Where multiple generator are solidly grounded but have switches in the neutral, there hassometimes been the practice of grounding only one of the generators in parallel to limitground-fault current duty or circulating third harmonic current. This will increase thefault-current duty in the grounded generator above that for which it would customarily berated. A chart showing this difference appears in the Electrical Transmission andDistribution Reference Book. The ability to switch neutrals appears to invite operationalerrors that could affect integrity of grounding, allowing overvoltage on four-wire loads,which would result in failure to meet criteria for effective grounding or acceptablereactive grounding and thus would possibly violate the NEC.
 1.7.4 Generators as unparalleled alternate sources
 This category covers emergency and standby generators that are connected to the loads bytransfer switches, which precludes paralleling with the normal source. With three-wiresystems, the generators would be considered a separately derived source, since therewould be no continuous connection through a system neutral. Generator groundingpractices would be guided by 1.7.2 and 1.7.3.
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 Where four-wire systems are involved, it has been shown in IEEE Std 446™ (IEEEOrange Book™), Chapter 7, that objectionable currents can flow if a three-pole transferswitch is used. Whether or not the neutral is grounded at the generator as well as at thenormal service, ground-fault relaying errors can occur. The NEC does not require neutralgrounding at a generator when it has a common neutral with the grounded utility serviceneutral conductor. However, this connection scheme will not allow any repair or testing ofthe normal system, which involves disconnection from ground of the neutral conductor tothe generator if the generator is operating. There is the hazard that workers performingsuch repair, or tests, may not be aware that the generator is operating. The use of a four-pole transfer switch can eliminate these problems and is recommended.
 Figure 1-30—Ground fault on a system with two parallel generators
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 1.7.5 Generators paralleled with other sources
 This category describes generators connected to transformers that are, or can be,connected to other power sources. While the primary consideration is the generatorgrounding, decisions can be affected by the necessity of providing the desired groundingon the other side of the transformer while other generating sources may be disconnected(see Pillai et al.).
 The use of a delta-wye transformer, as shown in Figure 1-31, with the wye facing thegenerator offers the advantage of providing neutral grounding, solid or impedance, to thegenerator-fed bus when the generator is not connected. It has the disadvantage of notoffering grounding to the system connected to the delta side of the transformer. Also, inthe event that the transformer is removed from service, an alternate ground source wouldbe needed. It does present a hazard if both the transformer and generator neutrals aresolidly grounded (see Nichols).
 The wye winding with a delta primary is a short circuit to any third harmonic currentproduced by the generator. The ground-fault duty on the bus will be greater than thearithmetical sum of the ground-fault currents supplied by the transformer and generatorwhen each is connected to the bus independently. The ground-fault current in thegenerator will exceed that which would occur when the generator is not paralleled. Thefault currents must be calculated using symmetrical component techniques as shown inNichols, rather than simply using the sum of the admittances of the transformer andgenerator sources. A generator rated for grounded service not otherwise specified isnormally rated for the ground-fault current flowing when not paralleled.
 A generator neutral reactor can be used to limit the generator-fault duty to an acceptablevalue as calculated per Nichols, but may not limit any generated third harmonic current to
 Figure 1-31—Generator in parallel with a transformer
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 an acceptable value. Thus, suppression of third harmonic may be necessary to facilitateadequate ground-fault relaying.
 If the delta of a delta-wye transformer is connected to the generator bus, as shown inFigure 1-32, neutral grounding is available on the wye side of the transformer. However,the generator bus will be ungrounded until such time as the generator is grounded orindependent bus grounding is employed. Some type of grounding transformer (wye-deltaor zigzag transformer) can be used to produce either effective or impedance grounding ofthe bus. If a grounding transformer is connected to the bus, the generator may be high-resistance grounded.
 A wye-wye transformer as shown in Figure 1-21 can provide grounding to the sideopposite the source, whichever side may have the source connected. The disadvantage isthat the zero-sequence current must be provided by the source, so that the systemgrounding required on the other side of the transformer will dictate the type of generatorgrounding. If a delta tertiary is added to the transformer, this tertiary will supply the zero-sequence current so that the generator can be grounded without regard to systemgrounding requirements on the other side of the transformer.
 Figure 1-32—Use of grounding transformers in a distribution system
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 The methods of grounding are also described in IEEE Std C37.101™, which coversgenerator ground-fault protection as well. It should be noted that this standard wasdeveloped primarily for utility generators and does not contain some of the considerationsfor industrial applications.
 1.8 Autotransformers
 Occasionally autotransformers will be used to transform voltage, usually to reducetransformer cost, or perhaps to avoid creating a new grounding system. Unless the systemgrounding is suitable for the use of an autotransformer and the autotransformer is properlyapplied, its use may seriously reduce grounding and ground relaying effectiveness andexpose equipment to a voltage-to-ground level higher than that for which it is designed.
 The three-phase wye autotransformer with no delta tertiary has extremely high zero-sequence impedance if no connection is made to its neutral. Figure 1-33 shows that aground fault at A' will cause the source line-to-ground voltage to be imposed across the A-A' section of the autotransformer. Should that section of the winding be able to supportthis voltage, then the voltage to ground at N, the neutral of the autotransformer, would risein proportion to the turns ratio of A'-N to A-A', and B' and C' would have voltages toground higher than B and C, the high-voltage level. The secondary line-to-line voltage canalso be increased.
 In normal practice, winding A-A' would not support the full voltage, but would insteadsaturate, thus passing a certain amount of zero-sequence current. In the process, it willcreate high-frequency components of voltage, at which frequency the winding can supporta voltage proportional to that frequency. Thus, a very high voltage to ground could stillexist at N.
 Even if the secondary of the autotransformer is the higher voltage, it will still beovervoltage by a secondary line-to-ground fault as shown in Chapter 6 of Beeman. Thisreference also points out that overvoltages can also be caused by transient surges, such asfrom switching or lightning, being impressed across the section of winding between theprimary and secondary connections.
 Figure 1-34 shows that when a source to a step-down autotransformer is impedancegrounded, a ground on the source side of the autotransformer can cause the voltage fromB' and C' to ground to approach the line-to-line voltage of the source. If theautotransformer steps up the voltage, the voltage to ground on the lower voltage systemwill lie between that shown in Figure 1-35 and what might be achieved in Figure 1-36,depending upon the relation of the grounding impedance to the exciting impedance of theautotransformer.
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 Figure 1-36 shows that delta autotransformers do not offer a reduction in voltage toground on the lower voltage system commensurate with the reduction in phase voltage,thus reducing the cost benefit of choosing the autotransformer rather than a fulltransformer. The open-delta version offers no reduction in maximum voltage to ground,but does result in an unbalanced voltage to ground that might be undesirable. In neithercase do ground faults cause increased voltages to appear across the transformer windings,and line-to-ground voltage at either voltage will not exceed the higher line-to-line voltage.Should a full transformer be used in either case, it might be possible to reduce the class ofinsulation in the lower voltage system. Like most solidly grounded systems, a largeground-fault current will occur, limited primarily by transformer impedances. The actualvoltage drops across the two transformers will have complex relationships dependingupon the relative ratings and saturation characteristics of the two transformers. Thesevoltage drops are not necessarily in phase.
 Figure 1-33—Ungrounded wye step-down autotransformer with load fault
 Copyright © 2007 IEEE. All rights reserved. 49

Page 60
                        

IEEEStd 142-2007 CHAPTER 1
 In all the preceding examples there is a safety hazard due to normal perceptions of therelation of maximum voltage to the normal voltage on a circuit. For this reason, the NEChas imposed restrictions as to how autotransformers can be used.
 Figure 1-37 shows the correct configuration for using an autotransformer. There must bean effective connection between the neutral of the autotransformer and the neutral of thesource transformer for flow of zero-sequence current. In an industrial installation wherethe NEC would apply, the connection must be made by extending the neutral of the sourcetransformer. No ground connection must be made at the autotransformer to comply withthe NEC. A circuit supplied by an autotransformer does not meet the criteria of aseparately derived system.
 Figure 1-34—Ungrounded wye step-down autotransformer with primary fault
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 Figure 1-35—Ungrounded wye step-up autotransformer with load fault
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 Figure 1-36—Delta autotransformer with load fault
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 1.9 System grounding for uninterruptible power systems
 1.9.1 General
 As with any electrical system, correct grounding of uninterruptible power supplies (UPS)is essential to the overall safety and performance of the system. In particular, personnelsafety, equipment protection, and electronic performance can all be jeopardized byincorrect or ineffective grounding.
 UPS units come in a variety of configurations (see “System Grounding for UninterruptiblePower Systems”). In typical UPS units, the UPS ac output is electrically isolated from theUPS ac input. However, most practical UPS systems also include one or more bypassarrangements, which, depending on the particular arrangement, makes the UPS systemeither a separately derived system or not. Three of the potential arrangements are shown inFigure 1-38, Figure 1-39, and Figure 1-40. In these figures, EGCs are shown
 Figure 1-37—Wye autotransformer with grounded neutral, four-wire connection
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 supplementing the conduit grounding of the enclosures as is recommended practice whensupplying electronic equipment. Battery cabinets are shown, but racks of batteries mayalso be used with UPS systems. See IEEE Std 1100™ (IEEE Emerald Book™) for moreinformation on dc grounding. The UPS are shown as single units but may consist of one ormore parallel-connected modules, particularly for larger capacity or redundancy. Moreelaborate schemes than presented in the three examples may be encountered. Additionalwraparound maintenance bypass switching schemes are often added to the basic UPSconfigurations to facilitate maintenance of the UPS unit while continuing to supply powerto the load. For further discussion on UPS systems, see IEEE Std 446™ (IEEE OrangeBook™) and IEEE Std 1100™.
 1.9.2 Separately derived UPS system
 Figure 1-38 depicts a conventional static UPS unit whose ac (inverter) output iselectrically isolated from the main ac (rectifier) input. The static bypass input is suppliedwith a three-wire-plus-ground feed from a solidly grounded power system. All threephases of the UPS bypass input are switched by the UPS, and so there is no directelectrical connection between the UPS ac output and another grounded power system. Inthis configuration, the UPS ac output is a separately derived system. As such, the UPS acoutput is grounded in accordance with NEC requirements for separately derived systems.The UPS output neutral is bonded to the EGC and a GEC is connected to the nearesteffective grounding electrode. If the UPS output neutral is not correctly connected to theEGC and GEC, the UPS output will not be properly referenced to ground with theresulting uncontrolled voltages to ground. It should be noted that this configuration ofUPS grounding, with a three-wire-plus-ground bypass feed, can only be used when theUPS does not serve line-to-neutral loads unless other provisions are made to derive theline-to-neutral voltages when operating the UPS in the bypass mode.
 1.9.3 Nonseparately derived UPS system
 Figure 1-39 depicts the same conventional static UPS unit shown in Figure 1-38 exceptthat the bypass input is supplied with a four-wire plus ground feed from a solidlygrounded power system. This configuration is often encountered when line-to-neutralloads are served directly from the UPS. In this configuration, the UPS output neutral issolidly connected to the grounded bypass neutral. Most UPS units do not switch thebypass and output neutral when the phases are switched. Therefore, the UPS output is nota separately derived system but rather a solidly grounded interconnected system. As such,the UPS neutral may not be connected to the EGC or a GEC. If the UPS output weremistakenly connected to the EGC or GEC, the bypass input power system would begrounded at more than one point. This is an NEC violation and it allows normal neutralcurrents to flow on the grounding system that can upset electronic equipment and confuseground-fault protection.
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 When the UPS is configured as a nonseparately derived system (a solidly groundedinterconnected system), a ground fault on the output of the UPS must return to the UPSneutral by way of the upstream system (service entrance) neutral-to-ground bond and, assuch, may trip upstream ground-fault protection devices. This confusion of the ground-fault protection devices is also described in IEEE Std 446 (IEEE Orange Book), Chapter7, for the configuration of a three-pole transfer switch supplying four-wire loads.
 1.9.4 Separately derived UPS system serving four-wire loads
 Figure 1-40 depicts the same conventional static UPS unit serving four-wire loads asshown in Figure 1-39, except that the UPS bypass input is supplied from a bypasstransformer that isolates the four-wire plus ground bypass feed to the UPS and allows theUPS system to be separately derived. This configuration is useful to provide power sourcegrounding (neutral-to-ground bond) close to the loads, which is recommended forelectronic loads. The neutral-to-ground bond can be located at the UPS output or at thebypass transformer, but not both.
 Figure 1-38—Separately derived UPS system
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 Figure 1-39—Nonseparately derived UPS system
 Figure 1-40—Separately derived UPS system serving four-wire plus ground loads
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 1.10 Portable mining equipment supply systems
 The concept of protecting mine electrical equipment and personnel by suitable groundinghas existed since electricity was first introduced into mines. As early as 1916, the U.S.Bureau of Mines recommended equipment frame grounding as a means of preventingelectrical shock to miners working on or around electrical equipment (see Clark andMeans). Adequate grounding has been a difficult problem for the mining industry,sometimes more complex and challenging than for other industries. Hazards associatedwith ground faults are amplified by the portable and mobile nature of these powersystems, and system and equipment grounding are interrelated. A surface-mine machinecan have a substantial power demand (e.g., 15 MW) at potentials up to 25 kV or greater.The power demand of an underground mining machine can exceed 1100 hp at potentialsup to 4160 V. The portable equipment must be designed to permit personnel to approach(and touch) apparatus structures without risk of electric shock. This subclause willemphasize the grounding aspects of the supply system, whereas, Chapter 2 will coverrelated equipment-grounding information. Morley provides extensive details about bothsubjects.
 A simplified arrangement of a mine power system is shown in Figure 1-41. Substationsare employed to transform the incoming utility voltage to a distribution level. Minedistribution is almost always expanded radial, and overhead lines (surface mines) orcables (surface and underground mines) are used to supply switchhouses (portableswitchgear) located near load concentrations. In typical underground mines, switchhousesare connected via portable cables to portable power centers, which supply lower voltagethrough trailing cables to the utilization equipment (e.g., continuous miners, long walls,load-haul-dump units). In surface mines, large utilization equipment, such as shovels anddraglines, are often powered at the distribution voltage, and a trailing cable completes thepower circuit from the switchhouse to the machine. (As with underground mines, portablesubstations or power centers are used when distribution and utilization levels aredifferent.)
 The recommended grounding technique for these portable or mobile equipmentapplications is a safety ground system that employs resistance grounding. Figure 1-41illustrates the concept (overload and short-circuit protection are not shown for clarity ofthe grounding systems and associated protective relaying). The substation contains twoseparate ground beds (station ground, safety ground), maintained some distance apart.Substation surge arrestors, fencing, and equipment frames are tied to the station groundbed, typically located under the substation area. The substation transformer is either delta-wye, delta-delta, or wye-delta connected (wye-wye is not recommended), and thesecondary neutral (direct or derived) is tied to the safety ground bed through the neutralgrounding resistor. Each ac equipment frame in the distribution system is connected viagrounding conductors to the safety ground bed. The station ground bed is intended tohandle lightning, other transformer primary surge conditions, and primary-system line-to-ground faults. The purpose of the safety bed is maintaining equipment frames at near earthpotential, and a low bed resistance is important so dangerous potentials are not developedon machine frames.
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 Figure 1-41—Simplified mine system with a safety grounded system (overcurrent and short-circuit schemes have been omitted)
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 Separation between the system and safety ground beds is needed to isolate high system-ground voltage rise (a temporary rise of 5 kV or more is not unusual) from the bed. Thisresistance is recommended as 5.0 ohm or less (see Lord; King). It is not unusual to findthat a much greater distance is required to provide needed separation (see Cooley andKing). The design of these ground beds is complex, and many variables must be examinedto derive an optimum configuration (see Cooley; Cooley and King). The references citedin this paragraph should be consulted. IEEE Std 367 also contains important informationabout ground-bed separation in regard to the influence of a ground potential rise of aground electrode.
 At each transformation step within the distribution system, such as in a portable powercenter, an additional neutral point is established at the transformer secondary. The neutralis tied through a grounding resistor to the equipment frame and, thus, via the groundingconductors to the safety ground bed.
 Because of the extensive use of cable distribution and the attendant capacitance from line-to-ground, ground-fault current limits are higher than that which was recommended forhigh-resistance grounding earlier in this chapter. U.S. practice specifies a differentmaximum current limit depending on the system voltage. When the system voltage isgreater than 1000 V, ground current is limited so frame potentials within that systemportion do not exceed 100 V during ground-fault conditions. For practical purposes(assuming a 2 ohm grounding conductor impedance), this restricts the maximum ground-current limit to not more than 50 A; however, most substations serving mines use a 25 Aground-current limit. For power system segments at or below 1000 V, the ground-currentlimit must be 25 A or less, but typical practice is 15 A. Distribution and utilization(mining) equipment in surface mines is typically greater than 1000 V. Underground minedistribution is almost always greater than 1000 V, whereas mining equipment is usually1000 V or less.
 Correct selection and coordination of protective circuitry are essential to the safety groundsystem. Regardless of where a ground fault occurs, ground-fault current is primarilylimited by the grounding resistor, and selective coordination at each voltage level by thepickup setting alone is normally impossible. The common ground-fault relaying pickup is40% of the ground-current limit, and time settings are relied on for multistage protection.Regulations should be consulted before selecting specific ground-fault protectionschemes. (See Morley; Carson and Vidergar). A typical relaying arrangement is includedin Figure 1-41 (see Morley).
 Zero-sequence relaying (usually instantaneous) establishes primary ground-faultprotection for the outgoing power conductors to the mine. Although not shown, backupprotection may be employed (or required) at the portable power center by adding a timedelayed zero-sequence relay to sense potential across the grounding resistor. For thedistribution system, primary ground-fault protection in the switchhouse establishes a zoneof protection for each outgoing circuit; again, zero-sequence relaying (instantaneous orminimum time dial setting) is typically used. Time delayed zero-sequence or residualrelaying in the substation gives both backup protection for downstream relaying within thedistribution safety ground. U.S. federal regulations specify separation by distance; forexample, a minimum of 7.6 m (25 ft) and a “low resistance” for each system and primary
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 ground-fault protection for the zone between its location and the switchhouse. Thepotential relaying shown about the grounding resistor also provides backup protection(both relays are sometimes required in the substation). In order for the safety groundsystem to be effective, grounding conductors must be continuous, and ground-checkmonitors (relays) are used to verify continuity. Pilot conductors are shown with eachmonitor, but these are not needed in instances where pilotless relays are applied. All thesesensors act to trip the associated circuit interrupter and remove all power to the affectedsystem segment.
 The correct operation of the safety ground system relies on three concepts, as follows:
 a) The earth cannot be used as a grounding conductor.
 b) The grounding system serving portable and mobile equipment must be keptisolated.
 c) Ground-fault protection must be provided on each outgoing circuit from thesubstation.
 These criteria are sometimes difficult to achieve when other loads are being supplied froma mine substation transformer, such as preparation plants and ventilation fans. Regardless,each is particularly important when an underground mine is connected to the substation.To ensure grounding-system integrity, it is best that underground mine distribution be fedfrom a separate transformer secondary winding.
 1.11 Creation of stray currents and potentials
 If a current-carrying conductor, even though nominally at ground potential, is connectedto earth at more than one location, part of the load current will flow through the earthbecause it is then in parallel with the grounded conductor. Since there is impedance inboth the conductor and the earth, a voltage drop will occur both along the earth and theconductor. Most of the voltage drop in the earth will occur in the vicinity of the point ofconnection to earth, as explained in Chapter 4. Because of this nonlinear voltage drop inthe earth, most of the earth will be at a different potential than the grounded conductor dueto the load current flowing from this conductor to earth.
 An EGC connected to the same electrode as the grounded load conductor will also have apotential difference from most of the earth due to the potential drop caused by the loadcurrent. In most instances the potential difference will be too low to present a shockhazard to persons or affect operation of conventional electrical load equipment. However,in many instances it has been of sufficient level to be detected by livestock, either bycoming in contact with non-current-carrying enclosures to which an EGC is connected, orwhere sufficient difference in potential exists between the earth contacts of the differenthoofs. Although potential levels may not be life threatening to the livestock, it has beenreported that as little as 0.5 V rms can affect milk production (see Dick).
 The NEC requires that the grounded circuit conductor (neutral) of a single system beconnected to a different grounding electrode each time it enters a separate building when aseparate EGC has not been installed with the phase conductors. In this case, where there is
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 a multi-building facility, as is common on farms, there will be some load currents flowingin the earth due to these multiple groundings.
 If a separate EGC is run to each building and grounded, then any installed groundedcircuit conductor shall not be connected to the EGC or to the grounding electrodes(s).Since no load current would be flowing into these grounding electrodes, the EGC shouldbe at earth potential.
 Another possible source of multigrounding of a neutral would be the use of the neutral forgrounding of the frames of cooking ranges or clothes dryers, previously permitted in theNEC. If the appliance frame also has a separate connection to earth, the multigrounding ofthe neutral will be achieved. This practice should be avoided in the vicinity of the barnsand even at other locations on farms.
 There is another condition of multigrounding, since the utility will ground the neutral atthe supply transformer and it must be grounded again at the service entrance. Since theEGC has its origin at the service entrance ground, it will have a potential to earth as afunction of the voltage drop created by load current in the earth in parallel with the servicedrop neutral current. The magnitude of this potential will be affected by the size andlength of the service drop neutral, the magnitude of the neutral current, and the resistanceto earth of the service entrance grounding electrode as well as other connections to earthof the EGC. These factors are all subject to some control.
 It is recommended that sources of stray currents on the premises that can be created bygrounding of the neutral at other than the service entrance should be eliminated. Do notground the neutral except at the service entrance. Make regular checks of electricalcircuits and equipment to assure that unintentional grounding of either line or neutral hasnot occurred due to insulation failures. It is also recommended that voltages, caused bycurrent in the service drop neutral, be minimized by balancing loads to minimize neutralcurrent. All loads creating irregular currents, such as motors, should not be connected line-to-neutral.
 There is a remaining source of circulating current when the utility distribution circuitincludes a multigrounded neutral. The grounding of the supply-transformer secondaryneutral has often been made common with the grounding of the primary neutral. It hasbeen established that there may be a potential difference between this primary neutral andearth and that there may be primary load current flowing through the ground (see Stetson,Bodman, and Shull; Surbrook and Reese; Prothero, DeNardo, and Lukecart; Dick). Thiswill be affected by the neutral current, the location on the distribution feeder, and theeffectiveness of the various ground electrodes.
 Neutral-to-ground voltages injected into the user system from the utility primary neutralcannot be eliminated by system grounding techniques on the premises, although somereduction may be achieved if the service entrance ground is made extremely effective andis located at some distance from livestock facilities. There are active systems to counteractequipment-to-ground voltages produced by utility injections (see Dick). Also, used are so-called equipotential ground planes, which bring earth surface voltages to the same value as
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 that of equipment (see Dick). Both of these are out of the scope of system grounding, butare mentioned for reader reference.
 1.12 Avoiding common-mode noise
 When all of the conductors of a signal or power system have an identical potentialdifference with respect to another reference, this potential is known as a common-modevoltage or signal. If such voltage or signal is undesirable, it is usually called noise. Theother references are usually the equipment enclosure or the ground, both of which may beat the same potential. Electronic equipment may often exhibit a susceptibility to common-mode noise between the incoming power conductors and ground, which may affect eitherdigital or analog signals.
 Common-mode noise on a power source occurs when a potential difference existsbetween the ground to which the power source is referenced and the ground to which thepower-consuming equipment is referenced. There is often a capacitive or resistivecoupling between the equipment’s circuitry and its enclosure. The potential difference canbe created when there is a current flow in the EGC, or the earth, between the equipmentenclosure and the power source grounding.
 The earth has many stray currents, resulting in small potential differences between points.These currents may be other than power frequencies, and even if power frequencies, maycontain transients or bursts due to switching or other aberrations. Therefore, if theequipment cabinet is connected to earth at its location, any potential occurring betweenthere and the power system grounding point can be coupled into the circuitry.
 The equipment enclosure can be maintained at the same potential as the power systemground if the EGC is of low impedance and has no connection to earth except at thegrounding point of the source transformer, the so-called single-point ground. This isallowed by the NEC and is incorrectly referred to there as an isolated ground outlet or IG.The receptacle is supplied by an insulated EGC, and in IEEE Std 1100 (IEEE EmeraldBook) it is referred to as an insulated grounding receptacle or IGR. The earth potentialdifference between the source grounding point and the equipment must not be sufficient todevelop a shock hazard to persons standing within reach, and must not present thepossibility of resistively or capacitively coupling this potential into the equipmentenclosure at a magnitude sufficient to create a noise problem. Normally, meeting all thesecriteria is possible only if the equipment is physically and electrically close to the sourcetransformer.
 Connection of the equipment ground to earth with an electrode that is physically separatefrom all other power system and structural grounding electrodes and is not bonded to anyof these other grounding electrodes, will inevitably produce common-mode noise, since itis not referenced to the power source ground. The magnitude of this common-modepotential can be destructive to the equipment and hazardous to personnel, since a powersystem fault can raise the power system or structure several hundred or thousand voltsabove other earth references. This grounding method is in violation of the NEC.
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 For greater detail on the grounding of equipment, refer to Chapter 5 of this standard andIEEE Std 1100 (IEEE Emerald Book).
 1.13 Limiting transferred earth potentials
 The term transferred earth potentials refers to the voltage to earth of grounding systemsthat will appear on conductors as a result of the source system grounding electrode beingabove normal earth potential. The larger voltages are usually developed by ground-faultcurrents returning to their source through earth. A common example is a ground fault of aconductor, which is supplying a substation transformer primary to the station ground gridthat is used for grounding of the transformer secondary neutral. If this grounding grid isnot connected to the high-voltage source system ground, there can be a significant voltagerise above earth as the fault current flows into the earth. Low-voltage conductors leavingthe area where the ground or grounding electrode voltage has been affected will have thatvoltage added to their normal line-to-ground voltage. The total voltage may exceed theinsulating rating of the conductors or the equipment to which they are connected.
 Control and telephone circuits extend into areas where the grounding electrode or mat issubject to significant voltage rise are particularly vulnerable. High voltage appearing onsuch circuits is more likely to be a hazard to personnel and to exceed insulating ratings.Such conductors should not interconnect between two areas whose ground mat potential isnot held equal unless special protection or isolation is applied to the low-voltage circuits.Another hazard can be created when portable or mobile equipment can be subjected to atransferred voltage rise. This is specifically treated in 1.11 as well as in the NEC.
 Transferred potentials will be reduced if the resistance to earth or impedance betweengrounding grids is held to minimum. Isolation between low-voltage equipment atlocations having unequal ground potentials can be accomplished by use of devicesrejecting common-mode voltages (see IEEE Std 487™). Such devices include isolationtransformers, optical isolators, and similar devices to protect telecommunication cablesgoing into high-voltage environment against transferred potentials (see Shipp andNichols; IEEE Std 487).
 Within most industrial distribution systems, compliance with the NEC requirements forEGCs and the running of the grounding conductor to the service entrance panel serve tolimit such potentials to safe limits. If there are areas that are interconnected by three-wireoverhead lines only, bonding provisions should be made before interconnecting low-voltage circuits between the two areas.
 Low-voltage potential differences can be created by the flow of load or other smallcurrents through ground or grounding conductors. These can be quite troublesome tolivestock, as discussed in 1.12. It can also be troublesome to electronic equipment,particularly if the equipment is susceptible to common-mode voltages on the powersupply conductors or common-mode voltages on communication lines that may runbetween locations with different earth potentials. Existing NEC grounding requirementsdesigned to prevent the flow of load currents through grounding paths are often notadequate because of the vulnerability to their very low levels and because the voltages can
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 be caused by other phenomena. These problems are further discussed in Chapter 5 of thisstandard and in IEEE Std 1100 (IEEE Emerald Book). Further information is alsoavailable in Shipp and Nichols.
 1.14 “Resonantly” produced voltages
 This term is applied to the voltage that will appear at the junction between reactances ofopposite sign connected in series even though the reactances may not actually be resonantat the supply frequency. The variance of the voltage with respect to the supply voltage willbe a function of how close the elements are to resonance and the ratio (Q) of inductivereactance to the resistance.
 A common instance is the use of series capacitors on low power factor loads whererandom switching or other variations create objectionable voltage excursions. Figure 1-42represents the circuit of a spot welder whose inductance is fixed by the dimensions of themachine but whose resistive load can be varied. With full power factor correction, thevoltage rise across the capacitor will be 1.732E at 0.5 power factor and 4.9E at 0.2 powerfactor. With the ground fault as shown, this 4.9E across the capacitor will be impressedbetween the source transformer and ground. Both the transformer and its groundingimpedance will be subjected to overvoltage. For this reason, such series capacitors shouldbe used only on effectively grounded systems, which will limit the voltage rise to safevalues.
 A more commonly observed series reactance circuit is created when a capacitive load isconnected, usually for power factor and/or voltage correction. Since these capacitors arein series with the source reactance of the power system, the voltage is caused to rise. Thevoltage rise caused by the normal size of power factor capacitors would not be expected toexceed 5% to 10% under the worst conditions, since the system is not approachingresonance at the fundamental power frequency. This is not a different voltage class anddoes not present a hazard. Its discussion here is only to present a familiar example ofreactances in series.
 Figure 1-42—Series capacitor welder
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 Resonance can be achieved, at multiples of the power system frequency, by the addition ofpower factor capacitors. When there are sources of harmonics, such as nonlinear loads, theresulting harmonic voltages can be raised by a resonant condition. Such voltages wouldnot normally reach hazardous values. A hazardous level, should it occur, would be rapidlyreduced by overcurrents in the capacitors causing failures or fuse operations, thusdetuning the circuit.
 Impulse voltages can be amplified and extended as damped oscillations (ringing) byresonant circuits. These voltages can exceed insulation capabilities.
 Resonant conditions prone to continuous oscillation due to lack of resistive loading(damping) can be triggered by switching or by system failures. The most commonexample is that created by single-phase switching of transformer primaries when there isno secondary load. This produces the ferroresonant condition where the excitationimpedance of the transformer interacts with the capacitance of the primary cable.
 These resonantly produced voltages are not considered useful system voltages, with theexception of the resistance welder application. Thus, they do not create multi-voltagesystems, but are discussed here so that they might be avoided. With the exception ofincreasing the impulse capability of the insulation, the main defense against these voltagesis suppression.
 There are other situations where high voltages can be produced by inadvertently createdresonant conditions. These are usually the result of insulation, equipment failures, orunintended circuit configurations. The voltages are more extreme if conditions at or closeto resonance are achieved. When the inductive element has an iron core, the inductancecan vary when the iron is saturated due to the high voltage, which at the same time causesnonsinusoidal current with resulting harmonics. This can result in arriving at a resonantcondition referred to as ferroresonance. These are not “system voltages” as have beendiscussed in the preceding paragraphs, since they are unintended and may be transitory innature.
 In some cases, occurrence of these voltages can be affected or eliminated by the groundingdesign, but such changes in voltage also may involve choice of transformer design orperformance of switching devices. A common cause of ferroresonance is the impressingof voltage across a transformer winding and a conductor capacitance to ground, theconductor having been disconnected from its normal source. If the transformer is wyeconnected, grounding of the neutral will usually prevent voltage being impressed acrossthis series connection. A resonant condition produced by a grounded coil acting in serieswith the line-to-ground capacitance of an ungrounded system can be alleviated if thecapacitance is shunted by grounding the system.
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 1.15 Grounding of dc power systems
 1.15.1 General
 Although there are some exceptions, the majority of dc power systems used in industrialand commercial applications today are limited size, special purpose systems. Thegrounding practices for these various systems are largely a function of the use of theparticular system. Several varieties of systems and their usual grounding practices aredescribed in this subclause.
 1.15.2 NEC requirements
 The NEC requires the grounding of two-wire dc systems feeding premises wiring,operating at greater than 50 V, but not greater than 300 V, with the following threeexceptions:
 1) A system equipped with a ground detector and supplying only industrial equip-ment in limited areas.
 2) A rectifier-supplied dc system derived from an ac system complying with specificrequirements.
 3) DC fire alarm circuits having a maximum current of 0.030 A.
 Note that many of the dc systems used in industrial and commercial installations arederived using rectifiers from properly grounded ac systems, and thus fall under Exception2. Others may fall under Exception 1. Also, power systems for railways and mines areoutside the scope of the NEC. However, nothing in the NEC prohibits grounding of thesesystems; as an option, they may be left ungrounded if one or more of the exceptionsapplies.
 The NEC requires that the neutral conductor of all three-wire dc systems feeding premiseswiring be grounded. No exceptions are permitted.
 1.15.3 General purpose dc lighting and power systems
 Although seldom found in recent construction, some general purpose dc lighting andpower systems exist in industrial and commercial installations. Where these systems doexist, they should be solidly grounded in accordance with the NEC, as described in 1.15.2.
 1.15.4 Station battery systems
 Station battery systems are used as the control power source for switchgear and forprocess control instrumentation. In addition, the station battery may be used foremergency lighting and other emergency power requirements, such as bearing lube oilpumps for rotating machinery or valve actuators for critical valves. Station battery systemsare operated ungrounded and usually have a ground detector. The ground detector may belamps, voltmeter(s), or alarm relay(s). The ground detector is frequently furnished as anoptional part of the battery charger.
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 1.15.5 Electrochemical systems
 Electrochemical cell lines are used for the separation of chemicals or metals from rawmaterials or from materials produced as an intermediate step in the process. Additionally,electrochemical cell lines may be used to provide corrosion and abrasive resistance or tochange surface appearance. Typical uses are the production of chlorine and sodiumchlorate, and the refining of aluminum, magnesium, and copper. In general, the cells areconnected in series-parallel configurations and are supplied from rectifiers or dcgenerators. Voltages may be as high as 1200 V and currents as high as 400 kA. Highercurrents are found in the chlorine industry and higher voltages in the aluminum industry.
 Electrochemical lines are generally operated ungrounded. Line-to-ground voltages aremonitored so that grounds may be detected and removed before a second ground occurs.Some higher voltage dc pot lines in aluminum smelters may be grounded through a fuse,which is monitored. The fuse blows on the first occurrence of a ground fault, and an alarmis sounded.
 Operators and maintenance personnel ordinarily work on electrochemical systems whilethe system is energized. Safety information may be found in IEEE Std 463™-2006 [B10].
 1.15.6 UPS systems dc link
 Refer to 1.9 for information on grounding of UPS systems, including the dc link.
 1.15.7 Solar photovoltaic systems
 The NEC addresses the grounding of solar photovoltaic systems. For a photovoltaic powersource, the NEC requires that one conductor of a two-wire dc system over 50 V and theneutral conductor of three-wire dc systems be grounded. An exception states, “Othermethods that accomplish equivalent system protection and that utilize equipment listedand identified for the use shall be permitted.” The NEC states that the direct-current circuitgrounding connection shall be made at any single point on the photovoltaic output circuit.
 1.15.8 Mining power systems
 Refer to 1.10 for information on grounding of mining power systems, including the dcportion of those systems.
 1.15.9 Transit power systems
 Transit power systems are a special class of dc power systems. Special consideration mustbe given to both system and equipment grounding. The method of grounding has asignificant impact on personnel safety and equipment performance. Problems associatedwith grounding can include hazards to the general public, hazards to operating andmaintenance personnel, communication system interference, corrosion of steel, andshortened equipment life. As transit systems by their nature interface with the generalpublic, it is essential that special care be given to the methods of grounding these systems.
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 Transit systems vary by type of system and location or access to the right-of-way. Inchoosing a grounding system, the designer must be cognizant of these differences.
 Due to the power requirements, the vast majority of heavy rail transit systems are thirdrail systems. The third rail is usually at a positive dc voltage with respect to the runningrails. The running rails are used for the negative return to the substations. Typically, therunning rails are not intentionally grounded to reduce stray ground current.
 Light rail and streetcar systems usually operate with a positive overhead trolley wire anduse the running rails as a negative return.
 Typically, people mover systems and certain light rail systems use vehicles with rubberwheels. These systems use two power rails and usually operate with a resistive grounddetection system.
 Electric bus systems use double overhead conductors and usually use a resistive grounddetection system similar to isolated power rail systems.
 Traction power systems are further classified by the access to the right of way they use.This is an important factor in designing the system grounding because it will determinewhether the general public has access to the tracks, and it will dictate the need for specialstray current control such as in a steel tunnel liner.
 Underground systems are either bored or constructed using the cut and cover method. Ineither case, the final result is usually a tunnel of reinforced concrete. In some under-riversystems a steel tube is also used. The electric system designer and track support designermust be cognizant of the construction type and understand the current paths and theirpossibly corrosive effects.
 Surface systems are further divided by the type of highway crossings used. If the systemhas road crossings that are at grade level, then the same precautions that apply to streetrunning systems must be taken, as the general public will have access to the running rails.All systems with grade crossings must use overhead power conductors.
 Elevated systems present a different challenge to the system designer. With a massivesteel structure in place, the stray current paths must be considered so corrosion will beminimized.
 Street running systems must be designed with step and touch potentials of the runningtracks given special attention.
 Fixed guideway is another form of dedicated right-of-way but is usually a cast concretestructure of some type.
 Isolated or ungrounded traction systems have no intentional ground reference. Intentionalis the operative word in this sentence. Several miles of track laid on ground does create areference of usually low impedance to ground. There are several methods of laying the
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 running rails. The electric system designer should be aware of this and the effect ofground currents and of step and touch potentials in an isolated ground system.
 Grounded rail systems have an intentional ground reference established, usually by theground grids at the substations. These systems can then bond structures along the right-of-way to the rail system to reduce the step and touch potentials. This method of grounding isusually only applicable to light duty streetcar systems with no railroad signaling thatrequires an isolated running rail system.
 Some systems operate normally as ungrounded systems, with the running rails monitoredby ground rise monitors in passenger stations and other areas accessible to the public. Ifthe running rail rises to a certain voltage relative to the surrounding grounded structures agrounding contactor will close temporarily, connecting the running rails to the structuregrounding system.
 1.15.10 Stray currents in transit power systems
 While dc current theory is generally considered rather simple, the dynamics of tractionpower systems create some significant problems. These systems are characterized by thefollowing:
 a) High load current (1 kA to 10 kA)
 b) Moving loads
 c) Large land areas
 d) A negative return conductor embedded in the earth.
 These features all contribute to stray currents, which are defined as currents returning tothe source by any path other than the intended conductor. These other paths may be thefollowing:
 1) The earth
 2) Nearby power lines
 3) Utility lines in parallel with the system
 4) Steel building structures
 5) Pipelines
 The amount of stray current is dependent on the impedance of the return paths. Theseimpedances are determined by the following:
 — Track construction
 — Soil conditions
 — The arrangement and construction of nearby pipelines, buildings, utility powerlines, and other man-made structures
 — Bonding between rail sections
 Stray currents cause problems in various ways. These include the following:
 — Electrolysis of building steel and pipes
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 — Overheating of utility lines
 — Running rail corrosion
 — Interference with communication systems
 Mitigation of stray current is best done in the initial design of the traction power system.The primary mitigation method is to construct the track system with low impedance andisolated from other ground reference. The problem with this is that the better the isolation,reducing the stray currents, the higher the risk of dangerous step and touch potentials.Most systems today are built with welded steel rails that provide good bonding and lowimpedance. The transit cars are referenced to the same potential as the rails. This requiressome thought to be put into passenger station design to eliminate hard grounds such asguardrails or floor grates on the station platforms. It is important to isolate the utilityground system from the running rails. This can sometimes be a problem because manytransit systems are built on multiple use rights-of-way that include a utility line. Theplacement of utility grounds from surge arresters and transformer neutrals is important. Ifthe utility is using transformers with solidly grounded primaries, significant amounts ofcurrent can travel through the transformer windings to the phase conductors and to thenext transformer. Since this is a dc current, it can cause saturation of the transformers andserious damage due to overheating. Line overheating may also be a problem, due to theexcessive current.
 Stray current in structures does not necessarily cause problems. The problem areas areusually the entrance and exit points. As the current passes from the steel structure to theearth, electrolysis can occur, causing significant corrosion of metal. This can be mitigatedby connecting bonding (drainage) cables to the steel members. The drainage cables areconnected to the negative bus in the substation and each drainage circuit should include adiode to prevent reverse current flow.
 1.15.11 DC surge arresters
 Surge arresters are used in dc transit systems for the same reason surge arresters are usedin ac systems—to clamp a voltage rise at a level the equipment can withstand and todissipate the energy in the voltage peak.
 Care and planning are required in the selection of the location of dc arresters.Considerations are the following:
 a) Length of leads
 b) Proximity to protected equipment
 c) Isolation from ac ground grids, especially if the ac primary is not solidly grounded
 d) Isolation of ground leads from ungrounded structure
 1.16 Normative references
 The following referenced documents are indispensable for the application of thisdocument (i.e., they must be understood and used, so each referenced document is cited inthe text and its relationship to this document is explained). For dated references, only the
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 edition cited applies. For undated references, the latest edition of the referenced document(including any amendments or corrigenda) applies.
 Baker, D. S., “Charging Current Data for Guesswork-Free Design of High ResistanceGrounded Systems,” IEEE Transactions on Industry Applications, vol. IA-15, no. 2, pp.136–140, March/April 1979.
 Beeman, D. L., Ed., Industrial Power Systems Handbook. New York: McGraw-Hill, 1955.
 Carson, D. B., and Vidergar, J. A., “Considerations of Ground Fault Protection asInfluenced by the Occupational Safety and Health Act and the Mining Enforcement andSafety Administration,” IEEE Transactions on Industry Applications, vol. IA-11, no. 67,p. 108, November/December 1975.
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 Cooley, W. H., and Hill, H. W., Jr., “Coupling of Mine Grounds to Surface Grounds,”IEEE Transactions on Industry Applications, vol. IA-22, no 2, March/April 1986, p. 360.
 Cooley, W. L., “Design Considerations Regarding Separation of Mine Safety Ground andSubstation Ground Systems,” IEEE IAS Conference Record, Annual Meeting, October1977.
 Cooley, W. L., and King, R. L., “Guide to Substation Grounding and Bonding in MinePower Systems,” IC8835, 1980.
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 IEEE Std 367, IEEE Recommended Practice for Determining the Electric Power StationGround Potential Rise and Induced Voltage from a Power Fault.4, 5
 4IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O.Box 1331, Piscataway, NJ 08855-1331, USA (http://standards.ieee.org/).5The IEEE standards or products referred to in this clause are trademarks of the Institute of Electrical and Elec-tronics Engineers, Inc.
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 IEEE Std 399, IEEE Recommended Practice for Power System Analysis (IEEE BrownBook).
 IEEE Std 446, IEEE Recommended Practice for Emergency and Standby Power Systemsfor Industrial and Commercial Applications (IEEE Orange Book).
 IEEE Std 487, IEEE Recommended Practice for the Protection of WirelineCommunication Facilities Serving Electric Supply Locations.
 IEEE Std 1100, IEEE Recommended Practice for Powering and Grounding Electronic(IEEE Emerald Book).
 IEEE Std C37.101, IEEE Guide for Generator Ground Protection.
 King, R. L., et al., Guide for Construction of Driven-Rod Ground Beds, IC8767.Washington, DC: U.S. Bureau of Mines, 1978.
 Lordi, A. C. “How to Safely Ground Mine Power Systems,” Coal Age, vol. 68, no. 9,September 1963, pp. 110–117.
 McFadden R. H., “Grounding of Generators Connected to Industrial Plant DistributionBuses,” IEEE Transactions On Industry Applications, vol. IA-17, no. 6, November/December1981, pp. 553–556.
 Morley, L. A., Mine Power Systems, IC9258. Washington, DC: U.S. Bureau of Mines,1990.
 NEMA MG 1 1993, Motors and Generators, Part 22.6
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 Nichols, N., “The Electrical Considerations in Cogeneration,” IEEE Transactions onIndustry Applications, vol. 1A-21, no. 3, May/June 1985.
 Pillai et al., “Grounding and Ground Fault Protection of Multiple Generator Installationson Medium-Voltage Industrial and Commercial Power Systems—Part 1: The ProblemDefined; Part 2: Grounding Methods; Part 3: Protection Methods; Part 4 Conclusion andBibliography,” Working Group Reports, IEEE Transactions on Industry Applications,vol. 40, no. 1, January/February 2004, pp. 11–32.
 Prothero, J. N., DeNardo, C. M., and Lukecart, B. W., “Primary Neutral-to-Earth VoltageLevels as Affected by System Grounding, Neutral Separation and Load Balancing,” IEEEIAS Conference Record, October 1989.
 6NEMA publications are available from Global Engineering Documents, 15 Inverness Way East, Englewood,Colorado 80112, USA (http://global.ihs.com/).7NFPA publications are available from Publications Sales, National Fire Protection Association, 1 BatterymarchPark, P.O. Box 9101, Quincy, MA 02269-9101, USA (http://www.nfpa.org/).
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 Stetson, L. E., Bodman, G. R., and Shull, H., “An Analog Model of Neutral-to-EarthVoltages in a Single-phase Distribution System,” IEEE Transactions on IndustryApplications, vol. IA-20, no. 2, March/April 1984.
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Chapter 2Equipment grounding
 2.1 Basic objectives
 2.1.1 Overview
 This chapter provides fundamental concepts and recommended procedures for equipmentgrounding of power apparatus, wiring systems, interior and exterior substations, andutilization equipment.
 2.1.2 General
 The term equipment grounding includes the equipment grounding conductor (EGC) andrefers to the interconnection (bonding) and grounding of the nonelectrical metallicelements of a system. The term system grounding (as covered in Chapter 1) may include agrounded conductor and is part of the power distribution system. The need for an EGCexists for high-impedance, low-impedance, and effectively grounded systems as well asfor ungrounded systems. Examples of components of the equipment grounding system aremetallic raceways, motor frames, equipment enclosures, and a grounding conductor(wire). The requirements for equipment grounding are expressly specified in the NationalElectrical Code® (NEC®) NFPA 701 as follows:
 a) Conductive materials enclosing electrical conductors or equipment, or formingpart of such equipment, shall be connected to earth so as to limit the voltage toground on these materials. Where the electrical system is required to be grounded,these materials shall be connected together and to the supply system groundedconductor.
 b) Where the electrical system is not solidly grounded, these materials shall be con-nected together in a manner that establishes an effective path for fault current.
 c) Electrically conductive materials that are likely to become energized shall bebonded to the supply system grounded conductor or, in the case of an ungroundedelectrical system, to the electrical system grounded equipment, in a manner thatestablishes an effective path for fault current.
 d) The earth shall not be used as the sole EGC or fault current path.
 The basic objectives of an equipment grounding system are the following:
 1) To reduce electric shock hazard to personnel.
 2) To provide adequate current-carrying capability, both in magnitude and duration,to accept the ground-fault current permitted by the overcurrent protection systemwithout creating a fire or explosive hazard to building or contents.
 3) To provide a low-impedance return path for ground-fault current necessary for thetimely operation of the overcurrent protection system.
 1Information on references can be found in 2.10.
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 2.1.3 Electric-shock exposure
 Electric shock injuries result from contact with metallic components that are energized(see Gienger and Lloyd), whether intentionally or unintentionally. Effective equipmentgrounding practices can minimize these personal injuries.
 A breakdown of insulation can cause accidental contact between an energized electricalconductor and the metal frame that encloses it. Such contact tends to energize the frame tothe voltage level of the conductor. Safety considerations require that the level of theshock-hazard voltage be minimized as much as possible to a less hazardous level. Theequipment grounding system should do this by forming a low-impedance path to ground.
 The impedance of the grounding conductor must be low enough to accept the availableline-to-ground-fault current without creating a hazardous impedance (IZ) voltage drop.The available ground-fault current of the supply system will have a direct bearing on theEGC requirements.
 2.1.4 Thermal capability
 The grounding conductor must also function to conduct the available ground-fault current(magnitude and duration) without excessive temperature rise or arcing. The use of a largecross-section grounding conductor is not enough. All parts of the fault circuit, includingthe terminations and other parts, must be capable of carrying the fault current withoutdistress. The installation must also provide a lower impedance fault return path than otherpossible parallel paths that may have inadequate current-carrying capacity.
 Summaries of large-loss fires indicate that approximately one out of four fires inmanufacturing establishments originates in electrical systems (see Redding and O’Brien).
 Whether the magnitude of electrical systems contributions to fires or not, it is apparentthat fires can and do originate in electrical systems. Effective design, installation, andmaintenance of equipment grounding systems are a vital element in reducing these firehazards.
 Joints and connectors are critical components of the fault return path. Good workmanshipis essential to a safe system and must be demanded. Supervision of installation,inspection, and proper maintenance should assure that the grounding system is notcompromised. The use of a supplementary (redundant wire) EGC, in addition to metallicconduit, where used, is recommended to assure the continuity of the equipment groundingsystem.
 One critical connection is the locknut connection between metallic raceway or cable andthe sheet-metal enclosure. Particular assurance that this connection be made andmaintained clean and tight is imperative. A grounding bushing, as required by the NEC forservices and systems of over 250 V to ground, with its terminal bonded to an adequateterminal within the enclosure, is recommended for all applications.
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 2.1.5 Overcurrent protection operation
 The equipment ground system is an essential part of the overcurrent protection system.The overcurrent protection system requires a low-impedance ground-return path in orderto operate promptly and properly (see NEC). The earth ground system is rarely of lowenough impedance and is not intended to provide an adequate return path. The impedanceof the grounding conductor must be low enough that sufficient ground-fault current willflow to operate the overcurrent protective device and clear the fault rapidly.
 In ac applications, it is the total impedance (R + jX) that controls the current divisionamong paralleled paths. In 60 Hz circuits rated 40 A or less, the circuit reactance (jX) is aninsignificant part of the circuit impedance. Because reactance increases significantly withconductor separation, reactance is the predominant element of impedance for open wireand tray systems for circuits rated above 200 A (see Figure 2-1). For cable systems orconductors in conduit with close proximity, reactance is a significant component ofimpedance for circuits rated over 200 A. The reactance of an ac circuit is determinedmainly by the spacing between outgoing and return conductors and is only slightlyaffected by conductor size (see Figure 2-1). The circuit resistance is directly affected byconductor size. This means that the ratio of X/R and the relative effect of reactance oncircuit impedance increases as the conductor size increases.
 NOTE—Increased separation spacing between grounding and phase conductors increases not onlythe reactance Xg of the grounding conductor but also the zero-sequence reactance Xo of the phaseconductors.2
 In 60 Hz ac circuits rated above 40 A, it becomes mandatory that the installed groundingconductor be physically placed to present a much lower reactance than other less capableparallel paths. The manner in which this is achieved is treated in 2.2.
 2.2 Fundamental concepts
 2.2.1 Single wire as a grounding conductor
 To help develop an understanding of the behavior pattern of a single wire as a groundingconductor, see Figure 2-2. A constant current source is assumed with conductorimpedance small with respect to the source impedance. (For an expanded treatment ofsingle line-to-ground fault behavior, see Kaufmann, “Important Functions Performed.”)
 2Notes in text, tables, and figures are given for information only and do not contain requirements needed toimplement the standard.
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 Figure 2-1—Variation of R and X with conductor size and spacings
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 The grounding conductor is considered to be bonded to the supply system groundedconductor, to the building frame, and to the grounding electrode at the source end of thecircuit. For the purpose of examining the properties of the grounding conductor alone, itwill be considered to be installed in metallic conduit and to remain free of any othercontact with the building frame throughout its length of 61 m (200 ft). Consider a circuitof 350 A capacity, consisting of 250 mm2 (500 kcmil) phase conductors and a 100 mm2
 (4/0 AWG) copper grounding conductor at 25 °C. It is assumed that the line-to-groundfault current at the outer terminal is 5500 A.
 Consideration will be given to three values of center-to-center spacing between phase andgrounding conductors: 51 mm, 203 mm, and 762 mm (2 in, 8 in, and 30 in). The 60 Hzimpedance values for phase and grounding conductors at 50 °C in ohms for the 61 m(200 ft) run are as shown in Table 2-1 [see IEEE Std 141™-1986 (IEEE Red Book™),Tables N1.3 and N1.5, Chapter 6].
 Figure 2-2—Single wire as grounding conductor
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 In Figure 2-2, the IFZG voltage drop along the grounding conductor appears as a touchelectric shock at the far end of the grounding conductor. At the presumed ground-faultcurrent IF of 5500 A, the magnitude of shock-voltage exposure for each of the threespacings is shown in Table 2-2.
 The change in spacing also changes the reactance of the phase conductor (relative to thegrounding conductor). The corresponding values of the phase-conductor voltage drop (IFheld constant at 5500 A) are shown in Table 2-3.
 A change in the location of the grounding conductor changes the value of the reactance inthe phase conductor. This fact leads directly to the next important concept. While ourimpedance diagrams display both resistance and reactance as properties of the conductor,the reactance is, in fact, a property of the space electromagnetic field, which encircles theconductor.
 Table 2-1—Impedance as a function of conductor spacing
 Spacing R X Z
 (mm) (in) (ohm) (ohm) (ohm)
 Phaseconductor A
 51 2 0.0049 0.0085 0.0098
 203 8 0.0049 0.0149 0.0157
 762 30 0.0049 0.0210 0.0216
 Groundingconductor G
 51 2 0.0115 0.0108 0.0158
 203 8 0.0115 0.0172 0.0207
 762 30 0.0115 0.0233 0.0260
 Table 2-2—Shock voltage as a function of conductor spacing
 Spacing EG
 (in) (mm) (V)
 2 51 86.9
 8 203 113.9
 30 762 143.0
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 For the conductor geometry shown in Figure 2-2, the magnetic field, which is responsiblefor the reactive voltage drop, assumes the character shown in Figure 2-3. Throughout thespace between the two conductors [203 mm (8 in) wide and 60 m (200 ft) long] exists apowerful 60 Hz magnetic field with a driving magnetomotive force of 5500 A turns. Itconstitutes a huge electromagnet. That portion of the total magnetic field that encircles thegrounding conductor is considered to be associated with the reactance of the groundingconductor, while that which encircles the phase conductor is considered to be associatedwith the reactance of the phase conductor.
 Any loop of conducting material (wire, pipe, messenger cable, steel structure, etc.)through which some fractional portion of this magnetic field passes will have induced in ita corresponding fractional part of the 60 Hz reactive voltage drop of the main powercircuit loop. There need be no physical contact between the two loops. The mutualcoupling is entirely magnetic. If the loop in which the voltage is mutually coupled isclosed, then instead of a voltage, a circulating current will exist.
 Table 2-3—Phase conductor voltage drop
 Spacing IZ drop, phase A
 (mm) (in) (V)
 51 2 53.9
 203 8 86.4
 762 30 118.8
 Figure 2-3—Magnetic field of wire as grounding conductor
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 Figure 2-4 shows a possible loop alongside the grounding conductor (not the mostintensive field strength location). With this loop considered to be open at one corner, thegenerated voltage therein would be 1.65 V for a 51 mm (2 in) grounding conductorspacing, or 5.6 V for a 762 mm (30 in) spacing. If the loop circuit is closed, the fluxlinkages through this loop will be reduced to near zero, and the induced current willassume the value that becomes necessary to oppose the entrance of flux linkages. In thecase illustrated, the induced current might very well be of the order of 500 A.
 The situation presented by Figure 2-4 would not be judged to be a dangerous shockvoltage exposure, but the possible arcing and flashing that could occur at a light pressurecontact point closing the loop (open-circuit voltage of 2 V to 5 V with a closed-circuitcurrent of 500 A) could be a very real source of ignition of combustible material (fire) orof flammable gas (explosion). The same size induction loop around a high capacityoutdoor station, where the ground-fault current might be 50 000 A and the spacingbetween phase and grounding conductors 1.8 m (6 ft), might well display an open-circuit60 Hz induced voltage of dangerous shock-hazard magnitude. By constructing a closedloop with no loose connections, so positioned as to block the passage of flux linkagesresponsible for an objectionable reactance, that reactance can be eliminated.
 As far as the shock-exposure voltage drop along the grounding conductor is concerned,the key factors are grounding conductor cross-section area, spacing relative to phaseconductors, magnitude of ground-fault current, and circuit length.
 Figure 2-4—Electromagnetic induction of wire as grounding conductor
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 In the usual installation, the grounding conductor is bonded to the building structure atregular intervals. The first impression is that such bonding causes the shock-exposurevoltage to disappear. The correct explanation is that the voltage, which was observed toexist on the grounding conductor, has been impressed on the building structure. At thepoint of bonding, the potential difference has been reduced to zero. At the serviceequipment, a bonding jumper establishes zero potential difference. Therefore, the voltagedrop along the building structure now equals the voltage drop along the groundingconductor because the two paths are in parallel. Perhaps voltage differences have beenforced to appear between certain building structural members that are more serious thanthe original one. The problems of determining what voltage differences will appearbetween designated points of the building have become considerably more complex. Arational approach to the problem begins with an evaluation of the voltage exposure thatwould exist with the grounding conductor acting alone. This serves to establish therelative performance quality of the design being studied. It also identifies the maximumvoltage difference that could possibly be imparted to the building structure by crossbonding.
 A bonding connection from a grounding conductor to the building frame will result in areduction of the voltage magnitude along the grounding conductor due to the reduction inimpedance from the fault point to the source. This reduced impedance will tend to increasethe amount of fault current flowing but not in the same proportion as the impedancereduction due to the phase conductor impedance being unaffected. An analytical approachto a solution of this problem is contained in Kaufmann, “Let’s Be More Specific.”
 2.2.2 Cabling of conductors
 Cabling or lacing together all the conductors of one circuit can reduce the spacing betweengrounding and phase conductors to the point of direct contact of the insulation. With otherconditions remaining as indicated in Figure 2-2, the 60 Hz reactances could be reduced to0.0061 ohm for the grounding conductor and to 0.0038 ohm for the phase conductor.While the grounding conductor impedance shows little improvement because it is largelyresistance limited, the space magnetic field has been substantially reduced, with acorresponding reduction in magnetic coupling to secondary loop circuits.
 By distributing the total grounding conductor cross section among the interstices of athree-conductor cable (one-third size conductor in each pocket), the effective reactance ofthe grounding conductor can be further reduced, resulting in a corresponding reduction inthe space magnetic field strength.
 2.2.3 Enclosing metal shell
 By forming the metal of the grounding conductor into a tubular shape, within which arerun the circuit phase and neutral conductors, a marked improvement in effectiveness isaccomplished. The returning ground-fault current distributes itself about the entireenclosing shell in such fashion as to result in a lower round-trip impedance (seeFigure 2-5). The electrical behavior during a line-to-ground fault is that of a coaxial line.Except for the effects of resistivity in the shell, all electric and magnetic fields are
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 contained inside the shell. The external space magnetic field becomes zero (seeKaufmann, “Some Fundamentals”).
 The customary metal conductor raceway fits this preferred conductor geometry perfectly.It is important that these tubular shaped sections be adequately joined and terminated sothat significant additional impedance is not introduced. The normal tubular metal racewayis permitted to serve as the grounding conductor. See the NEC, Article 250.
 Practical varieties of metal conductor raceways and metal sheathing possess substantialsheath resistance. The flow of ground-fault current will thus produce a voltage gradientalong the grounding conductor due to impedance voltage drop. The magnitude of thisvoltage drop varies widely from one type of grounding method to another. Because of itsimportance in fixing the magnitude of electric shock voltage exposure, a rather extensivearray of tests was conducted to provide specific data, and the results are reported inconsolidated form in Kaufmann, “Let’s Be More Specific.” A variety of groundingconductor types were examined, covering a range of phase-conductor sizes from 3.3 mm2
 (12 AWG) to 250 mm2 (500 kcmil). The results are presented in terms of voltage dropalong the exterior surface per 1000 A of ground-fault current per 30.5 m (100 ft) of circuitlength. The published data (see Kaufmann, “Let’s Be More Specific,” Figure 6, and TableIII) is consolidated in Table 2-4.
 Figure 2-5—Tubular metal raceway as grounding conductor
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 Table 2-4—Voltage drop of conductors in cable or conduit
 Copperconductor
 sizeCable or conduit
 DC resistance ΩΩΩΩ/100 ft
 Computed IR drop
 V/1000 A/100 ft
 Measured dropa
 V/1000A/100 ft
 500 kcmil 3/C VCI (steel armor) 0.0383 38.3 35
 500 kcmil 3/C VCI (steel armor with internal grounding conductor)
 — — 5
 4/0 AWG 3/C VCI (aluminum armor)b
 0.286 286.0 151
 4/0 AWG 3/C VCI (aluminum armor with internal grounding conductor)b
 — — 12
 4/0 AWG 3/C VCI (steel armor)b — — 55
 4/0 AWG 3/C VCI (steel armor with internal grounding conductor)b
 — — 11
 4/0 AWG 3/C lead sheath (15 kV) 0.00283 2.83 11
 4/0 AWG 4 in rigid steel conduit 0.0025 2.5 1
 2/0 AWG 2 in rigid steel conduit 0.0095 9.5 6
 1/0 AWG 3/C VCI (steel armor) 0.0458 45.8 51
 1/0 AWG 3/C VCI (steel armor with internal grounding conductor)
 — — 19
 2 AWG Aluminum sheath (solid sheath M/C cable)
 0.01 10.0 9
 2 AWG 1 1/4 in rigid steel 0.0108 10.8 11
 2 AWG 1 1/4 in EMT 0.0205 20.5 22
 2 AWG 1 1/4 in flexible metal conduit (Greenfield)
 0.435 435.0 436
 8 AWG 3/4 in rigid steel 0.02 20.0 21
 8 AWG 3/4 in EMT 0.0517 51.7 48
 8 AWG 3/4 in flexible metalconduit (Greenfield)
 1.28 1280.0 1000
 10 AWG Aluminum sheath (solid sheath MC cable)
 0.015 15.0 16
 12 AWG 1/2 in rigid steel 0.0223 22.3 25
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 Rigid steel conduit is observed to offer superior performance, principally because of theheavy wall thickness. The striking contrast between steel and aluminum conduit isinteresting and offers specific application advantages. The high magnetic permeability ofsteel should and does account for a higher line-to-ground fault impedance (see Bisson andRochau; Kaufmann, “Let’s Be More Specific” and “Some Fundamentals”). It would atfirst seem that the voltage drop along the raceway exterior would also be increased; yet theexact opposite is observed. The effect of the magnetic material in the conduit wall is toconfine the return current largely to the internal shell of the conduit, penetrating to theexterior surface only as magnetic saturation in the iron occurs for large fault currents.
 It should be noted that the values listed in Table 2-4 for flexible metal conduit and old-type BX armored cable are excessive. Old-type BX did not incorporate an internalbonding strip in direct contact with the armor. Modern armored cable (Type AC) has sucha bonding strip (see NEC).
 It should also be noted that flexible metal conduit (as well as liquid tight flexible metalconduit) does not have an internal bonding strip and is not suitable for equipmentgrounding without a separate EGC. Short sections of flexible metal conduit, in certainapplications, may not be required (see NEC) to have a separate EGC, but a separate EGCis recommended due to vibration and equipment movement that may loosen the groundingconnector connection to the flexible conduit.
 It is significant to note the sharp decrease in voltage drop when an internal groundingconductor is added in parallel with the conduit. In addition, the line-to-ground faultimpedance will be reduced. Thus, the use of a metallic conduit raceway as a groundingconductor, supplemented by an EGC within the conduit, achieves both minimum ground-fault impedance (see Gienger, Davidson, and Brendell) and minimum shock-hazardvoltage.
 The NEC provides no specific limitations on the length of tubular metal raceway or cablearmor that may be used as an EGC. It is apparent, though, that excessive length can result
 12 AWG 1/2 in EMT 0.0706 70.6 70
 12 AWG BX without ground (AC cable)
 1.79c 1790.0 1543
 aValue read from bar chart (numeric values not published).bThe listing of varnished cambric insulated (VCI) cable is included because it is the only known
 documented test of aluminum with and without an internal grounding conductor and of the sameconductor size comparison of steel vs. aluminum encirclement of conductors.
 cDoes not meet current Underwriters Laboratories’ listing requirements.
 Table 2-4—Voltage drop of conductors in cable or conduit (continued)
 Copperconductor
 sizeCable or conduit
 DC resistance ΩΩΩΩ/100 ft
 Computed IR drop
 V/1000 A/100 ft
 Measured dropa
 V/1000A/100 ft
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 in an impedance that will limit the ability of the circuit overcurrent device to clear aground fault as well as cause a hazardous voltage on the raceway or cable armor surface.Soares contains some examples of maximum lengths as a function of overcurrent devicerating. The resulting reduction of impedance when an internal grounding conductor isadded in parallel with a metal raceway will permit feeder distance to be increased by up to1.7 times the maximum feeder length without the internal conductor.
 For the circuit arrangement indicated in Figure 2-2, the progressive improvement inshock-voltage exposure with different forms of grounding conductors is displayed inTable 2-5. [The conditions of Figure 2-2 are maintained, except for grounding conductorsize and shape. IF is held constant at 5500 A. The 762 mm (30 in) spacing is included onlyfor reference. This spacing is unlikely in most industrial applications.]
 Making the grounding conductor a conduit enclosing the phase conductor, the shock-voltage exposure Eg drops to 6.7 V for rigid aluminum conduit and to 11 V for rigid steelconduit with the same 5500 A.
 The effective performance of an enclosing raceway as a grounding conductor should beused to full advantage in electrical system designs. It is important to avoid the use ofraceways having inadequate short-time current-carrying capacity unless supplementedwith an adequate additional EGC run within the raceway. Joints between raceway sectionsand other grounding connections must provide good electrical conduction at high faultcurrent levels or the effectiveness of the raceway, as a grounding path, will be lost. Thevalue of good workmanship cannot be overestimated.
 Reported in the literature (see Gienger, Davidson, and Brendell; Kaufmann, “SomeFundamentals”), but not documented in detail, is the fact that, where more than a singlelength of conduit was used for a ground-return path, sparks were observed at conduitjunctions and connections to boxes at the beginning of the experimental measurements.The sparking did not occur during subsequent tests because either the conduit connectionswere made more secure or the conduit sections welded to each other by the resultantelectrical arcs. This agrees substantially with observations made by many field engineersbut not substantiated in current technical literature. The use of a separate EGC, as
 Table 2-5—Shock voltage as a function of conductor spacings
 Grounding conductor Shock-voltage exposure Eg
 (V)
 107 mm2 (#4/0) copper with 762 mm (30 in) spacing 151.3
 107 mm2 (#4/0) copper with 203 mm (8 in) spacing 124.3
 107 mm2 (#4/0) copper with 51 mm (2 in) spacing 100.1
 Triple ground wires, 107 mm2 (#4/0) total in three-conductor cable 70.4
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 recommended, installed inside of the metallic conduit, can minimize the probability ofarcing at joints and provide maximum fault current for an overcurrent device to clear thefault rapidly.
 2.2.4 Circuit impedance components
 The general expression for the three-phase line-to-ground-fault current in a three-phasesystem is shown in Equation (2.1):
 (2.1)
 Both positive-sequence (Z1) and negative-sequence (Z2) impedance are active only in theoutgoing phase conductors since the currents of these two sequences combine to zero atthe fault location. The zero-sequence currents I0, however, are in phase on all phaseconductors. Three of the phase conductor currents I0 must be returned collectively (3I0)over the grounding conductor. Thus, the transit of the zero-sequence current involves avoltage drop of I0Z0 in transmitting the current out over the phase conductors and avoltage drop of 3I0ZG in transmitting the current back over the grounding conductor. Acorrect accounting of impedance for these two terms in the zero-sequence networkdevelops when I0 is taken out as one factor [I0 (Z0 + 3ZG)].
 Test results (see Bisson and Rochau; Geiger, Davidson, and Brendell; Kaufmann, “Let’sBe More Specific” and “Some Fundamentals”) clearly display the fact that the round-tripimpedance (Z0 + 3ZG) is much greater than Z0, yet the fractional part of the round-tripzero-sequence voltage drop, which appears along the raceway exterior, is but a very smallpart of I0(Z0 + 3ZG). No easy way to separate Z0 from 3ZG is available, and in fact, nopurpose is served in separating them. It is very important to recognize that both items arepresent and that the use of the circuit Z0 alone would represent a gross error.
 As can be seen from Kaufmann, “Let’s Be More Specific,” the (Z0 + 3ZG)/Z1 ratio can bekept low, leading to a low-impedance (ZG) ground-return path. This is obtained by usingground conductors or buses, or both, in conduit runs, cables, busway, and equipment.
 It is often erroneously concluded that multiple connection of the ground-return path tobuilding steel has only positive results. The benefits are as follows:
 a) No voltage hazard is present at the location where the building steel is connected,and
 b) An alternate return path exists in the event that there is a break in the intendedreturn path.
 However, the following potential disadvantages may exist:
 1 Diversion of ground-return current through building steel may cause sparking atstructural steel joints not intended to be electrically conductive.
 2) Return current that is not near to the faulted phase conductor will increase thereactance of the phase conductor and the return path.
 IF
 3EA
 Z1 Z2 Z0 3ZG+ + +-----------------------------------------------=
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 3) Fault voltage will be applied to the building structure and, if not uniformly distrib-uted due to high-impedance joints, may result in hazardous touch potentials.
 While these conditions should not be ignored, electrical enclosures, including metallicconduit, are routinely subject to supplementary grounding throughout the premises due tocontact with building steel or other piping systems. There is little history of theseconsiderations manifesting themselves. Tests have shown that the majority of fault currentstill flows through the EGCs. This is primarily due to the higher impedances of thealternate fault current paths.
 2.2.5 Electromagnetic interference suppression
 In developing the fundamental behavior patterns of the various forms of groundingconductors, the ability to suppress the magnitude of the electric and magnetic fields in thespace external to the electric power channel by proper design methods was noted. Thisknowledge can be employed to make the grounding conductor serve to significantlyreduce the electrical noise contributed to the space surrounding the electrical run. Asmight be expected from results so far defined, the enclosing metal raceway is superior todiscrete conductors. Tubular steel raceways are very effective in suppressing strongelectric fields. High conductance may be needed to achieve very low noise levels.
 The rapidly increasing use of low energy level digital data transmission circuits incombination with a fast growing noise level on power circuit conductors due to timemodulation current choppers, usually silicon controlled rectifiers (SCRs), foraccomplishing heating appliance control, light-circuit dimming, motor-speed control, etc.,emphasizes the importance of this electromagnetic interference suppression function (seeGoers; “Grounding”; Schmidt; Willard).
 2.2.6 Bonding of metal sleeves enclosing a grounding conductor
 The behavior pattern of an independent grounding conductor (such as the run to thegrounding electrode at the service or the grounding conductor connecting a surge arrestorto an earthing terminal) is very different from that of a power circuit grounding conductor(see Figure 2-6).
 The function in this case is to conduct the one-way current to a grounding (earthing)electrode. The return path of this current is remote from the grounding conductor. In thecase of lightning current, the return path may be so remote as to be obscure. There will bean inductive voltage drop along the conductor length due to a changing current (L × di/dtor XL × Iac). The larger the conductor diameter, the lower will be the conductor inductance(or reactance). If the member enclosing the conductor is magnetic, the magnetic fieldencircling the conductor is increased, which correspondingly increases the inductivevoltage drop. If the enclosure is nonmetallic conduit or tubing, there will not be amagnetic effect.
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 An inductance is commonly made by wrapping a number of turns of conductor wirearound a magnetic (iron) core. An equally effective method is to “wrap” a magnetic (iron)cylinder around a conductor. Such a cylinder is a steel conduit, although even aluminumhas an effect from eddy current generated in the conduit. It has been found that enclosinga single grounding conductor in steel conduit increases its impedance by a factor of up to40.
 In some cases, installation conditions are such as to warrant the application of a metalenclosure over a section of this type of grounding conductor. In all cases where this isdone, the conductor and the enclosing protective metal shell should be bonded together atboth ends of every integral section of enclosure for the following reasons:
 a) To avoid increased voltage drop if the enclosure is made of magnetic material.
 b) To take advantage of the lower voltage drop associated with larger conductordiameter (see Bisson and Rochau for complete details).
 c) To permit the steel conduit to carry the major portion of the ground seekingcurrent.
 2.2.7 Grounding connections associated with steep wave front voltage protection equipment
 The application of surge arresters to transformers (see Figure 2-7) and surge protectivecapacitors and arrestors to rotating machines (see Figure 2-8) illustrates this application ofa grounding conductor. The function of the grounding conductor is to provide a
 Figure 2-6—Bonding of metal enclosure
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 conducting path over which the surge current can be diverted around the apparatus beingprotected, without developing a dangerous voltage magnitude.
 In the presence of a changing current (di/dt) there will be an inductive voltage dropdeveloped along the grounding conductor itself, which is additive to the protective devicevoltage. The amount of this added voltage will be proportional to the conductor length andthe spacing from the protected apparatus and of course to the magnitude of di/dt.
 Actual values of di/dt range over wide limits, but a value of 10 kA/µs is representative.With such a rate of rise of current, even 1 µH of inductance can be significant [seeEquation (2.2)].
 E = L × di/dt (2.2)
 = 10–6 × 10 000 × 106
 = 10 000 V
 NOTE—1 µH is the equivalent of 0.000377 Ω reactance at 60 Hz.
 It would take only a 0.88 m (3 ft) length of 95 mm2 (4/0 AWG) conductor spaced 1.52 m(5 ft) away from the transformer in Figure 2-7 to add 10 000 V to the arrester voltage.Thus, grounding conductor length and spacing become of paramount importance. One canreadily visualize that the additive inductive voltage is generated by the total flux linkagesthat can be developed through the window between the grounding conductor and theprotected apparatus.
 To take full advantage of the protective properties of the surge arrester in Figure 2-7, thearrester should be mounted so as to be in direct shunt relationship to the terminalbushings. At lower voltages, an arrester supporting bracket can usually be extended fromthe base of the bushing. At higher voltages, a shelf extending from the tank body at theproper place to minimize the inductive voltage is often used to support the arresters.
 Locating the arrestor at any substantial distance, such as at the pole-top crossarm, with anindependent grounding conductor can seriously increase the surge voltage stress on atransformer or switchgear by the voltage drop in the arrestor down lead to ground.Arresters should be as close as possible to the equipment to be protected and to ground.
 The same fundamental reasoning applies to the installation geometry of rotating machinesurge-protective equipment (see Figure 2-8). A box, shelf, or bracket directly adjacent tothe emerging leads from the machine can accomplish the desired objective.
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 The mounting frame should connect directly with the machine frame to minimize thecircuit inductance. It is the capacitor element of the protection system that deserves primeattention. If this item is properly connected with short, direct connecting leads, the rate ofrise of voltage at the motor terminal will be quite gentle, requiring perhaps 10 µs to buildup to arrester sparkover value. Thus, the leads to the arrester can be longer because of themodest rate of rise of voltage. In fact, there can be a benefit from inductance in the arrestercircuit, which cushions the abrupt drop in machine terminal voltage when the arrestersparks over.
 Figure 2-7—Surge arrestor location on transformer
 Figure 2-8—Surge protection equipment on motor (only one phase shown for clarity)
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 2.2.8 Connection to earth3
 The well-established usage of the terms ground and earth in our technical literature leadsto many misconceptions, since they seemingly are almost alike, yet in fact are not. Theelectrical system of an aircraft in flight will have a ground bus, grounding conductors, etc.To suggest that ground and earth can be used interchangeably is obviously in error here.To an electrician working on the tenth floor of a modern steel-structured building, thereferenced ground is the building frame, attached metal equipment, and the family ofelectrical system grounding conductors present at the working area. What might be thepotential of earth is of negligible importance to this worker on the tenth floor.
 If the worker is transported to the building basement in which the concrete floor slab restson soil, or to the yard area of an outdoor open-frame substation, earth does become theproper reference ground to which electric shock voltage exposure should be referenced.
 Thus, the proper reference ground to be used in expressing voltage exposure magnitudesmay sometimes be earth, but (outside of the outdoor substation area) most likely will bethe electric circuit metallic grounding conductor. The following paragraphs will show thatthe potential of earth may be greatly different from that of the grounding conductor. Ittherefore becomes very important that shock-exposure voltages be expressed relative tothe proper reference ground.
 All electrical systems, even those installed in airborne vehicles (as at least one Apollocrew can testify), may be faced with circumstances in which sources of electric current areseeking a path to ground. These conditions can do serious damage to electrical equipmentor develop dangerous electric-shock-hazard exposure to persons in the area, unless thisstray current is diverted to a preplanned path to a ground of adequate capability.
 A comprehensive treatment of the behavior of earthing terminals appears in Chapter 4 andin IEEE Std 80™, Armstrong and Simpkin, Boodle, and Thapar and Puri. The primepurpose of this discussion is to develop a concept of the potential gradients created indischarging current into earth and the manner in which the equipment grounding problemis influenced thereby.
 Earth is inherently a rather poor conductor whose resistivity is around one billion timesthat of copper. A 3 m (10 ft) long by 16 mm (5/8 in) diameter ground rod driven into earthmight very likely represent a 25 ohm connection to earth. This resistance may be imaginedto be made up of the collective resistance of a series of equal thickness concentriccylindrical shells of earth. The inner shell will of course represent the largest incrementalvalue of resistance, since the resistance is inversely proportional to the shell diameter.Thus, the central small diameter shells of earth constitute the bulk of the earthing terminalresistance. Half of the 25 ohm resistance value would likely be contained within a 0.3 m(1 ft) diameter cylinder (see Table 4-1).
 For the same reason, half of the voltage drop resulting from current injection into thisgrounding electrode would appear across the first 0.15 m (0.5 ft) of earth surface radially
 3See Chapter 4 for more details.
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 away from the ground rod. If a current of 1000 A were forced into this groundingelectrode, the rod would be forced to rise above mean earth potential by 25 000 V(1000 A × 25 ohm). Half of this voltage (12 500 V) would appear as a voltage dropbetween the rod and the earth spaced only 0.15 m (0.5 ft) away from the rod. While thiscurrent is flowing, a person standing on earth 0.15 m (0.5 ft) away from the ground rodand touching the connecting lead to the electrode would be spanning a potential differenceof 12 500 V. A three-dimensional plot of earth surface potential vs. distance from theground rod would create the anthill-shape displayed in Figure 2-9. The central peak valuewould be the rod potential (referred to remote earth potential), namely 25 000 V. Movingaway from the rod in any horizontal direction would rapidly reduce the voltage value. Thehalf-voltage contour would be a horizontal circle 0.3 m (1 ft) in diameter encircling therod.
 For example, consider a 15 m by 15 m (50 ft by 50 ft) substation area within which 25driven rods, each of the type previously described, had been uniformly distributed.Because of the overlapping potential gradient patterns, the composite resistance will notbe as low as 25/25 ohm. For the case at hand, a 2 ohm value would be typical (see Chapter4). Should a line-to-ground fault at this station produce a 10 000 A discharge into theearthing terminal, the resulting voltage contour map would display 25 sharp-pointedpotential mounds peaking at 20 000 V. In between would be dish-shaped voltage contourswith minimum values ranging from perhaps 2000 V to 5000 V, depending on location.
 Such a highly variable voltage contour pattern within the walking area of the substationwould not be acceptable. Additional shallow buried grounding wires can be employed toelevate the earth surface potential between main electrodes (see IEEE Std 80). Noteparticularly the concepts of step, touch, and transferred potentials. Additional shallowburied grounding wires can be employed to tailor the voltage contour adjacent to but
 Figure 2-9—Earth surface potential around ground rod during current flow
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 external to the enclosing fence. Beds of coarse cracked rock, well drained to preventstanding water, can contribute to improved electric shock security. Metal grill matsbonded to the steel-framework supporting switch operating handles and located at the“standing” location of switch operators can ensure that the operator’s hands and feet arereferenced to the same potential.
 2.3 Equipment grounding as influenced by type of use
 The principal classes of use may be categorized for our purposes as follows:
 a) Outdoor open frame substations
 b) Outdoor unit substations
 c) Outdoor portable heavy-duty equipment, such as shovels, draglines, dredges
 d) Interior wiring systems
 e) Interior unit substations and switching centers
 The problems presented to the equipment grounding system designer vary quite widelywith the different classes of use. The basic objectives remain the same throughout. Theequipment grounding system must cope with the current flow (magnitude and duration)that is imposed on it by extraordinary events that occur during the course of ordinarypower system operation. This duty is most commonly the result of an insulation failurebetween an energized conductor and the conductive metallic structure that supports orencloses it. However, the duty may result from an outside injection of current, such as alightning discharge or a falling overhead high-voltage conductor. The equipmentgrounding system is expected to carry this imposed current without thermal distress andwithout creating dangerous electric shock voltage exposure to persons in the area.
 2.4 Outdoor open-frame substations
 2.4.1 General
 The distributed nature of the typical outdoor open-frame substation presents some of themost perplexing equipment grounding problems to be found anywhere. It is quite commonthat various pieces of major apparatus will appear as “island” installations within thesubstation area. For any single equipment item, the voltage stress imposed on itsinsulation system will be determined by the voltage difference between its electricalterminals and the frame or metal case that encloses its active parts. The magnitude ofelectric-shock exposure to an operating or maintenance person within the substation areaproper will be a function of the voltage difference between the ground surface on whichthis person stands and the metal that the person normally touches, such as apparatusframes or substation structure (see IEEE Std 80).
 The magnitude of electric shock voltage exposure to a person approaching the enclosingfence will depend on the character of the earth surface voltage gradient contours adjacentto the fence on the outside of the substation area.
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 Merely connecting an EGC to electrical equipment enclosures, or even fences, does notinsure that hazardous shock voltages will not be present. Adjacent ground surfaces mayhave steep voltage gradients within reach of the equipment unless controlled or mitigatedby insulating coverings of ground, such as crushed rock or asphalt, and proper design of aground grid. The design of such grids is covered in Chapter 4, as it is a function of theconnection to earth. However, the grid also functions to preserve an equipotential plane inthe vicinity of grounded metal enclosures or structures and this function is a standardcriterion of the grid design (see IEEE Std 80).
 2.4.2 Design of paths for power frequency ground-fault current flow
 This ability to carry the ground-fault current from the point where it enters the station tothe point where it is to depart is accomplished by supplementing the inherent metallicsubstation structure with an array of grounding conductors that interconnect the bases ofstructural columns and are extended to the island installations of apparatus, routed overappropriate paths (see Bisson and Rochau; Kaufmann, “Some Fundamentals”). Coppercable is generally used for this purpose, with the conductor size ranging from 70 mm2
 (2/0 AWG) for small stations, for instance, to perhaps 240 mm2 (500 kcmil) for largestations. It is appropriate to seek an effective short-time current capability in thegrounding conductor path that is no less than 25% of that possessed by the phaseconductor with which it is associated. In any case, it should be capable of accepting theline-to-ground short-circuit current (magnitude and duration) permitted to flow by theovercurrent protection system without thermal distress. (See IEEE Std 80 for designequations.)
 The routing of a grounding conductor should seek to minimize the separation distancebetween it and the associated phase conductors. In multibay metal structure construction,the short-circuited loops created by the bonding of grounding conductors between columnbases may effectively limit the ground-circuit reactance under seemingly wide spacingconditions.
 Grounding conductors sized and routed according to the same rules should be run to thosepoints required for system grounding connections, such as to the neutral terminal of apower transformer that is to be grounded or to the neutral of a grounding transformer. See4.3 for connection methodologies.
 Junctions between sections of wire grounding conductors should be made by exothermicwelding. At the terminations, exothermic welding or fittings approved for the purposeshould be used.
 If overhead-line ground conductors are terminated at towers along the substation outerboundary and the phase conductors continue out across the station plot, perhaps to a pointwhere they drop down to apparatus terminals, an adequately sized grounding conductorshould be strung across the area with a vertical down member to the apparatus frame toestablish a path for ground-current flow that remains reasonably close to the route of thephase conductors.
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 It is important that the grounding conductor system extend to and connect with each of theisland structures contained within the substation area.
 2.4.3 Design of earthing connections
 The achievement of a prescribed degree of connection to earth will constitute an importantdesign objective. This usually will involve a multiplicity of earthing connections(grounding electrodes) distributed about the substation area. If individual groundingelectrodes are not kept sufficiently separated physically, their effectiveness is severelyimpaired (see Chapter 4).
 One specific design limit may be the maximum allowable voltage excursion on thesubstation structure (relative to mean earth potential) due to a line-to-ground powersystem fault or a lightning discharge. All signal and communication circuits that extendfrom this station to remote locations must be designed to accommodate this voltageexcursion without damage. The allowable voltage excursion on the station structure maybe limited by the voltage rating of a power circuit entering the station. Consider, forinstance, a station whose main circuits operate at 230 kV, but which contains outgoingcircuits operating at 4.16 kV. A voltage excursion on the station ground mat of 25 kVwould not be troublesome to the 230 kV system, but would be disastrous to components ofthe 4.16 kV system. Even the best of available surge arresters on the 4.16 kV circuitswould be to no avail. The excess seal-off voltage present would promptly result in theirdestruction. The allowable maximum voltage excursion on the station ground mat may beset by one of a variety of factors. Once this is set, the design of the station groundingconnection systems can proceed.
 The effectiveness of reinforcing steel located in below-grade foundation footing asfunctional grounding electrodes is discussed in Lee and Fagan. All future station designspecifications should call for electrical bonding between the metal tower base plate andthe reinforcing bars in buried concrete footings. This can be accomplished readily in mostinstances via the hold-down J bolts, provided that the bolts are bonded to the reinforcingbars.
 If the soil at the substation site tends to be an active electrolyte like cinder fill, the use ofdissimilar metals (for instance, copper and steel) as grounding electrodes bonded togetherin the station-grounding conductor network may lead to objectionable electrolyticdeterioration of the buried steel members (see Coleman and Frostick). With today’sknowledge, the avoidance of such trouble may be relatively easy. When the soil is active,with a resistivity less than 2000 ohm-cm, the required earthing connection may beobtained using only the buried steel members forming an inherent part of the station. If thesoil is not active, the intermix of metals such as copper and steel is not troublesome.
 Lightning masts extending upward from the top structural members of the station can beeffective in intercepting lightning strokes and leading the discharged current to earthwithout insulation flashover at the station. The avoidance of insulation flashover is aidedby higher insulation flashover levels at the station and opposed by more intense lightningstrokes. However, an installation that reduces the number of flashover incidents by 60%(far short of perfection) can still be a sound economic investment (see Chapter 3).
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 2.4.4 Surge voltage protective equipment
 Surge voltage protective devices intended to deal effectively with fast-front voltagetransients must be connected in a close shunt relationship to the apparatus being protected(see 2.2.7).
 The presence of an exposed overhead line running to the station, but terminating at anopen switch or open circuit breaker, invites a flashover at the open terminal because of thetendency for a traveling voltage wave to double its voltage upon encountering an openterminal. The possibility of such an event and its consequences should receive deliberateconsideration. If found to be likely, and objectionable, this type of flashover can beprevented by the installation of line-type surge arresters directly ahead of the open-circuitpoint on the circuit or by over-insulation (double normal value of the approaching line) ofthe terminal end of the line within the confines of the station, ahead of the point of opencircuit. Both sides of an open switch may need surge arrester protection if there islightning exposure on both sides.
 NOTE—This increased withstand voltage also applies to the circuit-opening switching device.
 2.4.5 Control of surface voltage gradient
 The tendency for steeply rising voltage gradients to appear directly around discretegrounding electrodes results in a very nonuniform ground surface potential in thesubstation area during a ground-fault incident. This can appear as a dangerous electricshock voltage exposure to the persons working in the substation area (see IEEE Std 80;Armstrong and Simpkin; Bodle; Thapar and Puri). It is hardly reasonable to design for amaximum voltage excursion on the station structure low enough to avoid danger. Thealternative approach is to employ a mesh grid of relatively small bare conductors locatedslightly below grade and connected to the station frame. Although this will not likelyreduce the overall station earthing resistance by very much, it will function (likeconducting tape on cable insulation) to bring all parts of the substation surface earth lyingabove the grid mesh to nearly the same potential as the metal grid (that of the substationmetal structure). Only small scallops of lesser voltage magnitude will exist between thecrisscross conductors of the grid mesh. The possible magnitude of electric shock voltageexposure to maintenance personnel due to earth surface gradients can be reduced totolerable levels. A surface layer of coarse cracked rock is commonly employed tocontribute to reduced contact conductance between the yard surface and the worker’s feet.
 2.4.6 Voltage gradients external to but adjacent to the boundary fence
 The steepness of the surface voltage contour adjacent to but outside the enclosing fencedetermines whether a person approaching the fence and touching it to the limit of theirreach could receive a dangerous electric shock. If the fence were allowed to float, theadjacent voltage gradient would be substantially reduced. Common practice is to bond thefence to the station ground mat, which will take it up to the full mat potential and create ahigh surface gradient adjacent to the fence. In defense of the practice of bonding the fenceto the station ground mat is the added security afforded should a high-voltage lineconductor break and fall on the fence. The bond to the station ground allows the entire
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 station grounding connection to participate in holding down the voltage magnitude of thefence and avoiding ground-fault impedance that might otherwise impede the performanceof ground overcurrent relaying. Operating the enclosing fence at station ground matpotential also improves the uniformity of surface gradient within the substation area.
 An inviting alternative would locate the boundary fence along a specific voltage contourline (or design for a constant voltage contour along the desired route of the fence). Thisapproach might easily result in a 50% reduction in earth surface potentials external to thefence. To minimize the danger of increased voltage exposure from a broken lineconductor, suitable guards would be needed to prevent a falling energized line conductorfrom making physical contact with the fence. Although “inviting,” this approach is notpractical due to the unknowns of soil strata that make the contours impossible to predict.
 The present trend seems to favor a solid bond between the boundary fence and the stationground mat. Appropriate potential grading shields are buried below grade adjacent to thefence on the outside of the substation area to control the step and touch potential exposureto acceptable values (see IEEE Std 80; Armstrong and Simpkin; Bodle; Thapar and Puri).
 It is very important to avoid a metallic extension from the station structure to some pointoutside the fenced area, which is exposed to contact by persons or animals. Such anextension might take the form of a water pipe, an air pipe, a messenger cable, etc.,seemingly having no electrical function. What it does do is convey the potential of thestation ground mat to the far end of the metal extension. The earth surface potential dropsoff fairly rapidly as one moves away from the boundary fence. The 50% voltage contourwill be reached in a short distance away from a small station and in a longer separationdistance from a large station. Even a fairly large station will display a 50% drop-off insurface potential within 3 m (10 ft). Thus, it would be entirely possible for a personstanding on earth and touching a pipe extension from the station structure only 3 m (10 ft)removed from the enclosing fence to be subject to an electric shock voltage of 50% of theground mat voltage of the station. A station ground mat voltage of 5000 V is not at allunusual for stations operating in the 4.16 kV to 33 kV range.
 2.5 Unit substations
 While the functional objectives remain unchanged, the concentration of apparatus itemsinto a single metal-enclosed package greatly simplifies the equipment grounding systemplan. Even the presence of a single separate line terminating structure adds littlecomplexity.
 The grounding conductor associated with each electric circuit to and from the substation iscontinued to the substation proper and terminated on the grounding bus provided there.This conductor should be of the prescribed cross section for the capacity of circuitinvolved and should be run with as close physical spacing to the power conductors as isfeasible.
 The problem of avoiding dangerous electric shock voltage exposure to persons inproximity to the enclosing fence involves the same considerations as in the case of open
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 frame substations. Within the confines of many industrial plants, impedance grounding(either low or high) is used to limit the level of ground-fault current (400 A being acommon value for low-impedance grounding). This reduces the voltage gradients aroundthe substation so that no fenced enclosure is needed. Persons can be permitted to approachand touch the substation enclosure with minimal risk of dangerous electric-shockexposure. Of course, the grounding bus and enclosure frame of the substation must beconnected to the building grounding system, whether or not a local grounding electrodesystem is installed.
 If the substation structure is exposed to lightning or contains surge arresters, theinstallation should include an appropriate grounding electrode. The reinforcing barscontained on the below-grade foundation structure will usually provide this functionadequately (see Lee and Fagan.)
 2.6 Installations serving heavy portable electric machinery
 Introduced in 1.11 in regard to system supply, this area usually involves such equipmentas power shovels, draglines, and many mine installations, and it represents one of themore difficult problems in avoiding dangerous electric shock voltage exposure. Themobility of the utilization equipment, and frequently of portable power equipment,precludes installation of a localized ground mat, such as would be employed at a fixedlocation. A safety ground system is utilized to ensure adequate grounding and personnelsafety, and both ac and dc equipment can be employed.
 Part a) of Figure 2-10 shows only the utilization system portion involving equipmentgrounding. This portable switchgear application indicates the utilization equipment isoperating at the distribution voltage, and examples of this arrangement include heavyportable electric machinery, such as found in surface mining. Ground-fault current limitsand relaying pickups are as stated in 1.11. For utilization voltages greater than 1000 V, theobjective is to limit the maximum equipment frame potential to 100 V or less duringground-fault conditions by selecting the grounding resistor in the substation.
 Part b) of Figure 2-10 relates to applications where a portable power center (or unitsubstation) is connected to distribution (or primary distribution), implying that utilizationequipment is operating at a lower voltage than distribution. The power transformerconfiguration is selected to separate ground-fault conditions in the utilization portion fromdistribution (i.e., delta-wye, delta-delta, or wye-delta connected). The pickup for allground-fault relays is typically set at 40% of the established ground-current limit.
 Zero-sequence relaying (50G) provides primary protection (residual relaying is sometimesused), and potential relaying (59) about the grounding resistor can be used for backupground-fault protection. The backup relays are often definite time with typical delays from0.1 s to 0.25 s.
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 Ground-current limits vary as to application and system voltage. For utilization equipmentat less than 1000 V, the maximum ground-current limit must be 25 A or less, but commonpractice is 15 A. The 100 V maximum frame potential limit (for sizing the groundingresistor) applies to surface or underground utilization equipment greater than 1000 V. Thisframe potential includes that which might be developed across the grounding conductors(in the distribution system) to the safety ground bed. Regardless, a ground-current limitfrom 15 A to 25 A is typical.
 An exception to the preceding ground-current limits is found in underground gassy mines(e.g., coal) for face-mining equipment. Recent trends in long-wall mining have beentoward 2400 V or 4160 V utilization. Here, the maximum ground-fault current must belimited to 6.5 A or 3.75 A, respectively. Maximum ground-fault relay pickup is again 40%
 Figure 2-10—Frame grounding of ac portable or mobile machinery as part of a safety ground system
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 of the current limit, and potential relaying about the grounding resistor for backupprotection is required. In the direction of improving personnel safety, some U.S. mineswith 2400 V face equipment (individual equipment powers are up to 1100 hp) are using625 mA ground-current limits and are successfully employing a ground-fault relayingpickup at 90 mA for primary protection.
 Ground-check monitoring to verify grounding conductor continuity is required on all acportable or mobile (heavy) utilization equipment. Use of an insulated pilot conductor isshown in Figure 2-10; however, pilotless-type monitors find wide application. Ground-check monitoring is not required on utilization equipment used for long-term fixedlocation installations.
 In many mine power systems, particularly underground, some ac distribution power isconverted to dc to power trolley systems and mobile dc equipment. The mobile machineryis typically powered from rectifiers located in the mining area, oftentimes included in apower center also serving ac utilization equipment. Except for the trolley system, all dcutilization equipment is also connected (along with the ac equipment) via groundingconductors to a common safety ground bed.
 Figure 2-11 shows three equipment grounding schemes with varying ground-faultprotection. The first two are preferred from a safety standpoint and utilize a separategrounding conductor. Part a) of Figure 2-11 illustrates neutral shift relaying, employingdetection by two dc unbalance relays (64). While sensitive, this scheme is not selective formultiple dc equipment loads. Part b) of Figure 2-11 shows the use of differential currentdc ground-fault protection, where a grounding resistor limits dc ground-fault current,typically to 15 A. Ground faults are detected using either a saturable reactor or saturabletransformer relaying scheme. Both techniques only sense dc unbalance in the conductorsthat pass through the sensor; thus, selective dc ground-fault relaying can be realized.Typical relay pickup is from 4 A to 6 A.
 The diode ground system in part c) of Figure 2-11 permits the use of a two-conductorcable without a separate grounding conductor. The machine frame is tied to the groundednegative conductor by means of a grounding diode. In series with the diode is a ground-fault device (not shown on the figure) having a pickup setting no greater than 25% of theforward current rating of the diode. The device trips the contactors located in the machine.Major disadvantages of this scheme are (1) some ground faults cannot be detected; (2)only faults downstream from the machine contactors can be cleared; and (3) the diode canfail in an open mode, ungrounding the frame.
 As shown in Figure 2-12, neither conductor to a dc trolley system (rail haulage) is tied tothe rectifier station frame ground. However, because the track contacts the mine floor(earth), the negative conductor for the trolley system is grounded, often with a lowresistance. For this reason, the ac grounding system must be isolated from the trolleysystem; otherwise, dc may appear in the ac grounding system. If an ac ground current ispresent, it will be offset by the dc level. Two undesirable effects of dc offset currents onthe ac grounding system are nuisance tripping and intermachine arcing. To help minimizeproblems, either the rectifier stations should not be located closer than 7.6 m (25 ft) fromthe track or the rectifier frames should be insulated from the floor.
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 Figure 2-11— Frame grounding of dc portable or mobile machinery as part of a safety ground system
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 2.7 Interior wiring systems
 2.7.1 General
 In about the year 1893, a nationwide code of acceptable installation practice for electricpower systems within buildings, such as residences, factories, and commercial buildings,was adopted. These rules are now a publication of the National Fire ProtectionAssociation (NFPA) and are documented in the NEC. This document is reviewed every3 years on the basis of suggestions or criticisms submitted by interested individuals ororganizations, and revisions or amendments are made accordingly. An article of the NECis devoted to the subject of grounding. All equipment grounding system designs forinstallation within buildings of the types named should recognize and conform to theminimum requirements contained in the NEC. Basically, the NEC designates minimumacceptable limits for safety that may not be adequate for a particular application and maynot necessarily provide for the efficient or practical use of high technology utilizationequipment. The minimum requirements should be expanded in a more conservativedirection as far as the system designer considers appropriate based on specific project andsite conditions and in accordance with the recommendations of this recommendedpractice.
 2.7.2 Service equipment
 The term service equipment (see NEC) applies to the switching and protective equipmentinstalled where the electric power from the utility is considered to enter the building,structure, or site. The required installation practices and protective equipment employed atand downstream of the service equipment are designed to ensure an electric power systemthat will not create fire or explosion hazards, dangerous electric shock voltage exposure tooccupants, or an unfavorable electrical ambient condition within buildings. The electric
 Figure 2-12—Grounding connections of dc trolley systems fed by a safety ground system
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 power conductors from the utility that delivers power to the establishment, the serviceentrance conductors, do not enjoy the quality of protection afforded all circuits extendingbeyond the service equipment. An electric fault in these conductors may create a severearcing fault that may persist for an extended interval and represent a dangerous source offire ignition. The rules in the NEC make clear the intent that all grounding electrodes,including external water piping and effectively grounded metal building frames, bebonded to the equipment grounding system at the building supply equipment.
 The intended overall purpose of the grounding rules is to achieve, as nearly as practical, azero potential difference condition between electrical EGCs, the frames of electricalequipment, metal raceways that enclose electrical conductors, and the various items ofexposed metal building frames and metal piping within the building. To any person withinthe building, this absence of electric shock voltage exposure continues unchanged, eventhough the grounded electric service conductor assumes a substantial voltage deviationfrom mean earth potential.
 The creation of voltage differences between these designated exposed metal parts withinthe building will be the result of unplanned, unwanted current flow through theseconducting members, usually as a result of an insulation failure on an energized powerconductor.
 2.7.3 Interior electric circuits
 With every electric power circuit extending from the service equipment or building supplyequipment into the building interior supplying electric power to equipment or apparatusthat must be grounded, an EGC must be run with the power conductors. In most cases, themetal conductor enclosure (e.g., tubular metal raceway or cable armor) or cable tray itselfis permitted to serve as the grounding conductor (see the NEC, Article 250-118). Theequipment and apparatus requirement for grounding is accomplished by an electrical bondbetween the frame (or structure) of such equipment (or apparatus) and the EGC run withthat electric circuit. The grounding conductor is not intended to carry nor should it beconnected to carry any normal-load current. Thus, the grounding conductor maintains thedesired zero potential difference concept throughout the extent of the EGC harness. Onlywhen unplanned, unwanted fault currents flow along these conductors will there beobserved voltage differences.
 2.7.4 Thermal withstand
 2.7.4.1 General
 When metallic conduit is used as an EGC, no special considerations are necessary for faultduty of the conduit. When a copper conductor is used to supplement the metallic conduitor where a conductor is necessary, such as in nonmetallic conduit, the design should beevaluated to ensure that the conductor thermal rating is not exceeded. Exceeding thethermal rating can have the following two effects:
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 a) Increased temperature can damage the insulation either of the EGC in case it isinsulated or of adjacent phase conductors, especially when the groundingconductor is bare, rendering them unusable following fault clearing.
 b) Excessive temperature can fuse the EGC, clearing the fault current path butrendering faulted equipment unsafe due to elevated voltages.
 Thermal stress is expressed in terms of I2t where I is the rms fault current and t is the timeto clear the fault. Thermal stress can be excessive due to high current or to long clearingtime.
 2.7.4.2 Insulation damage
 Damage to thermoplastic, cross-linked polyethylene, and ethylene propylene rubberinsulation is defined by Equation (2.3a) for copper conductors and Equation (2.3b) foraluminum conductors:
 (2.3a)
 (2.3b)
 whereI = fault current through conductor-amperesA = conductor cross-sectional area-circular milst = time of fault-secondsTi = initial operating temperature-degrees Celsius
 Tm = maximum temperature for no damage-degrees Celsius
 The initial temperature, Ti, is often taken as the conductor maximum operatingtemperature rating rather than the actual operating temperature. This is a conservativeapproach but may result in conductor oversizing by one trade size.
 The maximum temperature, Tm, is given as 150 °C for thermoplastic insulation and250 °C for cross-linked polyethylene and ethylene propylene rubber insulation. If theEGC is undersized for the fault current and the clearing time, insulation damage to phaseconductors in a conduit may occur due to the proximity of the EGC to the phaseconductor. If fusing is a criterion, then a final temperature of 1000 °C (1832 °F) for copperand 630 °C (1166 °F) for aluminum may be used (see Kaufmann, “ApplicationLimitations”).
 2.7.4.3 Automatic interrupting devices
 All automatic interrupting devices, whether fuse or circuit breaker, require a definite timeto accomplish current interruption. Most devices are inverse time in that the clearing time
 I2tA
 ------ 0.0297 inT m 234+
 T i 234+----------------------=
 I2tA
 ------ 0.0125 inT m 234+
 T i 234+----------------------=
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 is less if the current is higher. Each device, though, has an upper limit of maximum speedof clearing determined by physical considerations of mass and energy.
 Single-pole interrupters fuses are used extensively to protect polyphase circuits. A groundfault on one phase could result in an I2t duty on the EGC that exceeds its thermal rating,even if the phase interrupter interrupts the faulted phase current with an I2t let-through nogreater than the EGC rating. Clearing of the faulted phase does not necessarily stop theground-fault current. Current may flow in the unfaulted phases, through the load, and backto the faulted phase conductor. Since the ground-fault current is reduced due to the longerfault current path through the load, the time for the single pole phase interrupters tooperate would be increased. Although the ground-fault current would probably bereduced, the increased time could cause thermal damage.
 Three-phase circuit breakers often have adjustable time-current characteristics. In thesimplest form, the phase overcurrent sensing magnetic or solid-state pickup forinstantaneous operation may be adjusted from about 300% to 500% of overcurrent ratingat the low end to about 800% to 1000% of overcurrent rating at the high end. If theground-fault circuit is designed for a minimum of 500% of overcurrent rating, then a highpickup could result in a long response time and considerable damage, especially for anarcing ground fault. There is a tendency to set the instantaneous phase overcurrent pickup,whether magnetic or solid-state, as high as possible to avoid nuisance tripping due to highinitial inrush currents. This practice is not recommended, as the overcurrent device maythen not be capable of protecting the EGC within its short-circuit rating. The attempteduse of an overcurrent protective device to protect for arcing ground faults is amisapplication of the phase overcurrent protective device (see 2.7.4.5). Moresophisticated circuit-breaker trip devices may have adjustable time delays that permitshaping the time-current curve to coordinate with both upstream and downstream devices.There is a tendency to set the time delay as long as possible to achieve coordination withas many downstream overcurrent protective devices as possible. Setting of high-currentpickup to excessively high values or increasing time delays to high values could causethermal damage in the EGC.
 2.7.4.4 Equipment grounding conductor sizing
 EGCs should be sized to provide adequate fault current to insure operation of the circuitprotective device. The NEC table for minimum size equipment grounding conductorshould be recognized for what it has stated, namely the minimum size conductor that maybe used, with no endorsement of adequacy. The conductor must have the capacity tosafely conduct any fault current imposed upon it and to have sufficiently low impedanceto limit the voltage to ground and to facilitate the operation of the overcurrent device evenif the necessary conductor size is larger than given in the table. An EGC installed in ametallic raceway and considered to be supplementary or redundant to the conduit shouldbe sized in the same manner without consideration for the presence of the metallicraceway. It should be noted that the NEC has rules to cover the sizing of EGCs “of thewire type.”
 Selection of an EGC sized in accordance with the NEC will not necessarily provide eithera “safe” system or one that is free from potential insulation damage. Where a separate
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 EGC is used to supplement a metallic conduit grounding system, it is difficult todetermine the division of fault current between the conductor and the conduit. It ispossible that past ground faults in metallic conduit systems have not caused thermaldamage because the maximum ground-fault current did not flow through the conductor.
 The preceding considerations do not hold for EGCs in nonmetallic conduit. In this case,all the ground-fault current will flow in the EGC and thermal damage must be considered.As an example, consider a 400 A feeder with a 3 AWG EGC sized from the referencetable. Using an initial temperature of 60 °C and a final temperature of 250 °C for cross-linked polyethylene insulation, I2t = 17.8 × 106. If the ground-fault current is designed tobe a minimum of 500% of rated current, then the protective device must clear the faultwithin 4.5 s in order to limit the final temperature to less than 250 °C. Design of theground-fault current to be a minimum of 800% of rated current will reduce the protectivedevice required clearing time to 1.7 s.
 At 500% of rated current, many overcurrent protective devices, both fuse and circuitbreaker, will not clear for over a half minute at their maximum setting. Thus, it isimportant that the specific overcurrent device be a part of the EGC circuit design, usingthe maximum available time delay of an adjustable breaker as criteria. Choosing theappropriate size of the EGC will permit standard overcurrent devices to adequately protectEGCs from thermal damage. Such standard devices are normally applied because ofavailability and their need to achieve system coordination. Faster acting overcurrentdevices or ground-fault sensing equipment may be used to protect an existing EGC butthey will normally increase equipment costs and degrade system performance.
 2.7.4.5 Ground-fault sensing
 Use of a phase overcurrent device to detect and clear a ground fault is not ideal. The phaseovercurrent device may be designed to withstand overloads for a considerable length oftime and yet be able to clear very high fault currents. Ground faults are typically low leveland may be less than the rating of the phase overcurrent device. Additionally, sinceground faults are often of an arcing nature, any delay in clearing the ground fault willresult in material damage.
 A ground fault can be detected in one of three ways: (1) ground return, (2) zero sequence,and (3) differential current. The three methods are shown in Figure 2-13.
 Ground-return sensing is only applicable at the source transformer or generator. (See 1.6.3for limitations due to multiple sources.) The connection from the transformer to ground issensed for current flow. Since normal-load current should not return to the source throughthe ground on this conductor, any current sensed will be a ground-fault current [see part a)of Figure 2-13].
 Where the source grounding conductor is not available such as at a feeder location, asingle current transformer placed around the phase conductors and the neutral, if it exists,will sense zero-sequence or ground currents. [See part b) of Figure 2-13.] If no ground-fault current exists, the magnetic fields of each of the load conductors will cancel andthere will be no output from the current transformer. If a ground-fault current exists, then
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 there is a net zero-sequence current in the load conductors, and the current transformersenses the resultant magnetic field.
 Where current transformers are necessary for phase overcurrent protection, detection ofground-fault current can be obtained by a summation of the phase currents. If a ground-fault current exists, then the net sum of the phase currents and the neutral, if it exists, willnot be zero. The connection shown in part c) of Figure 2-13 provides a vector sum of theload current. If the sum is not zero, the differential current will flow in the ground-faultrelay. The ground-fault relay can be made extremely sensitive to low level ground faultsand can operate with minimal delay. Its output is used to open an interrupting device andclear the ground fault.
 Figure 2-13—Ground-fault sensing
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 2.8 Interior unit substations and switching centers
 2.8.1 Switching centers
 Switching centers of modern vintage will for the most part consist of integral factory-designed metal-enclosed equipment. All internal components will be prepositioned tomeet the applicable industry standards. Within this structure, the requirements forgrounding conductors will have been recognized and supposedly provided for. With theknowledge that ground-fault current will seek a path in close physical proximity to thephase conductor that carries this current in the outgoing direction (see Beeman;Kaufmann, “Let’s Be More Specific” and “Some Fundamentals”; Soares), it is appropriateto make a casual inspection to confirm that these requirements have been properlyrecognized.
 The field installation problem boils down to a very simple one of assuring the integrity ofthe EGCs. Attention should be given to the proper termination of the EGC associated witheach circuit entering the equipment. The EGC shall meet the cross-section requirements ofthat circuit. The physical routing should meet the objectives previously named. Theterminating fittings should meet the requirements of an electrical junction expected tosafely accommodate the high-magnitude short-time current flow. The terminating point onthe switching structure should reflect the same capability.
 One of the most neglected spots is the termination of a metal raceway when it is used asthe EGC. Commonly, the switching structure contains no metal floor plate. The raceways,typically metal conduits, have been stubbed up through a concrete floor so as to terminatewithin the open floor area inside the boundaries set by the vertical side sheets of theequipment. The following two grounding conductor errors appear quite often:
 a) The metal raceways or cable trays are not recognized as an electrical conductor(the EGC), and no connection is made to the stub end extending into the equip-ment enclosure.
 b) The grounding lead from the raceway is thought to be needed only as a static drainand is connected to the ground bus with only a 4 mm2 (12 AWG) conductor.
 Metal raceways that serve as the EGC and terminate at the side sheets or cover plate of theequipment enclosure should be made up tight with double locknuts and supplementedwith a bonding jumper. Proper termination of the raceway system to the equipmentenclosure can prevent burnouts at the connection of sheet-metal panels to each other withbolts or sheet-metal screws, minimizing the risk of serious damage to the equipment andinjury to personnel.
 2.8.2 Transformation unit substations
 Transformation unit substations present some additional problems. The electrical systemderived from the transformer secondary represents a new electrical system with its ownequipment grounding system requirements.
 The treatment of all primary circuits entering the structural housing should be designedwith the same criteria used for a simple switching structure. An effective grounding
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 conductor running back to the source of primary power is required in case of a circuit faultto ground at any point along the primary circuits, within the enclosure containing the step-down transformer, within the primary circuit switching device, or within the transformeritself.
 The secondary winding of the step-down transformer constitutes the point of origin of anew electrical system. It will be to this point that ground-fault currents associated with theradiating secondary circuits return. Hence, all secondary circuit EGCs are brought to acommon junction point at this source transformer. For grounded system operation, thiscommon junction point is bonded to the grounded circuit conductor (on the supply side ofany overcurrent device or disconnecting means), to the source transformer frame or othermetal enclosures, and to any adjacent metal member of the building structure or pipingsystem if available. Should the secondary system be exposed to external sources ofovervoltage surges, such as lightning, a check should be made to ensure the existence ofan adequate grounding electrode connected to the central junction of secondary groundingconductors.
 In general, the grounding electrode will be present for system grounding; however, therequirements for system grounding may not be adequate for the dissipation of lightningsurges.
 In most cases, it will be observed that the primary and secondary grounding conductorsystems become interconnected at the step-down substation. This happens because themetal enclosure at the substation encloses energized conductors of both the primarysystem and the secondary system. Functionally, the two grounding conductor systems areindependent of each other. (Had the transformation station consisted of an independentgenerator belt driven from an electric drive motor, the independence of the two groundingconductor systems would have been self-evident.)
 2.9 Utilization equipment
 The equipment grounding function at utilization equipment consists simply of providingan effective bonding connection between the nonelectrical metal parts of the terminalapparatus, which either enclose or are adjacent to energized conductors, and the EGC. Thesizing and terminating of all such grounding conductors shall observe the same rulesalready established, which depend on the rating and character of the next upstreamovercurrent protective device. In many cases where the electrical metal raceway or cablearmor serves as the EGC of the circuit, the bonding connection to the utilizationequipment frame consists simply of a good mechanical connection where the metalraceway terminates at the connection box or metal side or roof sheet of the terminalapparatus.
 A bonding connection to an adjacent building metal structure in the case of fixedequipment is appropriate, although somewhat redundant. A separate EGC wire providesadded assurance of continuity of the equipment ground.
 Figure 2-14 displays the desired equipment to grounding conductor connectionarrangement for a variety of power circuit patterns and clearly displays the distinctionbetween the grounding and the grounded conductors for fixed equipment.Figure 2-15 displays a similar arrangement for portable equipment.
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 Figure 2-14—Typical supply conductor patterns of power circuits of utilization apparatus with emphasis on a distinction between
 grounding and grounded conductors of fixed equipment
 112 Copyright © 2007 IEEE. All rights reserved.

Page 123
                        

IEEEEQUIPMENT GROUNDING Std 142-2007
 Figure 2-15—Typical supply conductor patterns of power circuits of utilization apparatus with emphasis on a distinction between grounding
 and grounded conductors of portable equipment
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 2.10 Normative references
 The following referenced documents are indispensable for the application of thisdocument (i.e., they must be understood and used, so each referenced document is cited inthe text and its relationship to this document is explained). For dated references, only theedition cited applies. For undated references, the latest edition of the referenced document(including any amendments or corrigenda) applies.
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Chapter 3Static and lightning protection grounding
 3.1 Introduction
 3.1.1 Overview
 This chapter covers static electricity, its generation, proven methods of minimizing thehazards of this phenomenon by grounding and other methods, and lightning-protectiongrounding.
 3.1.2 General
 A detailed study of static electricity is not made in this chapter. For more detailedinformation on this subject, various references are cited (see Beach, Electrostatic Hazardsand Their Control and “Grounding Principles and Practice”; Eichel; Gally; Harper;Klinkenberg and Van Der Minne; Loeb; “Static Electricity,” in Handbook of IndustrialLoss Prevention; “Static Electricity,” Circular C-438).1 This material will serve as a guidefor electrical engineers who are involved with this phenomenon so that they can recognizea hazardous situation and provide suitable safeguards.
 Lightning-protection grounding is essential for the protection of buildings, transmissionlines, and electrical equipment from lightning discharges and surges. A brief description isgiven of the nature of lightning; the need for protection against lightning for various typesof structures, buildings, and equipment; the requirements for protection; and of practicesfor protection and grounding. This chapter does not cover details of calculations in sizinglightning diverters and methods of selecting lightning protective devices. The engineerresponsible for lightning protection is advised to use the referenced materials to make ananalytical study of this subject.
 3.2 Static grounding
 3.2.1 Purpose of static grounding
 The accumulation of static electricity on equipment, on materials being handled orprocessed, and on operating personnel introduces a potentially serious hazard in anyoccupancy where flammable or explosive liquids, gases, dusts, or fibers are present.
 The discharge of an accumulation of static electricity from an object to ground or toanother charged object of different voltage can be the cause of a fire or an explosion if ittakes place in the presence of readily flammable materials or combustible vapor and airmixtures. Such fires and explosions have caused injury to personnel and loss of life, aswell as millions of dollars of loss in property damage and business interruption.
 1Information on references can be found in 3.4.
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 Protection of human life is the first objective in attempting to control static charges.Besides the danger to lives from explosions or fires that may result from a static spark,there is also the danger that a person, becoming startled when suddenly subjected to astatic shock, may fall or accidentally come into contact with some moving equipment. Thesecond aim in eliminating or mitigating static electricity is to minimize losses in thefollowing categories:
 a) Capital investment in buildings and equipment due to fires or explosions
 b) Operating costs for storing flammable materials
 c) Overhead and loss of production due to fires or explosions
 d) Capital investment in sensitive electronic equipment due to excessive or rapidlychanging voltage
 e) Loss of electronically stored data due to voltage transients
 If losses such as those listed can be substantially reduced by proper static control, theexpenditure required to secure this protection is good insurance.
 Static control may also be required for the improvement in manufacturing operations or inproduct quality. For example, static in grinding operations can prevent grinding to a finedegree. Static in certain textile operations causes fibers to stand on end instead of lyingflat, which often affects the quality of the material. Static charges on materials handled bychutes or ducts have been known to cause clogging as a result of materials clinging to theinside of the chutes and ducts. In the printing industry, the control of static electricity isimportant to prevent damage to the printed images by the attraction of dust particles, andto prevent attraction of the ink to the underside of sheets that may be stacked above them,as well as to avoid possible ignition of vapors from flammable inks and solvents used inthe process.
 There are many other manufacturing processes or operations where static accumulationsare either a fire or an explosion hazard or cause inferior products; for example, in grainelevators; in coating, spreading, and impregnating operations; with conveyor belts andpulleys; in dry cleaning; in blending and mixing; and in filling of tank cars, barges, trucks,aircraft, or other containers with flammable liquids. Each process or operation mayrequire a different method to safeguard against the hazard. This is achieved by providing ameans whereby charges may recombine harmlessly before sparking or by preventingaccumulation of charges by grounding or bonding, humidification, or ionization.
 3.2.2 Fundamental causes of static electricity
 3.2.2.1 Theory of static generation
 Static electricity is probably the earliest reported manifestation of electricity. The Greeksare on record as having observed this phenomenon in about 600 BC. They noticed that apiece of amber, when rubbed with another material, had the ability to attract or repel otherobjects of light weight, but scientific investigation of the phenomenon did not begin untilsome 23 centuries later.
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 In a neutral or uncharged body, the electrons, which are the negative components of theatom, and the protons, which are the positive components, are present in exactly equalnumbers, and these can be separated only by the expenditure of energy, usually inmechanical, thermal, or chemical form. Electrons are free to move from one molecule toanother in solid conductive materials. Protons cannot move appreciably unless the atommoves. Only electrons are mobile in solids, whereas both electrons and protons are free tomove in gases and liquids.
 Static electricity is generated by the movement of electrons, which occurs when unlikematerials are in contact with each other and are then separated. When two unlike materialsare in intimate contact, electrons from one material move across the interface to thesurface of the other, and their counterparts (protons) in equal numbers remain on the otherbody; an attractive force is thus established as equilibrium is achieved. When bodies areseparated, electrons produce electrical charges on the objects separated, which show as anincrease in voltage between the two surfaces.
 If two materials that are good conductors are in contact with each other and are thenseparated, most of the excess electrons in one will return to the other before the separationis complete. But if either or both of them is an insulator and both are not grounded, bothwill display a charge because some of the excess electrons will be entrapped in one ofthem when separation occurs, and the insulating body is said to be charged. Actually,static charge is due to an excess or a deficiency in electrons, and a surface that has anexcess or deficiency of one electron in every 100 000 atoms is very strongly charged. Thevoltage developed due to electrical charges is related to the amount of charge deposited ona body and to the capacitance of this body with respect to its surroundings. Therelationship is expressed in Equation (3.1):
 (3.1)
 whereV = voltage, in voltsQ = charge, in coulombsC = capacitance, in farads
 This voltage can continue to grow on an insulating body under the influence of continuouscharge generation. At some voltage, the leakage of charge will be equal to the rate atwhich the charge is being placed on the insulated body, and a stabilized condition will bereached. If the leakage of charge through the insulating body is not rapid enough, asparking voltage will be reached, and sparking will occur before stabilization is reached.
 The voltage increase on separation could reach several thousand volts, but the charge isrelatively immobile, so a spark from an insulated surface will usually not produce ignition.
 Static electricity may be generated by the following:
 a) Pulverized materials passing through chutes or pneumatic conveyors.
 b) Belt drives when belts are of nonconductive material.
 VQC----=
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 c) Gas, steam, or air flowing through an opening.
 d) Motion that involves changes in the relative position of contacting surfaces,usually of unlike materials, liquid or solid, at least one of which usually is a poorconductor of electricity.
 e) The human body in a low-humidity area may accumulate a dangerous staticcharge of several thousand volts by contact of shoes with floor coverings or byworking close to machinery that generates static electricity.
 3.2.2.2 Conditions affecting the production of static charges
 The possibility of producing electrification (static charge) and the degree that it will beproduced will depend mainly on the following:
 a) Material characteristics
 b) Speed of separation
 c) Area in contact
 d) Effect of motion between substances
 e) Atmospheric conditions
 These conditions are defined as follows:
 Material characteristics. It has been previously stated that one of the materials orsubstances must have higher insulating properties than the other to at least some degree togenerate a static charge between them. The physical forms may be solids, liquids, orgases. The solids may be in the form of sheeting, rods, etc., or may be broken up intoparticles that form a dust. The degree of electrostatic charge that may exist between twomaterials will be proportional to the difference in their dielectric constants. Even metalshave dielectric constants, that of iron being 4.2, that of copper being 2.1, and that ofaluminum being 4.8. For comparison, the dielectric constant of air is approximately 1.0,that of porcelain 5.7 to 6.8, and that of nylon 3.7 to 4.1. Also, the positive charge willusually show up on the material having the higher dielectric constant.
 Speed of separation. As the speed of separation of two substances is increased, the chancefor impounding the charges on the materials also increases, thus increasing the voltagedifferences between them. For example, electrification caused by the separation of amoving belt from a pulley increases directly with the belt speed, and electrification ofaircraft in flight, caused by atmospheric water particles, dry snow, and ice crystals or dustincreases approximately as the cube of the speed of the aircraft.
 Area in contact. The area of the substances in contact has a direct bearing on the degree ofelectrification because a larger contact area means that more charge may be transferredfrom one substance to the other, though the charge density may be the same. In otherwords, the larger body receives or accumulates the larger quantity of charge.
 Effect of motion between substances. Static electricity has often been called frictionalelectricity, but actually friction plays little part in the process of electrification, althoughthe rubbing together does increase electrification. This is because, in the process of
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 rubbing, more peaks on the surfaces are brought into contact, since surfaces that aresmooth and flat to the eye are microscopically rough with peaks and valleys, and theelectrons travel only where actual contact occurs. Also heating due to friction eases thetransfer of electrons. Similarly, liquids sprayed or expelled from a nozzle, particularly ifthey impinge on a surface, often produce high voltage on the droplets of liquid and on thesurface on which they impinge.
 Liquid materials in a tank may accumulate static charges (1) as a result of deliberateagitation of the liquid, (2) because of tank motion, or (3) while the tank is being filled.
 Another example of motion producing alternate contact and separation of materials is thepassing of a belt over a pulley, and as previously pointed out, the higher the speed, themore often these alternations occur and the greater the static charge on the belt. The sameprinciple applies to any sheeting passing over rolls, such as in the manufacture andprocessing of rubber materials, papers, or textiles. Rubber tires (see Pearson) rolling overstreets and roads produce the same effect, and may account for static charges onautomobiles, tank trucks, etc.
 Atmospheric conditions. The fact that low humidity is related to the production of static isprobably well known to everyone because of the personal discomfort experienced intouching a metal object on a dry day after having accumulated a charge by walking acrossa rug or coming into contact with some other insulating material. This shows clearly thehazard that can exist in an operation that may require controlled low-humidity conditions.
 3.2.3 Magnitudes
 3.2.3.1 General
 The magnitude of static electricity quantities is different from that of power electricity.The voltage difference may reach thousands of volts, currents may be less than a millionthof an ampere (1 × 10–6 A), and resistances of less than one million ohms (1 MΩ) maycause a short circuit, as far as electrostatics is concerned.
 3.2.3.2 Voltages possible
 Voltages that have been observed in a few industries or have been created in tests areshown in Table 3-1. From Table 3-2, it can be seen that it is possible for voltages of30 000 V to jump over 25 mm (1 in). Such a spark could readily release enough energy toignite flammable mixtures.
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 Table 3-1—Range of static voltages produced by various processes
 Type of equipment Voltage range observed (kV)
 Belted drives 60 to 100
 Fabric handling 15 to 80
 Paper machines 5 to 100
 Tank trucks Up to 25
 Belt conveyors (grain) Up to 25
 Table 3-2—DC breakdown voltages point to plane
 Distance Voltage (kV)
 (mm) (in) Point + Plane +
 5 0.197 6 11
 10 0.394 16 18
 15 0.591 20 29
 20 0.787 25 39
 30 1.181 36 57
 40 1.575 42 71
 50 1.969 50 85
 60 2.362 54 98
 70 2.756 60 112
 80 3.150 63 124
 90 3.543 67 140
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 3.2.4 Conditions required for a static charge to cause ignition
 3.2.4.1 Ignition energy
 In order for a static spark to produce ignition in a combustible vapor and air mixture, theremust be sufficient energy stored in the charged body. The amount of energy that is storedand available from a capacitive-type discharge can be calculated by the formula shown inEquation (3.2):
 (3.2)
 whereC = capacitance, in picofarads (pF)V = voltage, in volts (V)E = energy, in millijoules (mJ)
 Approximate values of capacitance, in picofarads, of some objects are as follows:
 — Human being: 100 pF to 400 pF
 — Automobile: 500 pF
 — Tank truck (2000 gal): 1000 pF
 — 3.6 m (12 ft) diameter tank with insulated lining: 100 000 pF
 The energy necessary for ignition is dependent on several variables, such as the shape andspacing of the electrodes between which the spark occurs and the composition of the gasmixture, the gas temperature, and the pressure. Tests have shown that 0.25 mJ of storedenergy is required to ignite an optimum mixture of saturated hydrocarbon gas and air, butwhere the voltage differences are less than 1500 V and capacitance is less than 222 pF, theresulting sparks are unlikely to cause ignition of such a mixture because the energydeveloped is less than 0.25 mJ. Acetylene gas used in industrial plants for cutting metal isexceptionally flammable. It needs only about 0.02 mJ of spark energy to ignite.
 For static electricity to be able to cause ignition, in addition to the requirement ofsufficient energy in the spark discharge, it must take place in an ignitable mixture. If themixture is too lean or too rich, ignition will not occur.
 For a complete discussion of the explosive limits of various gas and liquid mixtures, aswell as the spark energy required to ignite such mixtures, see Beach, “Industrial Fires andExplosions from Electrostatic Origin.”
 3.2.5 Measurement and detection of static electricity
 3.2.5.1 General
 The measurement of static electricity will have different magnitudes of electricalquantities than that from power electricity, so the techniques and instruments used for the
 E12---CV
 2 10 9–×=
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 measurement and detection of static electricity are different. Instruments and devices usedin measurements and detection are described in the following paragraphs.
 3.2.5.2 Electrostatic voltmeter
 As static charges are characterized by high voltage and low energy, instruments that havepractically no current drain must be used for voltage measurements. The electrostaticvoltmeter is such an instrument, and while it may not have high accuracy, it is sufficientlyaccurate to measure voltage for quantitative electrostatic analysis. Electrostatic voltmetersare available in several ranges from 100 V to 5000 V. These meters operate on theprinciple of electrostatic attraction between movable and stationary metal vanes.Practically no current is passed to maintain deflection. Portable models are available.These meters are moderately expensive, not too rugged, fairly sensitive, and do notindicate polarity.
 3.2.5.3 Neon lamp tester
 This device is very inexpensive and quite sensitive. It can be carried in one’s pocket, sooccasional checks for static electricity can conveniently be made. It will light up feeblywhen one terminal is grounded or held in the hand and the other makes contact with thecharged body that carries a charge potential of 100 V or more. Adjustable series-parallelgroupings of neon lamps and small capacitors can be arranged to give approximatequantitative information.
 3.2.5.4 Solid-state electrometer
 This instrument may be used to detect the presence of static electricity, but it should havevery high input impedance so as to limit current drain. Instruments are available with aninput impedance of 1015 ohm.
 Electrometers use special field-effect solid-state devices having a very high inputresistance and drawing a very low input current. The meter uses batteries, so it must beswitched on before entering a charged area and switched off after leaving the area.
 3.2.5.5 Electrometer amplifier
 This instrument is generally used for the investigation of static electricity in the field andlaboratory. It employs high resistance in the input circuit, and thus has low current drain.It can be used as a voltmeter, a charge meter, or a current meter. It is quite sophisticatedand expensive and needs experienced operators to use it.
 3.2.5.6 Generating voltmeter
 A generating voltmeter, occasionally called a field mill, is a device to measure electricalfield strength and produces an alternating current proportional to the electrical field byelectrostatic induction, much as a conventional alternator produces alternating current byelectromagnetic induction. This alternating current is electronically amplified, thenrectified, and the output is fed to an indicating meter. The generating voltmeter usually
 126 Copyright © 2007 IEEE. All rights reserved.
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 consists either of a motor-driven variable capacitor or of linearly vibrating capacitor platesexposed to the electric field. The capacitor serves to chop the electric field, creating aperiodically varying charge, which results in ac output. A chief drawback to the practicalusefulness of the generating voltmeter, as normally built and used, is interpreting themeaning of its indication in a nonsymmetrical geometric environment.
 3.2.5.7 Charge density meter
 This is a variation of the generating voltmeter that is designed to operate immersed in acharged insulating liquid. The device is usually used in a pipe or with a constant-geometryouter shield. Under such conditions, the signals from this device can be interpreted interms of the electrical environment in which it is working. Relaxation of space charges inthe charge density meter after flow has been stopped provides a measurement of the liquidconductivity under actual conditions in the system at the location of the meter.
 3.2.5.8 Static electricity detector
 This is a commercially available instrument that detects the presence of static charges andgives both a visual and an audible alarm. It also contains an indicator to indicate themagnitude of the charge. This device is portable or may be installed in a permanentlocation with an antenna system installed in the operating areas to pick up the signal ifstatic charges are present. Such an instrument is listed by Underwriters Laboratories, Inc.(UL), for class I, groups A, B, C, and D, and class II, groups E, F, and G hazardouslocations. Some instruments may need batteries or line power to operate them. Suchinstruments must be judiciously handled in hazardous areas to eliminate the possibility ofsparks or arcs due to any defect or fault. Test probes used in an area of explosive vaporsshould be highly insulated to avoid sparks.
 3.2.6 Methods of static control
 3.2.6.1 General
 Static electricity generation cannot be prevented, but it can be mitigated or controlled byproviding means of recombining separated charges as rapidly as they are produced andbefore sparking voltages are attained. Methods used include the following:
 a) Grounding and bonding
 b) Humidity control
 c) Ionization
 d) Conductive floors
 e) Conductive footwear and casters
 f) Special precautions
 g) Proper maintenance
 These methods may also be used in combination for effective control.
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 3.2.6.2 Grounding and bonding
 Many static problems can be solved by bonding the various parts of the equipmenttogether and grounding the entire system. Bonding (connecting the two objects together)minimizes voltage differences between conductive objects, thus preventing sparkingbetween two bodies, as shown in Figure 3-1 and Figure 3-2.
 Grounding minimizes voltage differences between objects and ground, as shown inFigure 3-3. Bonding and grounding should be done by bare or insulated wire, 6 AWG or4 AWG (for mechanical strength), though the current is on the order of microamperes(10–6 A). Any ground adequate for power circuits or lightning protection is adequate forprotection from static electricity. Even a ground resistance of 1 MΩ is adequate for staticgrounding. Where grounding or bonding wires are exposed to damage, they should be runin rigid metal conduit or pipe. Equipment or tanks inherently bonded or grounded by theircontact(s) with ground do not need special means of bonding. For moving objects, agrounding brush or wipe of carbon, brass, or spring bronze may be used.
 Figure 3-1—Charged and uncharged bodies insulated from ground
 Figure 3-2—Both insulated bodies share the same charge
 128 Copyright © 2007 IEEE. All rights reserved.
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 Grounding, however, is not a cure for all static problems. For example, if the materialbeing processed is rather bulky and has high dielectric characteristics, a static charge onthe upper portion of the material is usually very effectively insulated from ground, and itmay result in a spark discharge. In case of processes involving nonconducting material,such as paper, cloth, or rubber, it is not possible to drain off the static electricity chargesby ordinary grounding and bonding. Also, charges may accumulate on the surface of low-conductivity liquids, such as most refined petroleum products. These charges cannot beremoved by bonding or grounding. In such cases, other methods of control, such asionization or humidification, should be utilized.
 3.2.6.3 Humidity control
 Many insulating materials, such as fabric, wood, paper, or concrete, contain a certainamount of moisture in equilibrium with the surrounding air. This moisture or relativehumidity controls the surface conductivity of these insulating materials. The higher thehumidity, the greater the conductivity. For example, the surface conductivity of plate glassat 50% relative humidity is about 1000 times its conductivity at 20% humidity. At normalhumidity (30% or more) an invisible film of water provides an electrical leakage path overmost solid insulating bodies and the clothes and shoes of a worker, which drains awaystatic charges as fast as they are generated. When relative humidity is 30% or less, thesame materials dry out and become good insulators, and static manifestations becomenoticeable and may cause fires from static sparks. Where high humidity does not affect thematerial adversely, this affords one of the best ways of controlling static electricity.Humidifying the whole atmosphere, or localized humidification, especially near the pointwhere static electricity is accumulating, has proved to be a solution where static electricityhas resulted in the adhesion or repulsion of sheets of papers, fibers, etc. In some cases,localized humidification by steam ejection provides satisfactory results without increasingthe humidity in the whole area. The minimum value of relative humidity that is requiredfor effective control of static electricity is difficult to determine and will vary with theprocess and the surrounding conditions. However, it is believed that where the relativehumidity is maintained in the range of 60% to 70% at ordinary indoor temperatures, staticaccumulations are not likely to reach dangerous proportions. Where the process may be
 Figure 3-3—Both bodies are grounded and have no charge
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 affected adversely by humidity, or where the area may be air conditioned for processcontrol or comfort, and where humidity will not noticeably decrease the resistivity (suchas uncontaminated surfaces of most synthetic plastic and the surface of many petroleumliquids), then other methods of static control must be considered.
 3.2.6.4 Ionization
 In the process of ionization, the air molecules are overstressed; thus electrons areseparated from the molecules. The electrons are negatively charged, and the moleculesthat have lost them become positive in polarity. When a charged object is brought incontact with ionized air, the static charge is dissipated. The charge is either conducted toground through the ionized air, or the charged object attracts a sufficient number ofpositively or negatively charged ions from the air to neutralize it. Ionization of air can beobtained by flame, alternating electric fields generated by a high-voltage supply,ultraviolet light, or radioactivity. This can be achieved by several devices and methods.The most common are static comb or inductive neutralizer, electrical neutralizer,radioactive neutralizer, or open flames.
 A static comb or inductive neutralizer is a nonelectrically energized low-cost device. Thestatic comb is a metal bar equipped with a series of sharp needle points or a groundedmetal wire surrounded with metallic tinsel. The ionization of air occurs through the chargeconcentration on the sharp points of the collector from the electric field owing to thecharge on the object. The field is concentrated near the pointed object, and when thecharge is above a minimum value, spontaneous ionization of air takes place. When agrounded static comb is placed close to the insulated charged body, ionization of the air atthe needle points provides enough conductivity to make some of the charge leak awayfrom the object. This method is usually employed to reduce the static charge from fabrics,paper, and power belts.
 The electrical neutralizer, now available commercially, produces the conductive ionizedair by sharply pointed conductors connected to a high-voltage supply. When placed nearthe moving or stationary charged surfaces, the charges are thereby neutralized at thesurfaces or are leaked away to some adjacent grounded conducting body. Theseneutralizers are powered by the high-voltage secondary of a small step-up transformer.
 Electrical neutralizers are used for removing static charges from cotton, wool, silk, orpaper in process, manufacturing, or printing, but are not recommended in atmosphereshaving flammable vapors, gases, etc. Necessary precautions must be taken to protectoperating and maintenance personnel from high-voltage circuits.
 Radioactive neutralizers ionize the air by emission of alpha particles from radioactivematerial such as radium or polonium. In the application of these neutralizers, care must betaken to avoid harmful effects of radiation. Their use is regulated by the U.S. NuclearRegulatory Commission.
 Ionization of air can also be obtained by rows of small open flames, which may be used inpaper printing presses where nonflammable ink is used.
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 3.2.6.5 Conductive floors
 Where extremely hazardous operating conditions exist, such as in the production of someexplosives or in processes involving oxygen-enriched flammable vapor or gas mixturesthat are susceptible to static ignition, the use of conductive floors or floor coverings maybe required to prevent the accumulation of static charge by grounding personnel andconductive objects together, since the human body in a dry location can also accumulate adangerous static charge. Where such flooring is required, it should be of nonsparkingmaterials, such as conductive rubber, lead, or other conductive compounds.
 The resistance of the floor should be less than 1 MΩ when measured between twoelectrodes placed 0.91 m (3 ft) apart anywhere on the floor. In addition, to protectpersonnel against electric-shock hazard, the resistance of the floor should be more than25 kΩ when measured between an electrode placed at any point on the floor and a groundconnection, and between two electrodes placed 0.91 m (3 ft) apart at any point on thefloor. See NFPA 99, Section E6.6.8.2.7, for details of the required construction of theelectrodes and the test method to be used. It is recommended that electrical equipmentenergized from a grounded system not be used or operated by persons standing on thefloor.
 If waxes or other floor preservatives are used, they should have conductive qualities.Conductive floors may increase in resistance with age and therefore should be tested atregular intervals.
 3.2.6.6 Conductive footwear and casters
 When conductive flooring is used, operators or others entering the area must wearconductive nonsparking footwear. Mobile equipment should make contact with the floordirectly or through conductive rubber casters. Their resistance should be checked atregular intervals or before entering the work area.
 Shoe testers are available for determining the resistance while the shoes are being worn.Such testers are essentially direct-reading ohmmeters with resistors to limit the short-circuit current to 0.5 mA.
 Where conductive floors and shoes are required, the resistance between the wearer andground must not exceed 1 MΩ, which is the total resistance of the conductive footwear ona person plus the resistance of the floor.
 3.2.6.7 Special precautions
 In addition to the use of conductive floors and shoes, other controls may be considered,such as the following:
 a) Providing wearing apparel with low static-producing qualities
 b) Establishing rigid operating procedures
 c) Using conductive rubber mats where conductive flooring is not used throughoutan area
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 Hospital operating rooms utilize most of the preceding techniques because of the extremehazard of anesthetic agents and the possibility of creating static electricity from nozzles,operators with improper attire, and other causes. The subject of dissipation of staticelectricity is well covered in NFPA 77. In industrial areas with extremely hazardousconditions, these recommendations should be considered.
 3.2.6.8 Proper maintenance
 Like other equipment, static control devices are no better than the maintenance theyreceive. Therefore, it is imperative that regularly scheduled inspections be made toperform the following checks:
 a) Determine if all bonding and ground connections are intact.
 b) Ascertain the resistance of all the equipment to ground. This may be found by theuse of commercially available ohmmeters. A resistance on the order of 1 MΩ isusually satisfactory for static mitigation.
 c) Examine static neutralizers to be sure that they are in the correct position, and if ofthe high-voltage type, that they are energized and the points are clean.
 d) Test belts to see if they have maintained their conducting characteristics.
 e) Take resistance measurements of conductive flooring and footwear (see 3.2.6.5and 3.2.6.6).
 f) Take instrument readings to determine if static charges are accumulating, eitherbecause of the loss of one of the static control devices or because of a change inoperating conditions, such as machine speed, the addition of material-handlingequipment, or use of new materials that may have different characteristics.
 3.2.7 Hazards in various facilities and mechanisms, and applicable static control methods
 3.2.7.1 General
 A brief description of the particular hazards met within certain facilities and the methodsof static control that are applicable are presented in the following paragraphs. A morecomplete discussion of many of these methods is given in the references that accompanythese paragraphs.
 3.2.7.2 Aviation industry
 Static charges are developed on aircraft both when they are in flight and when on theground. The physical contact of the aircraft in flight with airborne particles such as dust,smoke, water particles, dry snow, and ice crystals will generate charges, and chargedclouds in the proximity will also induce electrification in the aircraft. On the ground, astatic charge can build up in the same manner as it does on any other rubber-tired vehiclewhen in motion or at rest. In addition, the movement of air and airborne particles over thelarge metallic surface of the aircraft, even though it is at rest, will also generate static, butof less magnitude.
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 Fire and explosions can occur during fueling operations because of static discharges ifadequate bonding and grounding are not provided. Detailed recommendations forprotecting against the hazard of static sparks during fueling operations are described inNFPA 407, and the methods of providing suitable grounding facilities for static electricityin aircraft hangars are covered in NFPA 409 and NFPA 77.
 3.2.7.3 Belted drives
 Most power belts and conveyor belts are constructed of insulating materials. These arepressed into contact with pulleys and idlers and generate static electricity at the pointwhere the belt separates from the pulley. The generation of static electricity increases asspeed increases or humidity decreases. Static generation will occur with either conductingor nonconducting pulleys. Rubber or leather flat belts running at moderate or high speedsmay generate sufficient static electricity to produce sparks. V-belts are not as susceptibleto hazardous static generation as are flat belts. Conveyor belts used for the transportationof solid material usually move at low speed, and usually do not produce static electricity.When conveyor belts carrying heated or dry material are operated in a heated atmosphere,or move with high velocity, static generation might be significant. In locations wherestatic charges are a real hazard, considerations should be given to direct or gear drivesrather than belted drives. If belted drives must be used, the following methods of staticcontrol should be used:
 a) A grounded static collector is installed. This consists of a grounded piece of angleiron; the width of the belt, with metal spikes welded 25 mm (1 in) apart at the val-ley of the angle iron. The spikes do not project above the sides of the angle iron.The comb is installed within about 6 mm (1/4 in) of the belt 102 mm to 152 mm(4 in to 6 in) beyond the point where the belt leaves both the driving and thedriven pulleys. Such devices may sustain mechanical damage and are seldom usedon power equipment. Tinsel bars used to remove static from wide sheet materialscan also be used effectively with belts.
 b) A belt of conductive material is used. These are available from belt manufacturers.A very important consideration in applying conductive rubber belts is to ensurethat both the drive and the equipment are well grounded.
 c) Special belt dressings are applied. This makes the inner surface of the belt con-ducting enough to leak the charges back to the pulley as fast as they are produced.Such dressings must be renewed frequently to be reliable.
 d) When material transported by conveyor belts is spilled from the end of a belt intoa hopper or chute, it may carry a static charge. The belt support and terminal pul-leys should be electrically bonded to the hopper.
 e) Metal pulleys are charged with an equal and opposite charge to that carried by thebelt, and provisions should be made to transfer this charge to the earth throughshaft, bearings, and equipment frame. When equipment frames are conductive, nocharge is trapped. When wooden supports are used and are dried out by nearbyheat, it is necessary to bond and ground the shaft and bearing to dissipate thetrapped charges.
 f) Sometimes the flow of static electricity through the oil film has resulted in suffi-cient roughening or pitting of the bearing surfaces to adversely affect the bearing
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 life. In such a case it is necessary to bond the shaft to the bearing housing withsome form of sliding metal or carbon brush to provide a low-resistance pathbetween the shaft and the bearing housing. Where a bearing incorporates nylon orother nonconductive bearing material, the shaft should be bonded as previouslydescribed.
 One manufacturer of belts considers that a belt that shows a 10 MΩ resistance whenmeasured on a 215 mm (8 1/2 in) section will have sufficient static properties to make thebelt safe throughout its useful life. Some feel that a much higher resistance will still permitdissipating static satisfactorily. However, it is desirable to keep the resistance as low aspossible to provide a good margin of safety.
 One method for testing belts is to place two 16 mm (5/8 inch) diameter electrodes on thebelt 215 mm (8 1/2 in) apart. The electrodes should be moistened before being placed onthe belt, and each should have 20 kN/m2 (3 lb/in2) pressure applied. The resistance is thenmeasured by means of a standard 500 V megohmmeter.
 3.2.7.4 Coal industry
 Many explosions in coal mines and coal preparation plants have been attributed to theaccumulation of coal dust and the movement of particles. More than ordinary precautionsagainst the possibility of a static discharge spark, such as good maintenance, properventilation, and prevention of dust accumulation, must be taken to avoid such explosions.For a detailed study, refer to NFPA 120 and NFPA 8503.
 3.2.7.5 Flour and grain industry
 Material movement by means of conveyor belts, elevators, vacuums, blower systems, andother machinery of manufacture can be responsible for charge accumulation and theresulting static discharge. Fine particles of grain dust suspended in the air constitute anexcellent explosive. Several explosions of grain elevators due to static sparks have beenreported. For detailed information, refer to NFPA 61.
 Table 3-3 shows the minimum electrical energy required for the ignition of some dustswhen in a cloud or in a layer (see NFPA 77).
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 Table 3-3—Minimum electrical energy for ignition of some dust clouds and layersa
 Material Dust cloud(mJ)
 Dust layer(mJ)
 Alfalfa 320 —
 Allyl alcohol resin 20 80.0
 Aluminum 10 1.6
 Aluminum stearate 10 40.0
 Aryl sulfonyl hydrazine 20 160.0
 Aspirin 25 160.0
 Boron 60 —
 Cellucotton 60 —
 Cellulose acetate 10 —
 Cinnamon 40 —
 Coal, bituminous 60 560.0
 Cocoa 100 —
 Cork 35 —
 Cornstarch 30 —
 Dimethyl terephthalate 20 —
 Dinitro toluamide 15 24.0
 Ferromanganese 80 8.0
 Gilsonite 25 4.0
 Grain 30 —
 Hexamethylenetetramine 10 —
 Iron 20 7.0
 Magnesium 20 0.24
 Manganese 80 3.2
 Methyl methacrylate 15 —
 Nut shell 50 —
 Paraformaldehyde 20 —
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 Pentaerythritol 10 —
 Phenolic resin 10 40.0
 Phthalic anhydride 15 —
 Pitch 20 6.0
 Polyethylene 30 —
 Polystyrene 15 —
 Rice 40 —
 Seed (clover) 40 —
 Silicon 80 2.4
 Soap 60 3840.0
 Soybean 50 40.0
 Stearic acid 25 —
 Sugar 30 —
 Sulfur 15 1.6
 Thorium 5 0.004
 Titanium 10 0.008
 Uranium 45 0.004
 Urea resin 80 —
 Vanadium 60 8.0
 Vinyl resin 10 —
 Wheat flour 50 —
 Wood flour 20 —
 Zinc 100 400.0
 Zirconium 5 0.0004
 aData from the U.S. Bureau of Mines.
 Table 3-3—Minimum electrical energy for ignition of some dust clouds and layersa (continued)
 Material Dust cloud(mJ)
 Dust layer(mJ)
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 3.2.7.6 Gas processing
 Gases that are not contaminated are unlikely to generate static electricity. Movement of agas that is contaminated with metallic oxides, scale particles, or liquid particles canproduce electrification.
 Liquefied petroleum gases behave in the same manner. Compressed air containingparticles of condensed water vapor, liquid carbon dioxide, hydrogen gas containingparticles of oxide, and steam when discharging from an orifice can each produce staticaccumulation on the discharge device and the receiving object. This subject is covered indetail in NFPA 50A, NFPA 50B, NFPA 58, NFPA 59, NFPA 59A, and NFPA 77.
 3.2.7.7 Paint industry
 The use of flammable solvents in paint-mixing operations represents a potential fire andexplosion hazard due to ignition by static sparks, which may be generated by the transferalof liquid from open containers by splash filling of tanks, by belt-driven machinery, or bythe workers themselves.
 3.2.7.8 Paper and printing industries
 The movement of the paper itself over the various rolls and the machinery of manufacturetends to cause static voltages.
 Where flammable inks and solvents are used in the process, charges thus produced havecaused many fires and an occasional explosion. The static charge is also a source oftrouble from the production standpoint. Sheets that become charged have an attraction forother objects, which causes difficulty in controlling the sheet, and the web may be torn.Also, the printed image may be damaged by the attraction of dust particles and loose paperfibers to the paper.
 3.2.7.9 Refining industry
 The fire and explosion hazard due to static ignitions is well known in this industry, andextensive precautions against this hazard are necessary to safeguard lives and property.These are described in detail in API RP 2003.
 3.2.7.10 Powder processing
 Most powders, when suspended as a dust cloud in air in sufficient concentration, areexplosive, and some can be ignited by static sparks. Explosion venting of buildings andthe equipment in which the materials are handled or processed may be necessary tominimize the damage if an explosion should occur, despite the usual precautions taken toprevent static accumulations. In the manufacture of explosives, the sensitivity to staticignitions varies with the material being processed. Primary explosives, like fulminate ofmercury, can be detonated by a static spark.
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 3.2.7.11 Rubber industry
 Rubber cement containing a high percentage of naphtha is used in the manufacture ofmany rubber products. Static charges generated at many points in the process are afrequent source of ignition of the naphtha vapors. The maintenance of a relative humidityof 50% or more, in addition to bonding and grounding the various parts of the processingequipment and the use of static eliminators, is usually needed for adequate control of staticelectricity. Operators should also avoid the use of rubber-soled shoes to help avoidaccumulating a charge on their bodies. Flammable liquids having low flash points shouldbe handled in closed systems or closed containers as much as possible. When transferringflammable liquids from one open conductive container to another, the containers shouldbe bonded together to maintain both at the same voltage and grounded to avoid anypossibility of spark.
 Rubber-coating machines are particularly susceptible to fires caused by the ignition offlammable vapors due to the discharge of static electricity generated by the movement offabric over rolls and under spreader knives.
 3.2.7.12 Textile industry
 The use of automatic cleaning systems for the prompt removal of lint from the atmosphereand from the machinery, in addition to modern air conditioning and precise control ofhumidity, has greatly reduced the fire hazard from static electricity. An occasional fire in aloom is attributed to static electricity, but grounding the machine frame and bonding allmetal parts together and maintaining a relative humidity of 60% or more substantiallyreduces the hazard.
 3.2.7.13 Hospitals
 Mixtures of air and certain anesthetics and the use of oxygen and oxygen-enrichedatmospheres introduce fire, explosion, and electrical hazards. Areas where easily ignitedanesthetic agents such as ethyl ether, cyclopropane, divinyl ether, trifluroethyl ether, andethylene are present should be thoroughly protected against the possibility of dangerousaccumulations of static electricity that may cause ignition. The principal static safeguardsin these areas include the following: conducting floors, use of metal or conductivematerial for all furnishings in direct contact with the floor; conductive shoes for personnel;prohibition of silk, wool, and synthetic garments in these areas unless used as hosiery orundergarments that are entirely in contact with the skin; maintenance of relative humidityat not less than 50%; and grounding of all exposed non-current-carrying metal parts ofelectrical equipment such as portable lamps, appliances, fixtures, cabinets, and cases, asrequired by the National Electrical Code® (NEC®) NFPA 70. For more complete coverageof the subject, see Chapter 13 of NFPA 99.
 In connection with the grounding of electrical equipment in these areas, more thanordinary care is needed for the maintenance of all electrical systems and equipment,because the electric-shock hazard is greatly increased due to the use of conductive shoesby personnel and the installation of conductive floors.
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 Recent developments indicate that the grounding of non-current-carrying metal enclosuresgenerally required for electrical apparatus used in operating rooms and intensive careunits, such as electrocardiographs, oscilloscopes, defibrillators, pacemakers, radios,television sets, vapor generators, and electrical cauterizing equipment, may be increasingthe shock hazard to patients and personnel in these areas, due to leakage currents over thegrounding conductor. Patients in intensive care units may be dangerously exposed.Transient leakage currents of as little as 20 µA over circuits for monitoring variousphysiological functions of a patient in an intensive care unit could be fatal where theprobes are applied internally. According to some authorities, safety considerations requirethat circuits be designed so that leakage currents do not exceed 10 µA. For more completecoverage of this subject, see the NEC and IEEE Std 602™ (IEEE White Book™),Chapter 6.
 3.2.7.14 Dry cleaning
 Dry cleaning is defined as the process of removing dirt, grease, paint, and other stainsfrom wearing apparel, textile fabrics, rugs, etc., by the use of nonaqueous liquids(solvents). The various dry-cleaning methods include the following:
 a) Immersion and agitation in solvent in closed vessels
 b) Brushing or scouring with cleaning solvents
 c) Dual-phase processing
 Dry-cleaning systems are divided into the following types:
 Type I. Systems employing solvents having a flash point below 37.8 °C (100 °F)
 Type II. Systems employing solvents having a flash point at or above 37.8 °C (100 °F) andbelow 60 °C (140 °F)
 Type IIIA. Systems employing solvents having a flash point at or above 60 °C (140 °F),and below 93.3 °C (200 °F) and complying with the requirements of NFPA 32, Chapter 3.
 Type IIIB. Systems employing solvents having a flash point at or above 93.3 °C (200 °F)and complying with the requirements of NFPA 32, Chapter 3.
 Type IV. Systems using solvents that will not support combustion or are nonflammable atordinary temperatures and only moderately flammable at higher temperatures, andcomplying with the requirements of NFPA 32, Chapters 4, 5, 6, and 9.
 At the present time, the use of Type I systems is prohibited by NFPA 32.
 Storage tanks, treatment tanks, purifiers, pumps, piping, washers, extractors, dryingtumblers, drying cabinets, combination units, and other similar apparatus should bebonded together. If this equipment is not grounded by virtue of its connection to theelectric power service, it should be grounded.
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 Special consideration should be given to the control of static electricity in the handling offabrics. When the fabrics are transferred from one piece of equipment to another theyshould be bonded together. Humidification of the area will also help to dissipate a staticcharge.
 Personnel working in these areas and performing dry-cleaning operations can accumulatestatic charges, and the wearing of footwear that may insulate the person from groundshould be avoided. Conductive floors, grounded metal worktables, and conductivefootwear are helpful in removing such charges. For more details see NFPA 32.
 3.2.7.15 Offices
 Business machines handling papers and plastic tapes, sheets, or cards often accumulatestatic charges. These may interfere with the operation of the machine by causing papers tostick together, attracting lint and dust particles, or transmitting minor shocks to theoperators. The involuntary reflex action due to such discharges, though otherwise of nohazard, may sometimes result in injury to the personnel. Grounding of all non-current-carrying metal parts of the machine will prevent the accumulation of the charge, butcuring the operational difficulties may necessitate the use of humidifiers or staticneutralizers, whichever is most practical.
 3.2.7.16 Video display terminals and other electronic equipment
 See Chapter 5.
 3.3 Lightning protection grounding
 3.3.1 Nature of lightning
 3.3.1.1 General
 Lightning is the discharging of high-voltage charged cells (usually negative) within clouds(intra-), to each other (inter-), or to the earth. The cloud-to-ground (CG) flash is the onewe are usually concerned with. These charged cells in clouds normally attract charges ofopposite polarity on the earth’s surface or on high objects located directly below them.When the cell charge reaches a critical level (when the insulation between cloud and earthbreaks down), it develops a stepped ionized path, frequently to the earth, resulting in ahigh current discharge (stroke) that neutralizes, for the moment, these cloud and earthcharges. The discharge current increases from zero to a maximum of 1 µs to 10 µs, andthen declines to half the peak value of 20 µs to 1000 µs.
 Lightning flashes usually consist of a sequence of individual return strokes that transfersignificant electrical charge usually from the cloud to earth.
 NOTE—The current flow for a negative stroke CG is from the earth back to the cloud.2
 2Notes in text, tables, and figures are given for information only and do not contain requirements needed toimplement the standard.
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 The original, rather slowly developing, stroke is followed, on the average, by two to threesubsequent strokes, but may contain as few as one and as many as twenty strokes. Eachstroke has been found to contain peak currents in the range of 2 kA to 300 kA and has anominal duration of 20 µs to 50 µs (see Cummins et al.). The first negative stroke wasfound to have 95% exceed 30 µs with a median value of 75 µs and 5% exceed 200 µs.These subsequent strokes follow the original stroke in times ranging from 20 µs to 100 µs.They are the result of the original charge center in the cloud being recharged by internalflashes from other charge centers in the cloud. The number of strokes in a flash aretypically referred to as the multiplicity. These subsequent strokes develop much morerapidly than the original stroke, with rates of rise from two to ten times that of the originalstroke. Also, it has been found that the rate of rise is not linear, as it has generally beenconsidered to be in the past, but exponential, with the rate increasing rapidly in the lastfew tenths of a microsecond of rise time. This is important in aspects of lightningprotection where the voltage to be guarded against is the product of the rate of current rise(di/dt) and the mutual inductance of a conductor in the magnetic field of a stroke location.
 The length of a conductor, thus affected, may exceed 3.21 km (2 mi) The maximum rateof rise of about 7% of subsequent strokes exceeds 100 000 A/µs. These multiplecomponents provide the flickering appearance of lightning strokes. The average peakstroke current is about 40 000 A, although some peak stroke currents are as great as270 000 A (see Davis).
 For most flashes, the subsequent strokes, that is, strokes that occur after the first stroke,will contact the earth at the same stroke point as the first stroke because they travelthrough the same charged channel that was established by the first stroke. However,nearly one-half of all flashes can contain strokes with different ground stroke points. Theycan be separated by a few hundred meters to several kilometers (see Cummins et al.).
 The point on which the lightning stroke terminates is frequently a point of some elevation,such as a tree, a building, a transmission line and its towers, or similar raised structures.This terminal may be on a metallic structure, which is a good current conductor, or it maybe on something that is considered a semiconducting material. These include thefollowing:
 a) Trees with the moist cambium layer under the bark
 b) Wooden structures with wetted surfaces, moisture residual within the timbers, orinternal piping or wiring
 c) Masonry structures with wetted surfaces or moisture tracks down the internalsurface
 d) Concrete structures with reinforcing material, possibly with sections not bondedtogether
 These semiconducting paths are sufficiently conductive to permit the flow of opposite-polarity charges upward as the charged cloud cell approaches, but they are inadequate topermit the severe stroke current to flow without extreme heating or mechanical effects.This is due to high resistance in the path of discharge. Probably the most violent result isthe explosive vaporization of any moisture, such as in the cambium layer of trees, or amoisture path in masonry buildings. The bark is “exploded” off the tree, and stone and
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 bricks are expelled by the steam pressure from the structure. At points where reinforcingelements are not interconnected, rupture of the intervening material results. Woodstructural members simply explode from vaporization of the contained moisture. Lightmetal elements in the stroke path may be distorted by the magnetic stresses of the strokecurrent.
 Reports continue to surface about lightning damaging utility transmission towerfoundations. IEEE Std 977™ does not contain any reference to using the rebar forgrounding or to connect to the steel tower. The only mention of grounding is a figureshowing a butt ground on a pole. This may explain the reports of damage to transmissiontower foundations from lightning strokes.
 Probably an even greater danger results when flammable materials, such as petroleum orsome chemical products, or in particular explosives, are subject to lightning strokedischarges. The temperature at the terminal of the stroke, or at any high-resistance point inthe path over which the current flows en route to ground, is likely to ignite these materials.
 3.3.1.2 Induced currents
 Even when a stroke does not occur at a particular point but is completed to a nearby pointon earth or another point within the cloud, the discharge of the cloud cell forces theimmediate dissipation of the opposite charges on prominent points on the earth. The returnto earth of these previously bound charges, known as an induced stroke, may be severalhundred amperes in magnitude and can be damaging to sensitive materials, such asflammables and explosives. Low-voltage electrical and instrument devices, too, aresubject to damage from this source. Protection from induced strokes is conferred by thesame means as for direct strokes.
 Lightning can cause damage to structures by direct stroke and to electric equipment bysurges entering over exposed power lines (see Walsh). Surges may be the result of directstrokes to the line at some distance away, or they may be magnetically induced voltages.Damage due to direct stroke can be minimized by providing a direct path of low resistanceto earth.
 3.3.1.3 Need for protection
 Damage to structures and equipment due to the surge effect is a subject in itself, andprotection against this type of damage is not within the scope of this subclause, except asgrounding is involved. Refer to NFPA 780 for means of protection.
 It is not possible to positively protect a structure against damage from direct stroke, exceptby completely enclosing it within a metal enclosure forming a Faraday cage.
 It is, however, rare that protection against lightning is really required for all objects orstructures at a given site or installation. A number of factors require consideration indetermining the extent to which lightning protection should be provided or whether thisprotection is really needed, as follows:
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 a) Personnel hazards
 b) Possible production loss, including overhead and indirect losses
 c) Possible damage, and repair cost
 d) Effect on insurance premiums
 e) Value and nature of structure and its contents
 f) Relative location and the topography of the area
 g) Thunderstorm frequency [see the isokeraunic map, Figure 3-4, and NationalLightning Detection Network® (NLDN®) data, 3.3.1.3.1]
 h) Number and severity of lightning strokes per storm (average)
 i) Cost of protection
 The number of days per year with thunderstorms occurring in a given region is known asthe keraunic level of that region. The isokeraunic map of the U.S. is shown in Figure 3-4.There are, however, local variations, dependent on topography, mineral content, andmoisture content, which these maps do not take into account. Also, there are areas wheresuch storms are more intense, and other locations where there are more storms per year, soFigure 3-4 needs to be modified to give consideration to these local variations.
 Figure 3-4—Annual isokeraunic map of the continental U.S., showing mean annual number of days with thunderstorms
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 Relying on isokeraunic maps to determine lightning stroke frequency introduces someinaccuracies. A “thunderstorm day” is defined as any day during which thunder is heard atthe reporting point. No information is included concerning duration or intensity of thestorm, its distance or direction from the reporting point, or whether the lightningdischarges are inter-cloud, intra-cloud, or cloud-to-ground. Several recent studies (such asDe La Rosa and Velazquez; MacGorman, Maier, and Rust; and Orville and Songster)have reported on programs to actually measure the frequency and severity of CG strokesover the U.S. and some other broad geographic areas worldwide. There is enoughinformation now available to use these data to replace traditional isokeraunic maps. Theycontain more accurate lightning-stroke density data than is presently available from the(thunder) isokeraunic maps.3 A map depicting lightning strike density can be found inMacGorman, Maier, and Rust.
 3.3.1.3.1 National Lightning Detection Network
 Starting in 1989 an objective means of measuring lightning was initiated. The NLDN is aconfiguration of remote field sensors that are employed to detect radiated electromagneticsignals from lightning discharges. The Electric Power Research Institute (EPRI) formedthe network in a joint venture with Global Atmospherics, Inc. (GAI), presently owned byVaisala, Inc. This Arizona based company continues to operate the NLDN. Mostimportantly, lightning data is now recorded in real time via a satellite connection to eachof the 106 U.S. sites. The expected flash detection efficiency ranges between 80% to 90%,varying slightly by region. Validation of performance has been reviewed based on multi-camera video studies of storms in New York and on rocket-triggered lightningmeasurements in Florida. Interested parties are able to access lightning information(archive or real time) from GAI.
 The information available gives users the ability to verify lightning activity forprecautionary actions (back-up generators, safety) or forensic/diagnostic applications.Lightning parameters available include the following;
 a) Latitude/longitude of individual lightning ground contact points
 b) Greenwich Mean Time and date
 c) Peak amplitude of event
 d) Polarity of discharge
 e) Multiplicity (including the peak amplitude and contact point for each separatestroke of a flash for lightning activity January 1, 1995, forward)
 Standard and custom designed products are available to reflect average annual lightningdensities for use in protection and design applications. The ambiguities of thunderstormsdays have been replaced by statistically valid 7 year averages, and are available fordomains as small as 48.3 km × 48.3 km (30 mi × 30 mi) for site specific investigations.Root mean squared accuracies of 500 m (1639 ft) should be anticipated, with individualquality and precision parameters provided for each stroke as necessary.
 3 This information is available from https://thunderstorm.vaisala.com/.
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 The highest frequency is encountered in south-central Florida. Since 1894, the recordingof thunderstorms has been defined as the local calendar days during which thunder washeard. A day with thunderstorms is so recorded, regardless of the number occurring onthat day. The occurrence of lightning without thunder is not recorded as a thunderstorm.
 Appendix L of NFPA 780 contains a risk assessment guide that provides guidelines on theneed for lightning protection.
 3.3.2 Equipment and structures to be considered
 Equipment and structures can be separated into five classifications for their need oflightning protection.
 a) The first class needs very little or no additional protection. The only realrequirements for these are that they be effectively connected to a suitablegrounding electrode. This class includes:
 1) All metal structures except tanks or other enclosures of flammable materials
 2) Water tanks, silos, and similar structures, constructed largely of metal
 3) Flagpoles made of conductive material
 b) The second class consists of buildings with conducting surfaces and nonconduct-ing framework, such as metal-roofed and metal-clad buildings. This type mayrequire the addition of down conductors to connect the exterior roof and claddingto suitable grounding terminal.
 c) The third class consists of metal-framed buildings with nonconducting facings.These may need the addition of conducting air terminals suitably located,connected to the frame, and projecting beyond and above the facing to act as thelightning terminal points, eliminating puncture of the facing.
 d) The fourth class consists of nonmetallic structures, either framing or facing. Thesemay require extensive protection treatment. Included are:
 1) Buildings of wood, stone, brick, tile, or other nonconducting materials, with-out metal reinforcing members.
 2) High stacks and chimneys. Even with reinforcing members, these shouldhave full lightning-protection treatment of air terminals, down conductors,and grounding electrodes.
 e) A fifth class consists of items of high risk or loss consequences, which normallyreceive full lightning-protection treatment, including air terminals or diverters,down conductors, and grounding electrodes (see 3.3.3.2). These include:
 1) Buildings of great aesthetic, historical, or intrinsic value
 2) Buildings containing readily combustible or explosive materials
 3) Structures containing substances that would be dangerous if released by theeffects of a lightning stroke
 4) Tanks and tank farms
 5) Sewage treatment plants and water pumping stations
 6) Transmission lines
 7) Power stations and substations
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 Public service facilities that provide extremely important functions, such as pumpingstations, and police and fire stations, must be considered for lightning protection.
 3.3.3 Requirements for good protection
 3.3.3.1 Protection principles
 Lightning cannot be prevented; it can only be intercepted or diverted to a path that will, ifwell designed and constructed, minimize or avoid damage. Even this means provides only99.5% to 99.9% protection. Complete protection can be provided only by enclosing theobject in a complete metal (or metal mesh) encapsulation. For example, a person in ametal-topped, metal enclosed automobile is insulated in the case of a lightning stroke.Still, a 99.5% protection level will reduce the incidence of direct strokes from one strokeper 30 years [normal in the keraunic level of 30 for a 30 m (100 ft) square, 9 m (30 ft) highstructure] to one stroke per 6000 years, while 99.9% protection will reduce the incidenceto one stroke per 30 000 years. Protection at 99.5% is the practical choice. Thefundamental theory of lightning protection of structures is to provide means by which adischarge may enter or leave the earth without passing through paths of high resistance.Such a condition is usually met by grounded steel-frame structures. A study from Englandrevealed metal structured buildings with columns on a 7 m (25 ft) spacing perform similarto that of a Faraday cage and offered lightning protection to the interior.
 Suitable protection for other structures is nearly always provided by the installation of airterminals, down conductors, and ground terminals.
 In the case of metal-frame buildings, the multiplicity of closed conducting loops withinthe structure will act to resist the transmission of surge voltages into the interior of thebuilding. A direct lightning stroke to an upper level of such a metal building would lead toa surface curtain of surge-current flow traveling downward toward the ground on the outerring of vertical conducting columns of the building. Any tendency for a surge current toflow toward the building center is at once blocked by an induced current around the closedmetal conducting frame. The inductive voltage drop associated with this vertical surfaceshell of surge current is associated with a magnetic field encircling the entire buildingstructure. Such a magnetic field encircles every other vertical conducting member withinthe building and induces an equal voltage between the top and bottom of each column.Thus, there is minimal tendency for any one vertical conducting path up through thebuilding to display a voltage difference to any other internal vertical path. Even though alightning stroke has caused the top deck of the building to go 250 kV aboveground, almostnone of this voltage appears as a difference voltage between different conducting paths atthe top deck of the building.
 Lightning exposure external to a metal-frame structure, including direct hits to thestructure, presents almost no surge-voltage protection problem to electric power circuitsand electric power equipment contained entirely within the shell of the structure.(Electronic equipment, such as computers, may require a higher level of protection. SeeChapter 5 for recommendations for the protection of electronic equipment.)
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 The protection of electrical equipment and overhead distribution lines from the effects oflightning is not within the scope of this subclause. The modern techniques used for lineprotection, however, are very similar to the principles of protection for buildings, tanks,and nonelectrical objects.
 3.3.3.2 Zone of protection
 For many years, criteria used to determine the lightning-protection zone depended on theprinciple of a linear-sided cone of protection from high masts or overhead wires. Theangle of protection surface from the horizontal varied from 45° for important structures to30° for those of lesser importance. These angles were to be used without regard to theheight aboveground. These criteria were found to be inadequate, particularly for objectsmore than 23 m (75 ft) high. Actually, very tall objects, such as radio and televisiontowers and very tall buildings, were found to be struck below their tops by stroke pathscoming from the side, although the top of the structure was properly protected against thelightning.
 In place of the linear-sided cone of protection, a curved-sided zone of protection has beenfound applicable. This concept, first developed by Lee (see “Protection Zone forBuildings Against Lightning Strokes” and “Lightning Protection of Buildings”), has beenadopted in recent editions of NFPA 780. The zone of protection is defined by a spherewith a radius of 45 m (150 ft), tangent to the earth or nearby grounded objects andtouching a protecting grounded (overhead) member or a lightning protection air terminal.Rotating this sphere horizontally through 360° defines a surface, and the area below thissurface is the zone of protection. This concept is known as the rolling ball. The surface ofa zone of protection is also formed when such a sphere is resting on two or more airterminals. Objects within this zone have protection from 99.5% of direct strokes. It isnecessary to analyze the zone of protection for all directions around a structure to beprotected, not just one side. Corners particularly require protection, since these have beenfound to be frequent targets for lightning stroke termination. See NFPA 780; Lee,“Protection Zone for Buildings Against Lightning Strokes” and “Lightning Protection ofBuildings”; and Offermann for further information.
 Computer programs have been developed that can determine the effectiveness of therolling ball concept of the zone of protection. Detail studies have shown that there areareas and buildings configurations where the rolling ball concept does not protect.
 3.3.3.3 Lightning protection methods
 There are several methods of lightning protection, as follows:
 a) Franklin air terminal
 b) Faraday cage
 c) Early emission (ionizing) streamer
 d) Eliminator, deterrent, spear ball
 e) Rocket
 f) Laser
 Copyright © 2007 IEEE. All rights reserved. 147

Page 158
                        

IEEEStd 142-2007 CHAPTER 3
 3.3.3.3.1 Franklin air terminals and Faraday cage
 With Franklin air terminals, and the connecting cross conductors and the downconductors, a Faraday cage exists. The Franklin air terminal and the Faraday cage arecombined to form a complete system, referred to by several terms: air terminal system,Faraday cage and/or the Franklin method or the fortress concept. Steel framed structures,adequately grounded, meet the preceding requirements with the addition of air terminals.The air terminals are spaced 6 m (20 ft) to 7.5 m (25 ft) apart on the edge of the structureand 15 m (50 ft) on the interior of the roof. Cross connections are made at 45 m (150 ft).Without a steel framework, down conductors must provide at least two paths to earth for alightning stroke to any air terminal (see NFPA 59A).
 3.3.3.3.2 Early emission ionizing streamer
 The inspiration for the ionization lightning conductor came from a paper read in theAcademy of Sciences in Paris in 1914. A patent was issued in 1931. In 1953, AlphonseCapart improved this device. Early emission ionizing streamer lightning protectiondevices are considered dynamic devices compared to the Franklin cone or the Faradaycage. Radioactive sources are used to obtain ionization of the air around the tip of the airterminal. The theory states that the radioactive ionization terminal produces a rising airstream. This column acts as an extended air terminal reducing the “tension” or if thepotential is sufficient, a conductive streamer is provided (see NFPA 780). The effect is atall Franklin air terminal with a large zone of protection. Two down conductors arerequired for each ionizing “mast.”
 The design presently relies upon shape of the terminal and has eliminated the ionizationcomponent. The system has not been universally accepted by the scientific community.Although controversial, the system is being sold through out the world, especially inFrance.
 3.3.3.3.3 Charge transfer system
 This controversial method has been in existence for over 35 years. The National FireProtection Association (NFPA) Standards Council at their meeting in June/July 1988(Action 88-39) denied acceptance of this method based on lack of technical justificationand the lack of specific Code language.
 The theory of operation has been consolidated and an orderly, logical, and consistentrelation has been developed. The dissipation array, with its multitude of sharp points,produces a delay in the development of the upward leader. The charged cloud reduces thefield potential in the area. Should a lightning stroke’s step leader approach, the delay ofthe upward streamer inhibits contact with the downward leader forcing the downwardleader to attach itself to some other upward streamer that has progressed upward earlier.The system depends on an extensive network of earthing, i.e., ground connections, toassure a low-impedance connection to earth. This low impedance and ground coverageallows this charge to the earth to flow unimpeded.
 148 Copyright © 2007 IEEE. All rights reserved.

Page 159
                        

IEEESTATIC AND LIGHTNING PROTECTION GROUNDING Std 142-2007
 The claims of the vendor have not been universally accepted by the scientific community.The Scientific Committee of the International Conference on Lightning Protection (ICLP),which represents the collective position of independent lightning scientists, has rejectedthis method of lightning protection.
 3.3.3.3.4 Rocket
 Rockets have been and are being used to discharge, under controlled conditions, chargedthunderclouds. The firing of a rocket with a short trailing conductor can result in thecharge within the cloud being discharged. Usually the lower portion of a cloud isnegatively charged with the upper portion of the cloud positively charged. With a trailingconductor, the charge can be directed to an object. Testing of explosive storage buildings,using this method, showed the reinforcing bars and the concrete dissipated the majority oflightning stroke instead of the driven ground rods and ground loop.
 3.3.3.3.5 Laser
 Like rockets, lasers are under development to discharge thunderclouds. This theoreticalmethod is still in its infancy and no practical installations exist at this time.
 3.3.3.4 Practices for direct protection
 Fundamentally, direct lightning protection (lightning-protection systems) consists ofplacing air terminals or diverter elements suitably at the top of the structure to beprotected, and connecting them by adequate down conductors to grounding electrodes(earth). An air terminal, as defined in NFPA 780, is “a stroke termination device that is areceptor for attachment of flashes to the lightning protection system and is listed for thatpurpose.” A necessary principle is that the adequate down conductor should not includeany high-resistance or high-reactance portions or connections and should present the leastpossible impedance to earth. There should be no sharp bends or loops. Steel-framedstructures, adequately grounded, meet these requirements with only the provision forterminating the stroke on a metallic air terminal, connected to the frame structure, to avoidthe possibility of puncturing any roofing or siding to reach the frame. In the absence of asteel framework, a down conductor providing at least two paths to earth for a stroke to anyair terminal is generally adequate. The contact surfaces at the joints of structural steelbuildings, which rely on the building steel for the path to ground, should not be paintedwith an electrically nonconducting paint. Where nonconductive paints are used, the jointsshould be jumpered or separate down conductors should be installed.
 Air terminals attached to the structure itself are pointed solid rods or pipes, at least 0.25 m(10 in) long to possibly 6 m (20 ft) long. Unpublished studies by Professor Charles B.Moore, New Mexico Institute of Mining and Technicality, presented to the NFPA’sTechnical Committee on Lightning Protection, have revealed a rounded, instead of apointed, air terminal has a greater degree of attracting lightning than a sharp pointed rod.His report and presentation resulted in the NFPA changing NFPA 780-2000, Figure4.6.3.2, to “Air terminal tip configurations can be sharp or blunt.”
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 These air terminals are separated by distances determined through use of the criticalradius described in Lee, “Protection Zone for Buildings Against Lightning Strokes” and“Lightning Protection of Buildings,” and Offermann so that the structure’s surface will notprotrude through or beyond the surface of protection.
 NFPA 780 gives detailed instructions for the placement and spacing of air terminals onroofs of buildings of various configurations and on structures other than roofed buildings.In general, on the perimeter of a building with a flat or gently sloping roof, 0.25 m (10 in)terminals should not be separated more than 6 m (20 ft), and 0.6 m (2 ft) terminals shouldnot be separated more than 7.5 m (25 ft). On roof areas within the perimeter, spacing of15 m (50 ft) will suffice. This code also requires air terminals to be secured againstoverturning, and it requires air terminals over 0.6 m (24 in) to be supported at a point notless than one half its height. Since NFPA 780 has been adopted by ordinance in manyjurisdictions, it should be consulted for detailed requirements by any engineer designing alightning-protection system.
 All air terminals should be connected by down conductors and should form a two-waypath from each air terminal to make connection to the grounding electrode (voltagesdouble at an open circuit or end, in a lightning down conductor). Bend radii should be aslong as possible, not less than 20 cm (8 in), since sharp bends increase the reactance of theconductor. Reactance is much more important than resistance because of the very highfrequency of the surge front. At least two down conductors should be provided on allstructures, except that only one down conductor is needed for masts, spires, and flagpoles.
 The location of down conductors will depend on the location of the air terminals, the sizeof the structure being protected, the most direct routing, the security against damage ordisplacement, the location of metallic bodies, water pipes, the grounding terminals, andthe ground conditions (earth or soil). If the structure has electrically continuous metalliccolumns, these columns will act as down conductors. The air terminals must beinterconnected by conductors to make connection with the columns. However, internalcolumn footings of large buildings dry up and can become ineffective since they seldomare exposed to ground water.
 The average distance between down conductors should not exceed 30 m (100 ft).Irregularly shaped structures may require extra down conductors. Down conductorspassing through runways, driveways, playgrounds, public walks, etc., should be guardedto prevent their damage or displacement. If a down conductor is run through ferrous metaltube or pipe, the conductor must be bonded at both ends of the tube or pipe.
 Every down conductor must be connected, at its base, to an earthing or groundingelectrode. This electrode can be concrete encased. If a ground rod is used, it should beplaced away from the base of the building a distance equal to the depth of the rod formaximum effectiveness. The ground rod should be placed in undisturbed or firmly packedsoil and if possible extend below the foundation of the building. The length of thegrounding conductor is highly important. A horizontal run of, say, 15 m (50 ft) to a betterelectrode (such as a water pipe) is much less effective than a connection to a driven rodalongside the structure itself. Ground terminals should make contact with the earth fromthe surface downward to avoid flashing at the surface. Earth connections should be made
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 at uniform intervals about the structure, avoiding as much as possible the grouping ofconnections on one side. Properly made connections to earth are an essential feature of alightning termination system for the protection of buildings (see Chapter 4).
 Naturally, the greater the number of down conductors and grounding electrodes, the lowerwill be the voltage developed within the protection system, and the better it will perform.This is one of the great advantages of the steel-framed building. It has as many downconductors as it has columns. Also, at the bottom of each column it has a footing, which isa very effective electrode if reinforcing bar is used and connected to the column (seeChapter 4).
 To improve the connection to earth and to reduce the resistance to earth, two or moreground rods are suggested. The distance between the two rods must be the depth of thefirst rod plus the depth of the second rod. Numerous books and articles show the distancebetween the two rods at 3 m (10 ft), which is not sufficient.
 Interior metal parts of a non-metal-framed building that are near a down conductor mayneed to be connected to that down conductor. Otherwise, they may sustain side flashesfrom it; these occur because of a voltage drop in the lower portion of that down conductorand ground terminal. NFPA 780 includes formulas for determining whether this bondingis required.
 Incorrect interpretations of the NEC suggest that interior metal parts of a building that arewithin 1.8 m (6 ft) of a down conductor are required to be connected to that downconductor. This interpretation has led to connections being made through a roof toelectrical fixtures below. As long as the interior electrical grounding system is installed asprescribed by the NEC and is connected to the lightning stroke discharge protectionsystem at some point, there have been no reports of problems with side flashes, when theformula in NFPA 780 is utilized.
 The same is true for the juxtaposition of interior metal parts and exterior metal roofing orsheathing. Exterior emergency ladders should also be bonded to the nearest downconductor. On a flattop building protected by air terminals, all metallic parts andequipment projecting higher than the air terminals, such as air-conditioning and heatingequipment, should be bonded to the lightning terminal protection system. Metal roofs lessthan 5 mm (3/16 in) thick should have an air terminal mounted on top.
 For high-rise buildings and towers, an equalizing horizontal bonding loop should beinstalled at approximately every 18 m (60 ft). This bonding loop should be connected atevery down conductor to equalize the voltage differences between down conductors. Ifthis is not done, during severe lightning strokes, a voltage will appear between downconductors as the surge impedance of each down conductor is different, causing high-voltage gradients between these down conductors. These equalizing loops become moreimportant if the structure area is small since in this case there are fewer down conductorsto carry the total stroke current.
 Very tall structures, such as those exceeding 305 m (1000 ft), should be equipped withhorizontal exterior air terminals bonded to the down conductors and the horizontal
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 bonding loops. At elevations below 457 m (1500 ft), the horizontal air terminals should bespaced no further apart than 36 m (120 ft) vertically, or at every other horizontal bondingloop. Above 457 m (1500 ft), the horizontal air terminals should be installed every 18 m(60 ft) vertically or at every horizontal bonding loop. These terminals are needed becauseof two natural attributes of lightning. First, it is possible for an electrified cloud to exist atan altitude as low as 457 m (1500 ft), so that the top of a tall structure may be in the cloud.Second, a lightning stroke develops as a rapid series of short segments, not as a singlecontinuous breakdown. The direction of any single segment is somewhat unpredictable. Itis therefore possible for a stroke to pass the top of a tall structure, then stroke sideways tosome part of the structure below the top. The horizontal air terminals provide protection tometallic items, such as window frames, that might otherwise be the terminating point oflightning strokes from either of these two sources.
 3.3.4 Practices for lightning protection
 3.3.4.1 General
 Buildings and structures involving hazardous liquids, gases, or explosives requireadditional protection. In these, it is highly desirable to keep the stroke current away fromthe structure, not even utilizing its metal skin or framework as a down conductor. For suchcases, including tanks, tank farms, and explosive manufacture and storage, a separatediverter protection system is employed.
 The diverter element consists of one or more masts, or one or more elevated wires(between masts or poles), meeting the requirements of lightning protection (see NFPA780). For structures containing flammable liquids and gases, the radius of the sphere ofprotection is reduced to 30 m (100 ft), instead of the 45 m (150 ft) dimension normallyused. To prevent sideflashes, the minimum distance between a mast or overhead groundwire and the structure to be protected should not be less than the sideflash distance asdescribed in NFPA 780. (See Figure 3-5.) Metal masts may act as grounding conductors.Wood poles should have an air terminal securely mounted to the top of the pole, and acopper or copperweld conductor along the pole should be provided as a groundingconductor. The guy wires for an elevated wire span can be designed to serve as groundingconductors. As with all other types of grounding conductors, suitable earthing electrodesare necessary.
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 3.3.4.2 Tanks and tank farms
 In some places it is not considered necessary to protect tanks containing flammable liquidsor gases from lightning, provided that the base of the tanks are adequately grounded.Direct strokes are permitted to the tank top or walls, and as long as the steel is 5 mm(3/16 in) or more in thickness, there is little danger of a stroke puncturing it. Steel tankswith steel roofs and floating metal roofs are generally considered to be self-protecting.Tanks with nonmetallic roofs are not self-protecting and should usually be protected withair terminals, conducting masts, or elevated ground wires. In all cases, joints and pipingconnections should be electrically continuous, and all vapor or gas openings closed orflameproof. The possibility of a direct stroke to the vicinity of a vent or leak is taken careof by an air terminal of suitable length (see Lee, “Protection Zone for Buildings AgainstLightning Strokes” and “Lightning Protection of Buildings,” and Offermann).
 3.3.4.3 Nonconducting heavy-duty stacks
 For heavy-duty stacks, including those in petroleum and chemical plants, air terminalsconnected to a loop conductor around the top of the stack, and at least two downconductors to grounding electrodes at the base of the stack are required. (See Figure 3-6.)
 Figure 3-5—Lightning protection for structures containing hazardous materials
 Reprinted with permission from NFPA 780-2004, Installation of Lightning Protection Systems,copyright © 2004, NFPA. This reprinted material is not the complete and official position of theNFPA on the referenced subject, which is represented only by the standard in its entirety.
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 Air terminals should be made of solid copper or stainless steel and should be uniformlydistributed around the top of cylindrical stacks at intervals not exceeding 2.4 m (8 ft). Onsquare or rectangular stacks, air terminals should be located not more than 0.6 m (2 ft)from the corners and should be spaced not more than 2.4 m (8 ft) apart around theperimeter. Where the stack gas is nonflammable, the length of the terminals may be aslittle as 0.46 m (18 in). Where ventilating stacks emit explosive gas or dust, the length ofthe air terminals should be not less than 1.5 m (5 ft). Where the gas or dust is explosiveand under forced draft, the length should be not less than 4.5 m (15 ft). In the latter case,tilting the terminals outward at 30° from the vertical is desirable.
 Where the effluent is corrosive, as in flue gas, 1.6 mm (1/16 in) thick lead coating on theair terminals is required. The loop is also kept below the top of the stack.
 3.3.4.4 Steeples
 Steeples are similar to stacks except that they normally are sharp peaked and thus requireonly one air terminal. This should project far enough above the top ornamentation to meetthe requirements of lightning protection. Otherwise, multiple air terminals or amultipointed terminal should be used to provide equivalent protection.
 Steeples are frequently framed with wood, not metal, so adequate down conductors are abasic requirement.
 3.3.4.5 High masts
 Equipment on the sides of very high masts, such as television or FM antennas, can beprotected from direct stroke damage by the addition of lateral spikes or thorns projectingoutward from the sides of the mast. At heights above the critical radius of 45 m (150 ft),
 Figure 3-6—Lightning protection for stacks
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 spikes in a horizontal or near-horizontal position, suitably spaced as described in Lee,“Protection Zone for Buildings Against Lightning Strokes” and “Lightning Protection ofBuildings,” and Offermann, will cause strokes coming from the side to terminate on thespikes rather than on the mast itself. This will greatly reduce the possibility of damage toelectrically fragile components by the termination of the lightning stroke arc. The numberof spikes around the mast (three, four, five, or six), the length of the spikes, and theirvertical spacing along the mast need to be determined for optimum economics, followingthe principles of lightning protection. Where masts are installed on top of a building, thebottom of the mast structure must be bonded at least at two points with the buildinggrounding network.
 3.3.4.6 Power stations and substations
 Power stations and substations require protection from direct strokes, obtainable using thecircular-sided protection zone guidance set forth in IEEE Std 998™; IEEE Std 1243™;Lee, “Protection Zone for Buildings Against Lightning Strokes” and “LightningProtection of Buildings”; Lightning; Offermann. Masts or overhead wires, or both, may beused. The grounding of these to the grounding network of the station or substation isnecessary.
 Protection of the attached overhead lines by means of an overhead grounded conductor ordiverter (static wire) for 610 m (2000 ft) away from the station or substation isrecommended. This will preclude direct strokes on this section of the line and will reducethe duty on the station surge arresters. The spacing of this overhead grounded conductoror diverter and its down conductors from the phase conductors must not be less than thebasic impulse insulation level of the lightning-protection system. Otherwise, sideflashes tothe phase conductors will occur, causing unnecessary outages. Generally, unless the linesare 66 kV or higher, it is not practical to install these overhead grounded conductors abovethem.
 However, overhead grounded conductors may be desirable on some power lines below66 kV, depending on past experience with such lines operating in high keraunic areas. Toattain the desired protection, separation of phase conductors from one another and fromthe grounding down conductors must be raised to levels similar to those applicable to66 kV and higher voltage systems. This frequently assumes positioning of the phaseconductors on standoff insulators on one side of the pole, with the grounding downconductor offset on fiberglass standoff members on the opposite side of the pole. In thisway, separations of about 1.5 m (5 ft) are readily available.
 Lightning protection of power stations and substations includes the protection of stationequipment by means of surge arresters (see Walsh). These arresters should be mounted on,or closely connected to, the frames of the principal equipment that they are protecting,especially transformers. They may also be mounted on the steel framework of the stationor substation where all components are closely interconnected by means of the groundinggrid. For satisfactory lightning protection, substation grounding network resistance mustnot exceed 5 ohm; for large stations, lower values are desirable.
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 The surge-arrester grounding conductor should be connected into the common stationground bus. As with lightning down conductors, the grounding conductor for surgearresters must be as short and straight as possible. The NEC requires that it be not lessthan 16 mm2 (6 AWG) for circuits of 1 kV and over, but larger sizes may be desirable toresist possible mechanical damage, corrosion, etc.
 3.4 Normative references
 The following referenced documents are indispensable for the application of thisdocument (i.e., they must be understood and used, so each referenced document is cited inthe text and its relationship to this document is explained). For dated references, only theedition cited applies. For undated references, the latest edition of the referenced document(including any amendments or corrigenda) applies.
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Chapter 4Connection to earth
 4.1 Resistance to earth
 4.1.1 Overview
 This chapter provides fundamental concepts and recommended procedures for connectingthe grounding systems of industrial and commercial power systems to the earth. Therecommended procedures include measurement techniques for finding the resistance toearth, construction methods, and application of grounding electrodes.
 4.1.2 Nature of grounding resistance
 The grounding resistance of an electrode is comprised of the following:
 a) Resistance of the (metal) electrode
 b) Contact resistance between the electrode and the soil
 c) Resistance of the soil, from the electrode surface outward, in the geometry set upfor the flow of current outward from the electrode to infinite earth
 The first two resistances can be made relatively small with respect to the third and can beneglected for all practical purposes. The third element, resistance of the soil, is the one tobe discussed here.
 As the earth is (relatively) infinite in its size compared to the grounding systems as weknow them, so too is its capacity to absorb a virtually unlimited supply of current.Practically, however, this unlimited current to the earth is transmitted across the metalelectrode-earth soil interface in a way that is best described as follows:
 Around a grounding electrode, the resistance of the soil is the sum of the series resistancesof virtual shells of earth, located progressively outward from the rod. The shell nearest therod has the smallest circumferential area or cross section, so it has the highest resistance.Successive shells outside this one have progressively larger areas, and thus progressivelylower resistances. As the radius from the rod increases, the incremental resistance per unitof radius decreases effectively to nearly zero.
 To help visualize this, Figure 4-1 shows a typical 3 m (10 ft) by 16 mm (5/8 in) ground rodin soil. The path of ground current outward from the rod surface consists of successivecylindrical and hemispherical shells. As the distance from the rod increases, so do thecross-sectional areas of the individual shells. As the area of the shells increase, theirindividual series resistances decrease inversely with the area. Table 4-1 shows the result ofcarrying out this calculation based on the distance of 7.62 m (25 ft) representing 100% ofthe total earth resistance. The table shows that in the first 0.03 m (0.1 ft) away from therod surface, 25% of the total resistance is incurred.
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 In the first 0.15 m (0.5 ft) and 0.3 m (l.0 ft), 52% and 68%, respectively, of the totalresistance is incurred.
 Therefore, it is shown that the first few inches away from the rod are the most importantones, as far as reducing the electrode resistance is concerned. In high soil-resistivitylocations, decreasing the soil resistivity in this area, such as by chemical treatment or theuse of concrete, will be most useful in improving the effectiveness of a groundingelectrode system.
 Table 4-1—Electrode resistance at a radius r m (ft) from a 3 m (10 ft) long by 15.88 mm (5/8 in) diameter rod [where total resistance at r = 7.6 m (25 ft) = 100%]
 Distance from electrode surface (r)Approximate percentage of
 total resistance(m) (ft)
 0.03 0.1 25
 0.06 0.2 38
 0.09 0.3 46
 0.15 0.5 52
 0.3 1.0 68
 Figure 4-1—Electrode resistance development
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 Multiple electrodes will not reduce the earth ground resistance unless adequate spacing ismaintained. Multiple electrodes closely spaced do not have a resistance reciprocallyproportional to their number. This characteristic is caused by the common mutualresistance in which the current of each raises the voltage of the other. Since the voltage ishigher for the same current flow, the resistance is increased by the mutual resistance.
 4.1.3 Recommended acceptable values
 The most elaborate grounding system may not perform satisfactorily unless theconnection of the system to earth is adequate for the particular installation. It follows,therefore, that the earth connection is one of the most important parts of the wholegrounding system. It is also the most difficult part to design.
 The connection to earth or the electrode system needs to have a sufficiently low resistanceto minimize the potential for shock to personnel who may be in the vicinity of equipmentframes, enclosures, conductors, or the electrodes themselves as a result of lightningstrokes or unintentional contact of conductors with higher voltage conductors and to limittransient overvoltages.
 The National Electrical Code® (NEC®) NFPA 701 for example, stipulates that the earth orstructural metal frame of a building shall not be used as the effective (sole) equipmentgrounding conductor (EGC) and that a grounded system conductor shall be run to eachservice.
 1.5 5.0 86
 3.0 10.0 94
 4.6 15.0 97
 6.1 20.0 99
 7.6 25.0 100
 30.5 (100.0)a (104)
 305.0 (1000.0)a (117)
 aThese figures show that for the most practical reasons the majority of the resistance to remoteearth occurs within 7.6 m (25 ft) of the electrode, i.e., at 1000 ft the resistance is only 17%higher than that of 7.6 m (25 ft).
 1 Information on references can be found in 4.5.
 Table 4-1—Electrode resistance at a radius r m (ft) from a 3 m (10 ft) long by 15.88 mm (5/8 in) diameter rod
 [where total resistance at r = 7.6 m (25 ft) = 100%] (continued)
 Distance from electrode surface (r)Approximate percentage of
 total resistance(m) (ft)
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 The development of a low-resistance ground electrode is of paramount importance tosatisfy the requirements for system feeders from utilities, where the fault return path is viathe ground. Also, secondarily, as a backup to the equipment grounds, which mayoccasionally be open-circuited unintentionally. Logically, the lower the resistance of thegrounding system, the more adequately these requirements are met. Yet, installations withlower available levels of ground-fault current do not require as low a value of groundingresistance as do larger systems with higher levels of ground-fault current. System groundresistances of less than 1 ohm may be obtained by the use of a number of individualelectrodes connected together. Such a low resistance is only required for large substations,transmission lines, or generating stations. Resistances in the 1 ohm to 5 ohm range aregenerally found suitable for industrial plant substations and buildings and largecommercial installations. Special grounding considerations for Arctic conditions will notbe addressed, but additional information is available in Gill, and Beck and Yu.
 The 25 ohm value noted in the NEC applies to the maximum resistance for a singleelectrode consisting of a rod, pipe, or plate. If a higher resistance is obtained for a singleelectrode, a second electrode of any of the types specified in the NEC is required. Thisshould not be interpreted to mean that 25 ohm is a satisfactory resistance value for agrounding system.
 In contrast, the Canadian Electrical Code (CEC), CSA C22.1 uses a criterion of maximumstation ground rise of 5000 V (or less) under maximum ground-fault conditions and step/touch voltages to be shown values stipulated in the CEC (basically these values are thesame values given in IEEE Std 80™). Prior to 1978, the CEC used a criterion of stationground resistance required to be less than 1 ohm, which was found to be particularlyburdensome for small capacity industrial type substations. The method stipulated in theCEC is based on the sound rationale that the criterion is safety based. However, itsshortcomings are evident in the contractor-inspector interface where calculations arerequired rather than (relatively) simple ground resistance checks.
 4.1.4 Resistivity of soils
 It is strongly recommended that the resistivity of the earth at the desired location of theconnection be investigated. The resistivity of soils varies with the depth from the surface,the type and concentration of soluble chemicals in the soil, the moisture content, and thesoil temperature. In other words, the resistivity is that of the electrolyte in the soil. Thepresence of surface water does not necessarily indicate low resistivity. Representativevalues of resistivity for general types of soils are given in Table 4-2 (see Cully, Jacoditis,and Middleton). The effects of moisture and temperature are shown in Table 4-3 (seeTelford et al.) and Table 4-4 (see IEEE Std 81™).
 4.1.5 Calculation of resistance to earth
 The resistance to earth may be calculated and measured. The calculation has beensimplified to a great extent by the formulas developed in Dwight and presented inTable 4-5. It should be stated that these formulas are approximations only and given thestate of today’s capabilities with respect to computer-derived models of earth systems andgrounding design, strong consideration to using those tools should be examined.
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 A simplified formula for the most widely used electrode type, accurate to within 15%(resistance from a single 3 m (10 ft) long by 5/8 in (16 mm) diameter rod, in earth ofuniform resistivity of ρ (ohm-cm), is shown in Equation (4.1):
 (4.1)
 Multiple electrodes in parallel yield a lower resistance to ground than a single electrode.Multiple rods are commonly used to provide the low grounding resistance required byhigh-capacity installations. Adding a second rod does not, however, provide a totalresistance of half that of a single rod, unless the two are several rod lengths apart. A usefulrule is that grounding systems of 2 to 24 rods placed one rod length apart in a line, hollowtriangle, circle, or square will provide a grounding resistance divided by the number ofrods and multiplied by the factor F taken from Table 4-6. Additional considerations withrespect to step and touch potentials would be addressed by the geometry.
 Table 4-2—Resistivity of soils and resistance of single rods
 Soil description Group symbola
 aThe terminology used in these descriptions is from the Unified Soil Classification System (USCS)and is a standard method of describing soils in a geotechnical or geophysical report.
 Average resistivity (ohm-cm)
 Resistance of 15.88 mm ×××× 3 m
 (5/8 in ×××× 10 ft) rod(ohm)
 Well-graded gravel, gravel-sand mixtures, little or no fines
 GW 60 000 to 100 000 180 to 300
 Poorly graded gravels, gravel-sand mixtures, little or no fines
 GP 100 000 to 250 000 300 to 750
 Clayey gravel, poorly graded gravel, sand-clay mixtures
 GC 20 000 to 40 000 60 to 120
 Silty sands, poorly graded sand-silts mixtures
 SM 10 000 to 50 000 30 to 150
 Clayey sands, poorly graded sand-clay mixtures
 SC 5000 to 20 000 15 to 60
 Silty or clayey fine sands with slight plasticity
 ML 3000 to 8000 9 to 24
 Fine sandy or silty soils, elastic silts
 MH 8000 to 30 000 24 to 90
 Gravelly clays, sandy clays, silty clays, lean clays
 CL 2500 to 6000b
 bThese soil classification resistivity results are highly influenced by the presence of moisture.
 17 to 18b
 Inorganic clays of high plasticity CH 1000 to 5500b 3 to 16b
 Rg rod( ) ohm( ) ρ ohm-cm( )298 cm
 -----------------------------=
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 Placing additional rods within the periphery of a square, circle, or other shape will notappreciably reduce the grounding resistance below that of the peripheral rods alone.
 Table 4-3—Effect of moisture content on soil resistivity
 Moisture content(% by weight) Top soil
 Resistivity (ohm-cm)
 sandy loamRed clay
 2 No data 185 000 No data
 4 No data 60 000 No data
 6 135 000 38 000 No data
 8 90 000 28 000 No data
 10 60 000 22 000 No data
 12 35 000 17 000 180 000
 14 25 000 14 000 55 000
 16 20 000 12 000 20 000
 18 15 000 10 000 14 000
 20 12 000 9 000 10 000
 22 10 000 8 000 9 000
 24 10 000 7 000 8 000
 Table 4-4—Effect of temperature on soil resistivity
 Temperature(C°)
 Resistivity(ohm-cm)
 –5 70 000
 0 30 000
 0 10 000
 10 8000
 20 7000
 30 6000
 40 5000
 50 4000
 166 Copyright © 2007 IEEE. All rights reserved.

Page 177
                        

IEEECONNECTION TO EARTH Std 142-2007
 NOTE—In Table 4-5, for 3 m (10 ft) rods of 12.7 mm, 15.88 mm, and 19.05 mm (1/2 in, 5/8 in, and3/4 in) diameters, the grounding resistance may be quickly determined by dividing the soilresistivity ohm-cm, by 288, 298, and 307, respectively.2
 2Notes in text, tables, and figures are given for information only and do not contain requirements needed toimplement the standard.
 Table 4-5—Formulas for the calculation of resistances to ground
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 4.1.6 Current-loading capacity
 One factor that should not be overlooked in designing a ground system is the current-loading capacity of a connection to earth. The temperature and moisture conditionsimmediately surrounding the electrode have a direct effect on the resistivity of this sectionof the grounding circuit. Currents passing from the electrode into the earth will have adefinite effect on these two conditions. Therefore, the current-loading capacity of aconnection must be analyzed from the standpoint of the nature of the grounding circuitand the types of loading that it can normally be expected to carry. Information useful inthis regard for steel rods in concrete (reinforcing bars) is given in Dick and Holliday;Fagan and Lee; IEEE Std 80; and Zaborsky and Rittenhouse.
 Currents of low magnitude, even if of long duration, will result in relatively little heating.The effect of heat conduction and the movement of moisture due to capillary action willmaintain, in most cases, the resistivity of the earth at the electrode close to the originalvalue.
 Where the earth must dissipate high currents for short durations, no appreciable amount ofheat can be dissipated by the normal process of thermal conductivity. The permissiblecurrent density for a given temperature rise is inversely proportional to the square root ofthe soil resistivity. The effective resistance of the earth connection therefore depends onthe number of such situations that could occur in succession before stable conditions in theearth are reestablished.
 Since approximately 25% of the grounding resistance of each rod electrode occurs withina 0.03 m (0.1 ft) radius of the rod surface, serious heating and vaporization of the moistureadjacent to the rods may occur during high-energy system faults. When the moisture is
 Table 4-6—Multiplying factors for multiple rods
 Number of rods F
 2 1.16
 3 1.29
 4 1.36
 8 1.68
 12 1.80
 16 1.92
 20 2.00
 24 2.16
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 dissipated due to the extreme heat, the effectiveness of the rod in the dried-out earth issubstantially reduced, and arcing below the ground surface is likely. The boiling away ofsoil water results in steaming, or smoking, at the ground surface near the electrode. Toprevent the smoking electrodes, a maximum current per meter of rod length for the totalrod system should not exceed the values as determined by Equation (4.2):
 (4.2)
 whereI = maximum current in amps/meterd = rod diameter in mmρ = earth resistivity in ohm-cmt = time in seconds (typically one second)
 Ground currents of high magnitude and long duration are unusual, but could occur as theresult of ground faults that are not cleared promptly. If ground currents of this type areanticipated, the system must cover a relatively large area and employ a sufficient numberof electrodes and electrode connections. This will keep the current density in the earth to alow value (see IEEE Std 80; Shaffer and Venugopalan).
 4.1.7 Soil treatment
 Soil resistivity may be reduced anywhere from 15% to 90% by chemical treatment(depending on the kind and texture of the soil) (see Jones). There are a number ofchemicals suitable for this purpose, including sodium chloride, magnesium sulphate,copper sulphate, and calcium chloride. Common salt and magnesium sulphate are mostcommonly used.
 Chemicals are generally applied by placing them in a circular trench around the electrodein such a manner as to prevent direct contact with the electrode. While the positive effectsof soil treatment will not become readily apparent, they may be accelerated by saturatingthe area with water. This may be done by providing a trickle of water from piping at theelectrode locations. Also, such treatment is not permanent and must be replenishedperiodically, depending on the nature of the chemical treatment and the characteristics ofthe soil. Chemical treatment also has adverse effects on the corrosion protection of theground electrodes, which must be assessed (see Coleman and Frostick; Headlee; Wiener).
 Soil chemical treatment is an active solution to the problem of high resistivity soils. To beeffective, a regular maintenance scheme must be established to ensure low-resistancegrounding is achieved.
 4.2 Ground electrodes
 Basically all ground electrodes may be divided into two groups. The first group comprisesunderground metallic piping systems, effectively grounded metal building frameworks,metallic well casings, steel piling, and other underground metal structures installed for
 I1140 d×
 ρ t×---------------------=
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 purposes other than grounding. The second group comprises electrodes specificallydesigned for grounding purposes, also known as made electrodes.
 Electrodes specifically designed for grounding purposes may be subdivided into drivenelectrodes, steel reinforcing bars in below-ground concrete (also known as ufer grounds),buried strips or cables, grids, buried plates, and counterpoises. The type selected willdepend on the type of soil encountered and the available depth. Grids are frequently usedfor substations or generating stations to provide equipotential areas throughout the entirestation in locations where hazards to life and property would justify the higher cost. Theyalso require the least amount of buried material for a given electrode resistance. Buriedplates have not been used extensively in recent years because of the high cost as comparedto rods or strips. Also, when used in small numbers, buried plates are the least efficienttype of made electrode. The counterpoise is a form of buried cable electrode most oftenused to ground transmission-line towers and structures (see Table 4-5; Table 4-6; Telfordet al.).
 When multiple electrodes are used, spacings of less than 3 m (10 ft) may not provide themost economical use of materials.
 In selecting the number and size of grounding terminals, their current-dischargelimitations must be recognized. If these are exceeded, the earth around the electrode maybe exploded by steam generation or may be dried out to the extent of becomingnonconductive.
 4.2.1 Existing electrodes
 Metal building frames are normally attached by long anchor bolts to their concretefoundation’s footings. Anchor bolts in concrete are not permitted by the NEC to serve aselectrodes, while the metal building frame part of the grounding conductor path to arecognized electrode completes the “effective” grounding required in the NEC. For safetygrounding and for small distribution systems where the ground currents are of relativelylow magnitude, such electrodes are usually preferred because they are economical in firstcost. However, before reliance can be placed on any electrodes of this group, it is essentialthat their resistance to earth be measured to ensure that some unforeseen discontinuity hasnot seriously affected their suitability. Also, care should be exercised to ensure that allparts that might become disconnected are effectively bonded together.
 4.2.2 Driven electrodes
 Driven electrodes are normally rods. Where soil conditions permit, a few deep rods areusually more satisfactory than a multiplicity of short rods, since the soil resistivitygenerally decreases (although this is not always the case; see Tagg) with depth due to theincreased moisture content. A number of design charts for the determination of optimumground-rod dimensions and spacing for a given installation are given in IEEE Std 80,while other definitive work on driven rods is found in Blattner, “Analysis of SoilResistivity Test Methods,” and “Prediction of Soil Resistivity and Ground RodResistance.”
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 4.2.3 Concrete encased electrodes
 Concrete below ground level is a semi-conducting medium of about 3000 ohm-cmresistivity at 20 °C, or somewhat lower than the average loam soil. Consequently, in earthof average or high resistivity, the encasement of rod or wire electrodes in concrete resultsin lower resistance than when a similar electrode is placed directly into earth. This is dueto a reduction of the resistance of the material closest to the primary electrode, in much thesame manner as chemical treatment of the earth reacts near the electrode. While it isjustifiable to excavate or drill holes for the placement of concrete for ground grid purposesin some locations, the widespread use of steel reinforcing bars in concrete foundation andfootings provides a ready-made supply of grounding electrodes at structures utilizing thistype of construction. It is only necessary to bring out an adequate electrical connectionfrom a main reinforcing bar of each such footing for attachment to the building ground busor structural steel (see Rajan and Venugopalan).
 Foundations may be of two types: continuous footings around the building periphery orspread column footings, which are vertical members tied at the top (aboveground) by thewalls. For the former type of foundation, one can tie the vertical rebar in the walls to thehorizontal rebar in the footings to provide a continuous loop around the building. At eachconsecutive, or alternatively, at every second consecutive column location, the verticalrebar can be tapped with a similar material (rebar extension or similar) and affixed to thecolumn. In this way, use of existing structural rebar can provide a superior earth(compared to burial apart from footing).
 The other type of foundation, the column footing or spread footing, can be used similarlybut only where the structural steel has been effectively grounded. A perimeter bondingmechanism should be utilized that can effectively bond the multiple footings together(within the wall at or below grade). This bonding mechanism can be either reinforcementbar or copper ground conductor.
 Each footing’s electrode has a resistance equal to or lower than that of a driven rod ofequal depth. The large number of such footings inherent to buildings will provide a netground resistance considerably lower than that normally provided by other made electrodemethods, generally below 1 ohm and frequently of the order of 0.25 ohm.
 Two methods may be used to connect the vertical rebar to the building columns. The firstmethod ties the vertical rebar element to the anchor bolts. Thus, the steel columns aregrounded through the bolts and nuts. The other method requires a pigtail of copperpenetrating the top of the wall that is welded or bolted to the steel member.
 Caution must be exercised in both the choosing of the size of the rebar for the availablefault current and in the method in which the connections are made between rebarelements. Owing principally to the fact that this technique is not used widely and to therequirement for good connections for superior performance, this method may not besatisfactory for all building projects. In these projects, use of copper conductor instead ofrebar elements is recommended.
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 Only footings at the building periphery are effective. For practical purposes the netgrounding resistance (to remote earth) will not be lowered by “rebar ground rods” withinthe area encompassed by the periphery of the building. However, it should be noted as aprecaution that lack of bonding between the anchor bolts and rebar may be responsible forthe following:
 a) Occasional failure to tower footing structure from current passage through theintervening concrete under heavy fault conditions, and
 b) Dry-out weakening of intervening concrete from moderate continuous currentflow through the concrete where the building process involved continuous currentleakage as in chemical cell (dc) plants.
 To ensure that high magnitude ground-fault currents do not destructively explode theconcrete due to rapid drying out of the moisture in the concrete surrounding the rebar, thesize of the rebars chosen for this duty is critical. The current per foot or rebar issummarized in Table 4-7.
 Test results and design data for the determination of the ground resistance of single andmultiple concrete-encased footing electrodes are given in Fagan and Lee.
 Steel rods in concrete in (irregular) excavations in rock or very rocky soil have been foundgreatly superior to other types of made electrodes. This electrode type provides additionalgrounding for the majority of the steel towers of high-voltage transmission lines.
 4.2.4 Other electrodes
 Where bedrock is near the surface, or where sand is encountered, the soil is apt to be verydry and of high resistivity, and it is necessary to have an extensive earthing connection.Under such conditions, buried metal strips, wires, or cables offer the most economicalsolution. Since the effectiveness of this grounding terminal for lightning stroke dischargesis a function of its inductance, the use of a number of well-spaced shorter strips in parallel
 Table 4-7—Current capacity of building rebar
 Bar #
 Rod diameter Ampere/foot
 (mm) (in)5 cycle
 clearing time1 s
 clearing time
 4 12.70 1/2 112 32
 5 15.88 5/8 135 39
 6 19.05 3/4 157 46
 8 25.40 1 200 58
 11 34.93 1 3/8 270 78
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 is preferable to one or more long strips. The depth at which the strips are buried may notbe critical. However, as Table 4-4 indicates, temperature (and thus depth) can have aneffect in areas where soil temperatures can go below freezing. Tests by the NationalInstitute of Science and Technology (NIST) (see Peters) show that the resistancedecreases only about 5% when the burial depth is increased from 0.5 m to 1 m (18 in to36 in), based on uniform soil resistivity. Similarly, the effect of conductor size isextremely small.
 The preferred practice with plate electrodes is to bury them on edge, because a minimumof excavation is required and it is possible to obtain better contact with the soil whenbackfilling. There appears to be little difference between the effective resistance ofhorizontal and vertical plates. For commonly used plates of 0.9 m2 to 1.9 m2 (10 ft2 to20 ft2), the optimum burial depth is 1.52 m to 2.4 m (5 ft to 8 ft).
 4.2.5 Substation grounding
 At large electrical substations, the ground-fault current is generally high, and thelikelihood of persons present there could also be high. Problems from this are high shockhazard from touching grounded metal parts while standing on the earth, walking on earthwithin the substation, or while walking outside the substation in contact with the fence.IEEE Std 80 amply describes this problem and provides design data for such groundingsystems. The basic characteristics and design elements for extensive grid systems aregiven in Gross, Chitnis, and Stratton, and numerous references concerning this subjectexist in IEEE Std 80.
 Coarse crushed rock (e.g., granite), is normally spread all over the surface of the soilwithin such a substation grid area, not for housekeeping reasons, but to provide a high-resistance surface treatment to reduce the hazard from step potential to persons within thisarea during a severe fault. Granite rock (granite porphyry), even when wet from rain, has ahigh insulation resistance [4.5 × 105 ohm-cm wet, 1.3 × 108 ohm-cm dry (see IEEE Std80)]. It is reasonable to be unable to use good quality crushed stone due to the location thesubstation may be in, so other means to increase the safety of personnel may be required.Asphalt can be used because of its high wet resistivity (>1 000 000 ohm-cm).
 4.2.6 Transferred earth potentials
 The phenomenon of a difference of potential at one location on the earth with respect toanother location is known as transferred earth potential (see Nichols and Shipp).
 The ground potential rise of a substation may be on the order of some 5000 V, which maybe transferred out to a nonfault location by a ground conductor (or metal pipe, rail, etc.)leaving the station. This situation is to be avoided to ensure both personnel and equipmentprotection at the nonfaulted end.
 Steps to alleviate this transferred potential problem include the bonding together ofground mats (that are within a range of approximately 30 m to 90 m (100 ft to 300 ft)apart, and the use of isolation transformers. This problem was recognized by utilities inthe application of pilot wire protection where the low-voltage conductors (pilot wire
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 circuit) were interconnecting two remote ground grids. Most of the amelioratingtechniques were based on the utilities solution to this basic problem.
 Rail and pipe isolation joints may be used to limit the travel of transferred potentials.Additional information on this subject is found in IEEE Std 242™ (IEEE Buff Book™);IEEE Std 367™; IEEE Std 487™; Nichols and Shipp; and Rajan and Venugopalan.
 4.3 Methods and techniques of construction
 4.3.1 Choice of rods
 Ground rods are manufactured in diameters of 9.53, 12.7, 15.88, 19.05, and 25.4 mm (3/8,1/2, 5/8, 3/4, and 1 in, respectively) and in lengths of 1.5 m to 12.2 m (5 ft to 40 ft). Formost applications, the diameters of 2.7, 15.88, and 19.05 mm (1/2, 5/8, and 3/4 in,respectively) are satisfactory. The NEC specified that rods of steel or iron shall be at least15.88 mm (5/8 in) in diameter and that rods of nonferrous materials shall not be less than2.7 mm (1/2 in) in diameter. Copper-clad steel, one of the most common types of rods,permits driving to considerable depth without destruction of the rod itself, while thecopper coat permits direct copper-to-copper connection between the ground wire and therod. In addition to the copper-clad steel, galvanized steel rods and stainless steel rods areavailable. Stainless rods must be reviewed with soil conditions to ensure against thepossibility of stress corrosion cracking (see Fowler and Lewicki).
 Some rods are available in sections for ease of driving. As each section is driven towardground level, another section is added by use of a coupling (threaded, compression sleeve,or welded), making a continuous conductor. A removable stud or special driving head willtake the driving blows and avoid damage to the threads at the end of the rod. For safetyreasons, rods should be driven so that no unguarded length remains aboveground.
 The effect of the rod diameter on the resistance of the connection to earth is small. Themechanical rigidity required for driving mainly determines the diameter of the rod. It isadvantageous to select the smallest diameter rod that meets the driving requirements.Average soil conditions will permit the use of the 2.7 mm (1/2 in) rod. The 15.88 mm (5/8in) rod can be driven in nearly all types of soil, and the 19.05 mm (3/4 in) rod may bereserved for exceptionally hard driving conditions or for deep-driven rods.
 For ordinary soil condition, the 3 m (10 ft) length of rod has become fairly wellestablished as a minimum standard length to meet the code requirement of a minimum of2.44 buried meters (8 buried feet).
 4.3.2 Methods of driving rods
 Sledging requires a minimum of driving equipment, but may require considerable time perfoot of rod. A modification of the sledging process, consisting of a chuck and slidinghammer, permits the work to be carried on at a level convenient to the worker without aladder or auxiliary platform. An additional advantage is that the blow is delivered to therod at a point not far from the ground line, thus permitting rods to be driven to greater
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 depths than would be possible by hand sledging. If rods are to be driven on acomparatively large scale, it is desirable to provide power-driving equipment. Electric,pneumatic, and gasoline-driven hammers are available, the first two requiring sources ofpower. Regardless of the type of driving tool used, precautions should be taken to preventmushrooming of the head.
 4.3.3 Connecting to electrodes
 Connections to electrodes are usually made by one of several means: mechanical, fusing,or compression. The first of these methods, mechanical fittings, is best suited for makingconnections to ground as the fittings are often easily disconnected, allowing for periodicground-to-earth measurements. Corrosion can present a problem and should be consideredwhen making mechanical connections. For example, a mechanical fitting made from acopper alloy that is high in zinc content (Zn 15%) would be susceptible to dealloyingwhen exposed to a moist, slightly acidic environment. If not specified for direct burialapplications, mechanical connections should remain accessible for inspection andservicing.
 Another method of connecting a grounding electrode conductor (GEC) to a groundingelectrode is fusing, often accomplished by an exothermic or weld-type process. Thismethod provides a permanent connection with low contact resistance and provides acertain amount of immunity to corrosion. It also permits the use of smaller copper cable(when connected with exothermic vs. mechanical fittings) because of the 1083 °Cmaximum temperature limitation, as compared to the maximum of 250 °C to 350 °Cusually permitted for some mechanical connections (see IEEE Std 80). (The NEC imposesa minimum conductor size limitation, however.) This method does, however, have certaininherent limitations. It requires separate disconnecting means, such as aboveground boltedjoints, for measurements of resistance to earth. Also, operators are required to be trained inthe safe procedures of material handling and connection installation. This methodologycannot be used in the presence of volatile or explosive mixtures, or where the gaseousproducts of the operation would interfere with nearby operations. Connections ininclement weather can also be difficult if sufficient protection is not provided.
 The third method, compression connections, is easy to install and has demonstratedsavings in time and installation costs over other methods. Compression connectionsprovide low contact resistance and minimize the possibility of poor connections. Theseconnectors, however, cannot be disconnected and require a separate means ofdisconnecting the grounding system for resistance to earth measurements.
 IEEE Std 837™ provides a means of qualifying connectors used in grounding. It isrecommended that connections meet the requirements of IEEE Std 837. When utilizingelectrode connections not qualified to this standard, IEEE Std 80 provides additionalinformation on selection of connection methods, including temperature derating.
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 4.3.4 Joining to underground piping systems
 Mechanical clamp-type fittings provide a secure means of connecting to pipe. Mechanicalconnections do not alter the physical properties of the pipe and should be used inapplications where the structural integrity of the pipe cannot be compromised.
 Welding or brazing are acceptable means of connecting to a pipe; welding being thepreferable choice where local piping codes allow. However, the high temperaturesrequired for these methods of connecting to a pipe will cause localized stress, which mayimpair the function of the pipe, particularly if it contains fluid under pressure. Stress reliefoperations should be applied after welding or brazing to offset local stresses made duringthe connection process.
 Additional difficulties to consider when connecting to pipe are selecting appropriatefittings (see 4.3.3), preparing the surface of the pipe (see 4.3.6), and preventing thepossibility of galvanic corrosion (see 4.4.5).
 4.3.5 Joining to structural steel
 Compression connections and mechanical fittings are best suited for connecting tostructural steel that cannot be altered by drilling or welding. Bolted fittings lendthemselves best to structural steel that can be field drilled but not welded. Connectormaterial should be chosen to minimize galvanic corrosion along the contact surfacesbetween the connector and the ground conductor. Protective finishes or compounds shouldbe applied to further reduce the effects of corrosion. Brazing and the exothermic processcan be used when connecting to structural steel, but should be restricted to applicationsthat will not affect the structural properties of the steel nor any protective layer (such asgalvanizing).
 4.3.6 Preparing the joint
 Before making any electrical connection, all contact surfaces must be cleaned of anyinsulating medium, such as insulation, grease, paint, dirt, or corrosion. Some means ofconnection will also require the removal of moisture or the application of surfaceprotective compounds prior to connection installation. It is generally recommended theconductor surfaces that have been exposed be adequately cleaned to removenonconductive oxides and contaminants. Surface preparation is extremely important toassure that a low contact resistance is achieved and sustained over time.
 4.4 Measurement of resistance to earth
 4.4.1 Need for measurement
 Many indeterminate factors exist in any formula for the calculation of the resistance toearth. Total reliance should not be placed on the calculated results. For example, the soilresistivity varies inversely with the soil temperature and directly with the moisture contentand may vary with the depth. The only certain way to determine the resistance is to
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 measure it after the system has been completed. A desirable refinement is to measure theresistance of each electrode during installation.
 4.4.2 Methods for measuring
 The principles used in the measurement of resistance to earth are essentially the same asthose used for measuring other types of electrical resistances. The various methodsavailable make use of two auxiliary probes in addition to the electrode under test and areplaced in the following three general classes:
 a) The three-point method measures the resistance to earth of the electrode undertest. This method is suitable for measuring the resistance to earth of isolatedground electrodes or small grounding installations. It is not suitable for the mea-surement of low-resistance installations.
 b) The fall-of-potential method consists of injecting a known alternating currentthrough the electrode under test and an auxiliary current probe. The meter mea-sures the potential drop between these electrodes and an auxiliary potential probeset at various distances between the electrode under test and the auxiliary currentprobe. This method may be subject to considerable error if stray ground currents(at the same frequency of the test meter) are present, or if pipes or other conduc-tors are buried near the test electrode.
 c) The ratio method involves calculating the ratio of the resistance to earth of an aux-iliary test electrode to the series resistance to earth of the electrode under test anda second auxiliary electrode. Multiplying this ratio by the series resistance givesthe effective resistance of the ground electrodes. This method is more satisfactorythan the triangulation methods since ratios of the resistance of the auxiliary testelectrode to the resistance of the electrode under test may be as high as 300:1.
 A more complete treatment of these three methods may be found in IEEE Std 81 and Finkand Carroll.
 Commercially available portable testing instruments that provide the most convenient andsatisfactory means for measuring insulation resistance are not suitable, however, becausethey cannot measure sufficiently low-resistance values. Also, ordinary low-resistanceohmmeters lack sufficient voltage for separating the grounding resistance of the auxiliaryelectrodes needed to make the test.
 Precision in measurements of the resistance to earth is difficult to obtain and is usually notrequired. Normally, an accuracy on the order of 25% is sufficient in view of the manyvariables.
 It is desirable, in measuring the resistance of the completed system, to allow some time toelapse before measurements are made, so that the earth around the electrodes will beconsolidated. This does not apply to the auxiliary electrodes required in the test, sincetheir resistance is negated in the test period.
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 4.4.3 Periodic testing
 Tests should be made periodically after the original installation and test so that it can bedetermined whether the resistance is remaining constant or is increasing. If later testsshow that the resistance is increasing to an undesirable value, steps should be taken toreduce the resistance. This can be accomplished by replacing corroded connections,adding electrodes, increasing the moisture content, or chemical soil treatment.
 4.4.4 Earth resistivity measurements
 The commercial portable instruments available for measuring the grounding electroderesistance normally may be used to measure the soil resistivity as well. For this purpose,they are connected to four short electrodes spaced uniformly in a line. Spacing betweenthe two center electrodes is a direct measure of the effective depth desired for theresistivity. For example, a 3 m (10 ft) spacing will yield the average resistivity of the top3 m (10 ft) of soil, and so on. This test method is known as the 4-pin Wenner Method andis among the most popular methods of determining earth resistivity.
 The instrument yields an ohmic reading, which, when multiplied by 2π times the spacingin centimeters, is the soil resistivity in ohms-cm. Full instructions for this test are providedwith each test instrument.
 Other methods are fully described in IEEE Std 81.
 4.4.5 Electrical grounding and corrosion
 The basic objectives of a sound electrical grounding system are safety of personnel,reliability of equipment operation, fault current return, and limiting transient overvoltages.After these objectives have been satisfied, the effect of the grounding installation oncorrosion must be considered. Systems, equipment, and lighting sometimes unknowinglycontribute to the corrosion of underground conductors, structures, and piping. (SeeLawson, p. 25; Manohar and Nagar; “Manual on Underground Corrosion Control in RuralElectric Systems”; McIntosh; Nelson and Holm; Rudenberg.)
 The problem is galvanic corrosion. This type of corrosion is caused by electricallyconnected dissimilar metals that form a galvanic cell. Under these conditions, thefollowing five factors determine the rate of corrosion:
 a) Potential difference the two metals
 b) Ratio of the exposed areas of the two metals
 c) Resistance of the electrolyte
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 d) Resistance of the external circuit
 e) Stray currents between electrodes, conductors, structures, and pipes
 Copper, the metal usually used for grounding, is a noble metal and can have seriouscorrosive effects on underground structures made of iron or steel that are electricallyconnected to the copper. These structures include underground pipelines, conduits,building steel, buried tanks, and buried lead-sheathed cables. Figure 4-2 shows thegalvanic cell that results when steel and copper are electrically connected together. Thesteel may be a pipeline or conduit and the external connection could be conduit, thecopper of a ground rod, pipe-rack steel, or through a ground rod connected directly to theconduit. The relative positions of steel (iron) and copper in the electromotive series,Table 4-8, produces a potential of 0.38 V, and according to Ohm’s law, a current flows,with the soil (the electrolyte) completing the circuit. It is where the current leaves the steel(anode) and enters the soil that we have our trouble, namely, corrosion.
 A dc current of 1 A flowing for one year will corrode away 20 lb of steel, 22 lb of copper,75 lb of lead, or 26 lb of zinc. Thus, we see that the amount of current is associated withcorrosion. With greater current, more metal will corrode away.
 Figure 4-2—Galvanic cell–dissimilar metals
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 The potential difference between two metals will influence the amount of current that willflow between them. The greater the voltage, the greater the current and therefore thegreater the rate of corrosion.
 The resistance of the earth (electrolyte) will limit the current flow.
 The total current is dependent on the potential difference between the two metals and theresistance between them. The intensity of the anode current is a function of the ratio of thearea. This is one of basic principles in corrosion engineering and is used as a control factorin design.
 A small anode and a large cathode should not be installed. In this case, the total current isconfined in a small space and the current density is large. An example of this would be anunderground pipeline running up and onto a ground pipe rack. The resulting copper-steelcouple is made worse when the pipe is coated, as no coating is 100% effective. Smallpinholes may appear in the coating, exposing the steel. The current is concentrated at thesepinholes, causing leaks to occur in a very short time.
 The electromotive series does not present all the facts about corrosion; it presents only itsinitial tendencies. The actual rate of corrosion is determined by the current, but the
 Table 4-8—Electromotive series of metals
 Metal Potential
 Barium 2.90 Base end or anodic end
 Calcium 2.87
 Sodium 2.71
 Magnesium 2.40
 Aluminum 1.70
 Zinc 0.76
 Nickel 0.23
 Lead 0.12
 Iron 0.04
 Hydrogen 0.00
 Bismuth –0.23
 Copper –0.34
 Silver –0.80
 Mercury –0.80
 Gold –1.50 Noble end or cathodic end
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 electromotive series determines which metals will waste away and which ones will remainunchanged.
 The metals with positive values in Table 4-8 are on the base or anodic (anode) end of theseries; these metals will corrode. The metals with the negative values are on the noble orcathodic (cathode) end and will be protected, thus the term cathodic protection. When ametal is the cathode, it is protected and will not corrode.
 The resistance of the soil is one of the most important factors that affect the flow ofcurrent associated with galvanic corrosion. By Ohm’s law, we find that the lower theresistance of the electrolyte, the larger the corrosion current. Consequently, the lower thesoil resistivity, the greater the galvanic corrosion.
 By using a different metal than copper for grounding, the copper-steel galvanic couple canbe eliminated. If this metal were closer to iron in the electromotive series, there would bea smaller potential, therefore the galvanic couple would be less. The metal should havegood electrical conductivity because a ground must offer low impedance to fault currentand lightning. It should be noted that steel rebar, when encased in concrete, hasapproximately the same potential as copper and thus will not corrode.
 Steel (carbon and stainless) has been used, and zinc has been recommended, for groundrods. Steel requires cathodic protection, as the steel rod may rust unless the moreexpensive stainless rods (see 4.3.1) are used.
 Galvanized steel rods would not be used in actual grounding because the zinc will corrodeaway and expose bare steel, which would rust. Instead, we would use a zinc anode, whichconsists of a small steel core embedded in zinc. These come in many sizes, but the sizesthat are best suited for a ground rod are designated by the American Zinc Institute asAZI-2-30 and AZI-4-60. The first number is the cross-sectional area in square inches, andthe second number is the weight in pounds. Each is 1.52 m (5 ft) long.
 Metal pairs, oxides, and electrolytic films can also be viewed as basic rectifying junctionsthat lead to electrolysis and metal migration in ac systems if stray or capacitive currentsare present.
 Cathodic protection also includes consumable anodes, i.e., zinc, magnesium, and low-voltage rectifiers or drainage panels that bias the protected metal (see Lawson). Activeprotection in the form of a dc impressed current system can also be installed to protect anysusceptible metals in the ground from corrosion effects.
 The corrosion problem is of considerable importance in dc systems, such as tankscontaining explosive chemicals and mining or transit systems with negative running rails.In these cases, stray current and grounding control is practiced and accessible mitigationbonds to structures may be provided (see Sunde).
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 4.5 Normative references
 The following referenced documents are indispensable for the application of thisdocument (i.e., they must be understood and used, so each referenced document is cited inthe text and its relationship to this document is explained). For dated references, only theedition cited applies. For undated references, the latest edition of the referenced document(including any amendments or corrigenda) applies.
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Chapter 5Electronic equipment grounding
 5.1 Introduction
 5.1.1 Overview
 This chapter provides an overview of recommended procedures for grounding electronicequipment connected to industrial and commercial power systems. Topics include systemand equipment grounding techniques for: information technology equipment, dataprocessing rooms, the grounding of shields, and mitigating radio frequency interference(RFI) of electronic equipment. Case histories identify examples of how undesirableoperation can be corrected by appropriate grounding. For further information, see IEEEStd 1100™ (IEEE Emerald Book™).1
 5.1.2 General
 The proper grounding of sensitive electronic equipment has been found to be one of themost important items in achieving the reliable performance of these systems. The termelectronic equipment will be used for microprocessor-based systems such as computers,programmable logic controllers, industrial process plant distributed control systems,telecommunications systems, medical diagnostic imaging, and other related sensitiveelectronic equipment discussed in this chapter. The low signal voltage levels used in thistype of equipment make it susceptible to random voltages far below levels that areperceptible to humans and that have no effect on electrical power equipment. Forexample, most modern electronic equipment is highly sensitive to static voltage charges,generated by humans in simple body movements. Certainly the voltages injected into theearth by lightning strokes even within several thousand feet, unless suitable neutralizationis accomplished, can cause malfunction and damage the equipment.
 Much has been learned not in how to prevent these sources of interference, but in how toprevent their entrance into these electronic equipment systems. With the means nowavailable, malfunctions and damage from ground-transferred voltages can be minimized.
 5.2 Definitions
 For the purposes of this document, the following terms and definitions apply. TheAuthoritative Dictionary of IEEE Standards Terms [B3]2 should be referenced for termsnot defined in this clause.
 5.2.1 electronic equipment: In a generic sense, this refers to all analog and digitalsemiconductor-based equipment including data processing, telecommunications, processmeasurement and control, and other related electronic equipment and systems.
 1Information on references can be found in 5.10.2The numbers in brackets correspond to those of the bibliography in 5.11.
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 5.2.2 neutral: The point where the potential is equal in amplitude from every otherconductor (see The Authoritative Dictionary). There may be occasions where a single-phase two-wire power source; a three-phase delta connection with one side center tapped;or a corner delta grounded system is referred to or used. In this case, the term neutral willrefer to the conductor that is intentionally connected to ground.
 NOTE—The term neutral also refers to the National Electrical Code® (NEC®) NFPA 70’s identi-fied conductor.3
 5.2.3 isolated equipment ground: An insulated equipment grounding conductor (EGC)run in the same conduit or raceway as the supply conductors. This conductor is insulatedfrom the metallic raceway and all ground points throughout its length. It originates at anisolated ground type receptacle or equipment input terminal block. The conductor maypass through one or more panel boards without connection to the panel-board groundingterminal, and terminates at an EGC terminal at the applicable derived system or service.
 NOTE —This term is defined more specifically in the NEC.
 5.3 History of computer grounding
 5.3.1 Satisfying Code requirements
 Because of the necessity for safety and the requirements of the NEC, electronic equipmentwere grounded. First they were grounded to the electrical power equipment groundingsystem of the building in which they were located. The EGC was either a green insulatedwire or a bare wire. In many cases, the metallic conduit served this purpose. Theequipment ground was connected, at the building service, to the incoming groundedconductor from the utility. At this point, the metallic enclosure was bonded, connected tothe neutral, to the EGC, and to earth. Earth could be an effectively grounded metallic cold-water pipe, effectively grounded steel building frame, a concrete encased electrode(known as a ufer ground), a ground ring encircling the building, or electrodes specificallyestablished for reference, such as a driven ground rod.
 There was no particular requirement as to what part of the power system ground theelectronic equipment ground was to be connected, so the connections were generally madeto the ground conductor at the plug, receptacle, or panel supplying power to the electronicequipment. This satisfied NEC requirements in that no one could be shocked by touchingthe equipment enclosure under a phase-to-ground fault condition. As electronic equipmentcomponents became more complex and sensitive to lower voltages, it was found thattransient voltages could be harmful and damaging to the solid-state devices. Electricaltransient voltages were traced to the multiple connections from the neutral conductor tothe ground system.
 In a commercial or industrial building the neutral or grounded circuit conductor isconnected to ground at the service equipment (main panel) and at the secondary side of aseparately derived system (isolation transformer). It is not unusual to find the branch
 3Notes in text, tables, and figures are given for information only and do not contain requirements needed toimplement the standard.
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 circuit distribution panel neutral bus bar connected to the metallic panel frame (ground),which is a violation of the NEC. One study showed 20% of the neutral conductorsaccidentally faulted to ground in circuits supplying lighting fixtures (see Zipse). Withmultiple connections of the neutral conductor to ground on the same power system, aportion of the load current flowed on the equipment grounding system to which theelectronic equipment was referenced. This current flow transferred voltages into thegrounding system of the electronic equipment, causing errors or worse.Figure 5-1 illustrates one of the conditions.
 5.3.2 Electrical noise in power system ground
 With the increasing complexity of electronic equipment systems, it became necessary tohave peripheral electronic equipment or remote terminals, placed away from the locationof the main electronic equipment. The remote electronic equipment locations had powersupplies. These could be supplied from the main electronic equipment power system, butmore likely they would be from another part of the building. It is not unusual forgrounding (bonding) systems of a building to have measurable voltage differences frompoint to point, due to ground-current flow, either 60 Hz or transient high frequency. Thus,a connection to the power system ground at the remote location could reference the remoteequipment to a ground point that was a few volts different in potential from the mainelectronic equipment ground. The interconnecting signal or data cable would complete apath for an uncontrolled current flow between these two ground points through theelectronic equipment, causing malfunctions and failures. The electronic equipmentpersonnel resolved to have nothing further to do with such building grounding systems.See Figure 5-2.
 Figure 5-1—Ground currents resulting from multiple neutral-ground connections on the same power system
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 5.4 System or equipment to be grounded
 5.4.1 Power system
 With electrical power systems, there are at least two groups or classes of grounding, asfollows:
 a) System grounding. The grounding of some part of the electrical power supply sys-tem, usually the system neutral.
 b) Equipment grounding. The grounding of all the metallic equipment and enclosureframes, through bonding of all component parts and their connection to ground.
 5.4.2 Electronic equipment
 Like the electrical power supply system, electronic equipment has diversified systems tobe grounded, as follows:
 a) Signal common grounding. The signal common is also referred to as the dc signalcommon. The zero reference system for data lines, and the signal portion in gen-eral, represents the sensitive neutral of the electronic equipment. This is one of thesystems that is sensitive to transient voltages and requires a stable reference point,with respect to a voltage potential.
 b) DC power supply reference ground bus. The electronic equipment may have sev-eral different dc voltage systems, such as + 12 / 0 / – 12 V, + 5 / 0 / – 5 V.
 c) Equipment ground bus. This is the metallic enclosure, or frame, of the electronicequipment. This may include the chassis of the electronic equipment elements, aswell as the outer enclosure or cabinet. Some electronic equipment manufacturersrefer to the equipment ground bus as the safety ground bus.
 Figure 5-2—Stray current caused by two different ground references
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 In addition to these terms for the various ground bus systems, you may encounter suchterms as: ac safety (mains) grounds, computer reference ground, dc signal common, earthcommon, dc ground bus, dc master ground point, and power supply common groundpoint. It appears that each electronic equipment company has generated its own term forvarious grounded parts of their systems. There is no uniformity in the terminology,although as you will see later, they all must end up connected together.
 5.5 Grounding electronic equipment
 5.5.1 Single-point connection
 To prevent stray continuous currents or circulating currents from affecting the electronicequipment signals and operation, it is necessary to keep the electronic equipment groundsystem separate from the equipment ground components and connected together at onlyone point. (See Figure 5-3.)
 The electronic equipment manufacturers may have several different ground systems. Theymay refer to them as the power ground, signal ground, safety ground, etc. With theexception of the safety ground, which usually is the equipment enclosure, required to begrounded by the NEC, all the other grounds will usually be terminated on a single point. Itis the disposition of this ground point that is the basic cause of concern.
 The one point where the two grounding systems, the electrical power grounding systemand the electronic equipment grounding system, can be connected together is at one of twolocations. Figure 5-3 shows the common point for the electrical power system grounding.
 Figure 5-3—Insulated grounding conductor for sensitive plug-in equipment
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 The electronic system ground should be bonded to the electrical system at the neutral-ground bond at the power source. This point will be either the service equipment (mainpanel) or the secondary of a separately derived system (isolation transformer).
 Where an electronic equipment system master assembly is composed of severalenclosures, the internal ground connections, not the enclosure ground, should be routed toone collection point, within the enclosure assemblies, and this one point connected toground. The collection of the individual grounds should be in the form of a radialdistribution system, or a tree, without any parallel ground paths.
 If the internal signal ground connection is connected to the metallic enclosure instead ofinsulated from the enclosure, then all the component enclosures need to be insulated fromground or from a conducting floor on which they may be supported. This arrangement ofcollective signal/enclosure grounds creates an unsafe condition and is not recommended.
 If the separate electronic equipment signal ground systems are isolated from the cabinetenclosure and brought together at this one common point, then it is not advisable ornecessary to isolate the electronic equipment enclosures from the grounded electronicequipment floor or from any floor. The NEC permits sensitive electronic equipment to beisolated from the metallic raceway using a listed nonmetallic raceway fitting. A separateinsulated EGC grounds the electronic equipment enclosure. (See 5.5.5 for additionalinformation.)
 5.5.2 Insulated grounding conductors
 The NEC recognizes that sensitive plug-in equipment such as cash registers, personalcomputers, printers, etc. can be adversely affected by currents flowing in common EGCs,such as conduit, green or bare ground conductor, building steel, etc. To minimize suchproblems, the NEC permits an insulated grounding conductor to be run from the insulatedgrounding terminal of the receptacle back to the neutral-ground bond at the power source(main panel or secondary of a separately derived system). This conductor must be run inthe same wireway, conduit, or raceway, with the conductor serving that receptacle load.This separate conductor is usually green with a yellow stripe. The conductor should not beconnected to any grounding buses or common points between the receptacle load and theneutral-ground bond at the power source. This system can eliminate much of the common-mode (neutral-ground) noise on building power systems that can impact the reliableperformance of plug-connected sensitive electronic equipment. To avoid any inducedelectrical noise into the insulated conductor ground-return path, only the suppliedreceptacle conductors should be in the metallic raceway and no other conductorspermitted.
 The use of an insulated EGC and an isolated grounding receptacle does not relieve therequirement for the metal parts of the receptacle box, raceway, conduit, etc., from beingconnected to the building equipment ground system (see Figure 5-3). The metallicraceway can provide the equipment ground for the box; however, if any nonmetallicraceway system is used to the receptacle box, this will usually require the followingconductors:
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 a) Phase conductor (usually black)
 b) Identified (neutral) conductor (white)
 c) System EGC (green)
 d) Isolated EGC (usually green with yellow stripe)
 Reliance on the metal raceway is not recommended. Harold Kaufmann’s tests of wherethe current flows during a fault on power cables 4/0 AWG and larger concluded that aninternal grounding conductor improves the efficiency of the ground-return path (seeKaufmann). For conductors 12 AWG to 6 AWG, Robert West showed that the increasedimpedance of the smaller line and internal grounding conductors is not a detrimentalfactor (see West). Internal ground-return conductors do improve reliability for allconductor sizes, especially when electronic equipment grounding is a concern.
 Figure 5-3 illustrates the circuitry and insulated grounding conductor routing throughintermediate panel(s) en route to the point where the neutral and ground are bonded at thepower source.
 Where there are large numbers of these insulated conductors, it is logical to connect themtogether onto an insulated equipment grounding bus in the distribution panel and install asingle insulated EGC from the bus in the feeder raceway back to the power source.
 5.5.3 Separate/isolated grounds
 5.5.3.1 Description
 Since the power grounding system had been found to cause malfunctions and failures ofelectronic equipment, a logical solution was to not use the building’s electrical powerequipment grounding system for grounding electronic equipment. A possible lack ofunderstanding of the function and operation of the neutral conductor and the equipmentground system by electronic equipment manufacturers led to erroneous installationrequirements. The chosen alternative was to ground electronic equipment to an isolatedgrounding electrode consisting of one or more driven rods separate from the power systemgrounding electrode system. These generally took the form of one to ten rods a few feetaway from the building. These would have grounding resistance of from 10 ohm to30 ohm or more. This additional resistance usually masked the electrical problem with theelectronic equipment system by adding the additional impedance into the circuit. Multiplerods lower the resistance, but the effectiveness diminishes with close separating distances.Multiple rods do not provide a total resistance of a single rod divided by the number ofrods, unless the separations are several rod lengths apart. (See 4.1.4) This electricalseparation of grounding electrodes without bonding all grounding electrodes together didnot meet the NEC requirements. Figure 5-4 shows such a system. In some cases, insteadof rods 3.05 m (10 ft) in length, multiple rods had been connected together, increasing thelength to 6.10 m (20 ft), 9.14 m (30 ft), or more. The length that was used depended on thearea of the country, the designer, and/or the contractor.
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 5.5.3.2 Noise isolation
 The isolated ground system reduced the noise, which had come from the power groundsystem via multiple grounding connections. In fact, it was called, in some parts of theworld, a quiet ground. Since additional impedance had been introduced into the circuit,some noise was still picked up unless all interconnected electronic equipment wasgrounded to the same electrode group. Voltages can exist in the earth between electrodeseven a meter apart; these voltages could be introduced into the different parts of anelectronic equipment system connected to separate grounding electrodes.
 5.5.3.3 Problems
 While continuous low-level noise was eliminated by the isolated ground practice, anumber of catastrophic incidents were encountered. Analysis of these indicated that theseparation of grounds was responsible for very large voltages being impressed onelectronic equipment components under thunderstorm conditions. These voltagesoccurred whether or not electronic equipment were in operation. Clearly some changewould be necessary. The large voltages were due to lightning striking either the buildinghousing the electronic equipment or the power system serving the building. There wereother causes that were not so evident. When electrostatic charge centers on clouds wereoverhead, charges were induced in buildings on the ground beneath them.
 Due to the resistance of the building grounding electrode, the voltage on the building wasraised to a substantial level above that of the electronic equipment. The electronicequipment was held at the voltage of the separated, isolated electrode. This difference involtage, and the capacitance between electronic equipment and building frame, inducedvoltages into the electronic equipment components that were above the breakdownvoltages of the components. Many semiconductor components of electronic equipment
 Figure 5-4—Isolated grounding of computers
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 will withstand only about 20 V or less even for as short a time as 1 µs. The describedcondition is illustrated in Figure 5-5.
 The smaller interfering voltages injected into electronic equipment circuitry by voltagesinduced in buildings, due to charges centered in clouds overhead, even without strokesoccurring, can cause similar problems. Such induced voltages can cause the absolutevoltage of a building to be even a few hundreds of volts different from a grounding systemlocated approximately a meter from the building. These voltages are sporadic andtransient and can feed transient impulses into the electronic equipment circuitry,interfering with the desired operation or even causing failure of components.
 5.5.3.4 Remote equipment
 Where remote (or peripheral) electronic equipment units or components are grounded toan isolated grounding electrode at their location, separate from the main building,substantial voltage differences can develop between the remote and main semiconductordevices and destroy them. Figure 5-6 illustrates this. An isolated repeater usually usedwith telephone systems, called a modem, is required to prevent this overvoltage. Themodem will make the interconnecting signal wire the equivalent of a telephone circuit.(The word modem is a contraction of modulator-demodulator, which is the hardware thatconnects the data terminal to a communication line.)
 Figure 5-5—Effects of stroke to building with isolated grounding electrode (not recommended)
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 5.5.3.5 NEC non-adherence
 The NEC requires that all equipment served from an electrical source be grounded orbonded to the grounding point of that source. Clearly, when an isolated groundingelectrode is used for electronic equipment, this violates the NEC requirements. The NECrequires a metallic path from all equipment frames served, back to the source neutral-ground bonding point. If the path has a low impedance, any fault will be of sufficientmagnitude to quickly operate the protective device and de-energize the faulted unit.
 The induced voltage buildup problem shown in Figure 5-6 was recognized as a majorproblem. The natural tendency to prevent voltage buildup may be to install a separategrounding electrode at the remote location and bond the enclosure to the electrode asshown in Figure 5-7. This isolated ground installation, however, creates serious problemswhen a ground fault occurs in the computer enclosure. With separate isolated groundelectrodes, a fault in the electronic equipment requires fault current to pass through theresistance of both the isolated electrode and that of the source building ground, in series.Where the isolated ground electrode resistance is 20 ohm and the building resistance is20 ohm, a 120 V component fault would cause a current of 120 V/40 ohm or 3 A. Thisamount of current certainly would be insufficient to operate even a 15 A protective device.Figure 5-7 illustrates this condition. The fault would cause a substantial potentialdifference between the electronic equipment frame and adjacent building metal parts,representing a shock hazard to personnel. Clearly, the example in Figure 5-7 is not anaccepted practice in the NEC.
 Figure 5-6—Remote equipment unit under a cloud-charge center
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 In general, the NEC requires that all equipment served from an electrical source begrounded or bonded to the grounding point of that source. However, there are recognizedcases where this practice is not practicable, such as: objectionable current over groundingconductors, ac systems not required to be grounded, circuits not required to be grounded,two or more buildings supplied from a common service, and isolated receptacles. Refer toFigure 5-8 for a grounding system that is commonly used for computer systems that doescomply with the NEC requirement. An isolation transformer, creating a separately derivedsystem, is often used for computer applications. See also IEEE Std 1100 (IEEE EmeraldBook).
 5.5.4 Single-point grounding system
 To eliminate undesirable aspects of previous systems of grounding electronic equipmentand similar sensitive electronic systems, the single-point grounding system has beendeveloped and is the recommended method of grounding sensitive electronic equipment.This overcomes the problems and NEC violations created by multiple grounding electrodeinstallations by grounding all electronic equipment system components to only one singlepoint on the power grounding system. All other interconnected electronic equipment mustbe grounded to the same single point on the power grounding system or isolation of theinterconnecting signal/data cables must be accomplished using fiber-optic cables, opticalisolators, modems, or other means. Surge protection should also be applied on both endsof cables installed between buildings. It also overcomes the capacitive induced voltagesbetween building and electronic equipment due to separate grounding, by bondingelectronic equipment and the building power system to the same grounding electrodesystem. See Figure 5-8 for illustration.
 When the electronic equipment grounding electrode and the electrical power systemgrounding electrode are connected together, a transient voltage rise applied to the buildingsteel will result in the entire electronic equipment system rising and falling with thebuilding steel. No overvoltage will be induced into the electronic equipment circuits.
 Figure 5-7—Unsafe isolated ground on electronic equipment
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 5.5.5 Signal reference grids
 Where there are several pieces of interconnected electronic equipment in a given area,such as a computer room, they can be grounded to a common ground reference using theEGCs supplemented by a signal reference grid, as shown in part a) of Figure 5-9. They canall conveniently receive their power from a single source, preferably via a local isolationtransformer that can be grounded within or at the boundary of the room. This will alsoserve as the grounding point for all of the electronic equipment in that room.
 To ensure a low impedance reference over a broad spectrum of frequencies, the single-point grounding conductors can be supplemented by the installation of a signal referencegrid under the entire room. The grid will normally consist of conductors in a meshconfiguration. All equipment cabinets can be bonded to the grid using short, flatconductors as illustrated in part b) of Figure 5-9. The combination of the single-pointgrounding conductors and the connections to the signal reference grid creates a lowimpedance reference for the electronic equipment over a frequency spectrum from dc toseveral megahertz as shown in part c) of Figure 5-9. Further information on signalreference grids can be found in the IEEE Std 1100 (IEEE Emerald Book).
 5.5.6 Local area networks
 The manufacturers of sensitive electronic equipment recognized the problem ofgrounding. With advancements in the internal design of electronic equipment and thedevelopment of local area networks (LANs), the need to be concerned with propergrounding has been reduced. In many LANs systems, the signal wire shield is notconnected to the chassis ground but has a common ground. Each electronic equipment isplugged into the nearest electrical power receptacle. This design change appears to havereduced the problem; however, there is still the possibility of signal line shield-to-chassisvoltage potential during severe ground-fault conditions.
 Figure 5-8—Zero noise pickup from single-point grounding of two-computer systems
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 Figure 5-9—Signal reference grids reduce resonances: (a) computer conductors subject to high-frequency resonance with RF signals,
 (b) computer units connected to signal reference ground and ac power source ground, (c) resonance of power equipment ground conductors in
 typical site
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 5.5.7 Optical fibers
 In place of the modem in data lines between buildings, per Figure 5-8, isolation can beobtained by the use of optical fiber lines rather than electric conductors. Some electronicequipment manufacturers even provide optical link isolation in input-output terminatinglines for this purpose. For entire data lines of optical fiber, it is possible that repeaters oramplifiers will be required. Bear in mind that there are two types of optical systems: longlines, such as those the telephone companies use for long distance transmission; and shortlines, which are used for internal building communications and isolation of electricalsystems. Each type, long or short, is constructed differently, since each has differentapplications. Specialists in optical fiber systems should be consulted for correct andefficient design. Grounding and installation requirements for optical fibers are covered inthe NEC.
 5.6 Effects of internal rectifiers in computers
 Most electronic equipment, internally, operate on dc obtained from 50 Hz to 60 Hz ac viarectifiers and filters. The filters, necessary to convert the rectified ac to reasonably puredc, employ large capacitors and reactors or resistors. The capacitor draws current throughthe rectifier (and the ac line) only when the rectifier output voltage is above the dc voltageof the capacitor input to the filter. This is for the short period preceding the peak voltageas shown in Figure 5-10. This is a peak current well above the 60 Hz sinusoidal current ofthe electronic equipment power supply, and it increases the rms value.
 The current pulses in each phase are well above the 50 Hz to 60 Hz sinusoidal currents andresult in a disproportionate increase in the rms current or equivalent heating effect. Due tothis high-frequency component, the current increase will not register on 50 Hz to 60 Hzmeters. Consequently, the supply conductors may frequently need to be oversized byabout one-third even though the current read by 50 Hz to 60 Hz average respondingammeters will not indicate it. This need for larger line conductors than would normally berequired also means that the bus bars in panels and the supply transformers may have to beoversized. (See Figure 5-11.)
 This pulsating current is similar to single-phase unbalanced load current. Each pulse whenit occurs is a single-phase pulse and is not balanced by the other phases as with three-phase sinusoidal currents offset by 120°. Consequently, all pulses are line-to-neutral. Thepeak currents are high enough that the cumulative rms and heating effect of the neutralcurrent may exceed the rms of the line current. Consequently, common neutrals should notbe run, and each phase should be equipped with its own neutral.
 As previously stated, this means that the devices, conductors, and bus bars between thetransformer and the start of the single-phase loads will have to be evaluated foroverheating.
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 The distribution and grounding system illustrated in Figure 5-11 complies with all therequirements of the NEC as well as maintains the isolation and noise rejection required forthe electronic equipment system. This type of installation is recommended to minimize thenumerous incorrect methods of isolated ground installations that violate the safetyrequirements of the NEC and create hazards to personnel and equipment.
 5.7 Grounding of shields
 When rigid metal conduit was used for signal conductors, the metal conduit acted as anoverall shield. This overall shield was grounded in multiple locations whenever the metalconduit was fastened to building steel. With the advent of cable tray and other wirewaymethods, the overall shield has disappeared. Thus, one must consider the need to specifysignal conductors with individual shielding and an overall shield when metal conduit isnot used. This overall shield will act as the metal conduit shield. The overall shield isgrounded whenever and wherever possible for low-frequency applications. The individualshields are grounded according to the applied frequency: low frequency at one end andhigh frequency at multiple points.
 CURRENTPULSES CAPACITOR
 VOLTAGE
 RECTIFIEDAC VOLTAGE
 CURRENTPULSES
 AC VOLTAGE(NOT RECTIFIED)
 CURRENTPULSES FROMTHREE PHASERECTIFIED ACPOWER SUPPLIESCOLLECTED INNEUTRALCONDUTOR
 Figure 5-10—Rectifier circuit effect on ac current
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 Figure 5-11—Recommended power distribution—computer system
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 Where it is determined that it is desirable to protect signal conductors from high magneticfields associated with lightning strokes, it is necessary to have ferric conduit thick enoughto absorb the magnetic flux. Non-ferric raceways will not protect signal conductors fromthe magnetic field generated by a lightning stroke’s high current discharge.
 5.7.1 Description/need
 Electrostatic induction into wires carrying low signal voltages has been found to belargely eliminated by installing electrostatic shields around wires. These shields may bethe following:
 a) Braided copper wire
 b) Metallized foil, with a copper drain wire
 c) Metal conduit (if steel conduit, this also serves as a magnetic shield)
 d) Other shielding methods
 To be effective, shields must divert the interference away from the conductors/circuit to beshielded. Since the vast majority of interference sources are referenced to ground, theshield is grounded to divert the interference back to the source, via the grounding system.For signal frequencies of up to about 1 MHz, it is good practice to ground a shield at onlyone end, preferably at the source of the signal end, leaving the load end insulated fromground. This is to prevent the shield from acting as a conductor for voltage differences atthe two ends. This voltage difference may exist between the two different locations on thebuilding steel. When there is current carried in the shield, voltage from this current isinjected into the signal voltage. This is especially applicable where the signal voltage isbetween the enclosed conductor and the shield. Where the interfering voltage is lowfrequency (60 Hz) and the signal is a higher frequency, the insulated end of the shield canbe shorted for signal frequency by a suitably sized capacitor. This results in highimpedance to the interfering frequency but low impedance to the signal frequency.
 As the signal frequency increases above about 1 MHz, it becomes necessary to ground theshield at both ends and possibly even at multiple points between ends. It becomesimportant that the ground wires be very short; thus, they would be connected to buildingsteel rather than to a circuit grounding point some distance away. A grounding leaddevelops an impedance proportional to frequency and length. A grounding conductorlonger than 1/20, or 5%, of the wavelength of the interfering frequency will not properlyserve its purpose. Wavelength in meters is 300 divided by the frequency in MHz, asshown in Equation (5.1):
 (5.1)
 wherel = wavelength (meters per cycle)f = frequency (cycles per second)
 300 × 106 = constant, velocity of an electromagnetic wave in free space (meters persecond)
 l300 106×
 f-----------------------=
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 The speed of an electromagnetic wave in a vacuum is 300 000 km per second(186 000 mi per second). The speed is lower in a conductor. A voltage wave will travelapproximately 30 m (100 ft) in free space during one cycle of a 10 MHz pulse. In agrounding conductor, the wave may travel only 28 m (92 ft) in 1/10 ms. If the conductor is28 m (92 ft) long, the wave will be reflected back and arrive at the beginning at the sametime that a new pulse begins. Resonance will occur and line oscillations will be greatlymagnified.
 The peak will occur at 1/4 wavelengths, or in the example of a 28 m (92 ft) longconductor, at 7 m (23 ft) locations. Good engineering practice decrees that a conductorany longer than 1/20 of a wavelength cannot equalize voltages between its ends (see FIPSPub 94).
 Thus for an interfering frequency of 10 MHz and a propagation velocity of 89.4% of thevelocity in free space, the length may not exceed 1/20, or 5%, in 1/10 µs, as shown inEquation (5.2):
 (5.2)
 Higher interfering frequencies would require proportionately shorter (inversely)grounding wire lengths, or the shields will be less effective.
 5.7.2 Overvoltage at open points
 At ungrounded ends of shields, some voltage may develop between shield and ground.The shield must be insulated to prevent hazardous personnel exposure. Also, shields mustbe insulated over their entire length to prevent multiple grounding to points that may be atvoltages different from that of the shield and that could inject voltages into the shield.
 To terminate the shield, it will be necessary to remove the end of the jacket to reach theshield and open its continuity. The end then must be insulated to prevent possiblepersonnel shock. If shielding must be continued beyond this point, shielding, such asflexible copper-shield braid or expanded shield tubing, needs to be overlapped at theinsulated end of the signal shield, spliced to the shield of the continuing length, andgrounded at the load end and grounding terminal.
 5.8 Interference from radio frequencies
 Problems from resonance at high frequencies due to the length of the grounding conductorfrom the electronic equipment units to the grounding point can be largely eliminated byinstallation of a signal reference grid in the raised floor of the electronic equipment room.For each group of electronic equipment, a grid network of copper wires in the raised floor,with tie straps from each electronic equipment unit to the grid and one from the grid to theroom grounding point, will largely negate this resonance effect. Figure 5-9 illustrates this
 lmax0.05% 268.2× 106×
 10 106 MHz×-------------------------------------------------- 1.341 m (4.3 ft)= =
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 principle, showing a group without the grid (part a) and the same group with the grid [partb)]. A comparison of the performance of the two is shown in part c).
 5.9 Case histories
 5.9.1 Corporate headquarters office building current flow over ground
 An office building contained a 1500 kVA lighting transformer in the basement. Theelectronic equipment room was located next to the transformer room. The 208Y/120 Vsystem had many neutral-to-ground connections, which offered a parallel path for thereturn current over building steel, piping, etc.
 Malfunction of the electronic equipment occurred whenever a large load was switched.The total load on the transformer was approximately 1200 A. The amount of neutralcurrent returning over the ground ranged from 40 A to 60 A.
 The multiple electronic equipment connections to ground were combined into a single-point connection. Due to the many neutral-to-ground faults, mainly in the lighting fixtures,no attempt was made to correct the situation because of the cost. However, all newconstruction was checked for neutral-to-ground faults, and the contractor was responsiblefor finding and making the corrections. In new construction, a typical 42-pole lightingpanel was found to contain 20% of the branch circuits faulted with neutral-to-groundfaults.
 The method for finding neutral-to-ground faults is given in Zipse.
 5.9.2 Corporate headquarters office building ground connection
 Several large-scale units of electronic equipment in a large corporation headquartersoffice complex on the 10th floor were each grounded by a grounding conductor in thepower-supply cable to the source transformer ground to building steel. The power-supplycable furnished with each piece of electronic equipment was a plastic-jacketed type, about3 m (9 ft) long, terminating in a multi-conductor plug, with the ground conductor attachedto the metal shell of the plug. The user supplied the mating receptacle and cable from thereceptacle to the source. This cable was not jacketed but had the ground conductorattached to the cable metal armor.
 It was found that separating the cable armor from contact with either the armor of theother cables or (grounded) metal supports for the raised floor reduced the continuous noiselevel by 90%. Consequently, insulating jackets were applied to the power cables toeliminate the noise interference between separate grounds of the grounding conductors.This also showed that noise was being generated in each piece of electronic equipmentand that the connection with other electronic equipment would introduce noise into allthese systems.
 Copyright © 2007 IEEE. All rights reserved. 205

Page 216
                        

IEEEStd 142-2007 CHAPTER 5
 5.9.3 U. S. Army facilities plant
 Electronic equipment in a small control building served a number of nearby productionfacilities. This equipment had an isolated ground of 28 ohm resistance to earth and0.7 ohm resistance separate from the building’s power ground system. The equipment’spower supply was from the plant’s power system, stabilized by static regulatingtransformers. In an electrical storm, a pole bearing the transformer servicing the controlbuilding, located 91 m (300 ft) from it, was struck by lightning. The electronic equipmentwas not in operation, and the main power switches were open. However, the electronicequipment sustained failure of about one-third of the semiconductor devices in its system.It was apparent that overvoltages did not enter the electronic equipment through the powersystem. The surge arresters on the normal power lines entering the building raised thebuilding-frame voltage substantially. The electronic equipment was held by its isolatedground to a lower voltage than that of the building. The capacitance between the electronicequipment and the building allowed voltage to be introduced between the two, placingovervoltage on components and causing failure of many of them. Consequently, theowners interconnected the electronic equipment ground conductor with the building’spower-system ground. There has been no subsequent malfunction due to lightning.
 A second production group at the same site was grounded, at a single point, with thebuilding grounding electrode. There were ten units of electronic equipment in this group,interconnected with four remote production buildings. All of these remote terminals weregrounded to the central control electronic equipment units, which were each connected toa heavy ground bus. From that point, a heavy conductor was run to the grounding looparound the building. This loop had a grounding electrode of less than 1 ohm resistance.Trouble-free operation, even though the area where the building was located had a highincidence of lightning, resulted.
 5.9.4 Restaurant computer system
 A point-of-sale electronic equipment system consisting of a central processing unit (CPU)with disk drives and seven remote devices (five terminals and two printers) was installedin a restaurant. The insulated grounds on the branch circuits were connected to isolatedground rods and isolated water pipes. The system was malfunctioning daily.
 Shielded, isolated transformers were installed at the CPU and all remote devices. Theisolated grounds were bonded to the equipment ground terminals at the subpanels, and allconnections to the ground rods and water pipes were removed. Following these changes,the system has operated reliably for over 2 years.
 5.9.5 High-rise office building
 An electronic equipment system consisting of two CPUs, disk drives, tape drives, andseveral peripherals was installed in an upper floor of a high-rise office building. Thepower source for the system was a 112.5 kVA transformer located in the electrical roomon that floor. The insulated ground from the electronic equipment room panel wasinstalled with the feeder conductors back to the electrical room, where it was terminated atthe 500 kcmil copper riser for the building.
 206 Copyright © 2007 IEEE. All rights reserved.

Page 217
                        

IEEEELECTRONIC EQUIPMENT GROUNDING Std 142-2007
 Both CPUs were experiencing a high incidence of hang-ups, after which the system wouldhave to be powered down and restarted. This resulted in the loss of all data.
 The connection to the 500 kcmil building ground was removed, and the groundingconnection made, with the feeder conductors, to the X0 neutral-ground bond of the112.5 kVA transformer. After this change, the system operated for several months withouta single incident of CPU hang-up.
 5.9.6 Separate buildings/single ground
 Four separate but nearby structures were the control buildings for a series of chemicalprocesses. Each building housed electronic equipment for process control. There weresome interconnections between data circuits of the electronic equipment and adjoiningbuildings. Each of the units of four electronic equipment was separately grounded to thestructural steel (power) grounding system of its building. Operation of the electronicequipment system was completely erratic.
 One of the plant engineers suggested that the grounding systems of the four units ofelectronic equipment be connected together and grounded at only one point: at one of thetwo center buildings. Erratic operation ceased at once. The NEC was being violated, eventhough there was a metallic ground-fault return system through the overall plant inter-building bonding system, but of higher impedance. This solution provided a commonreference for all of the equipment and prevented circulating currents through the datacircuits. An alternative, in compliance with the NEC, might be to retain the separategrounding in each building but provide electrical isolation of the data circuits.
 Interconnection of the electronic equipment units made the four systems a single system,so grounding at four points induced ground-current loops. In addition, at this plant, like allothers of that company, all the building frames were interconnected to a single groundsystem, making them the same as a single building steel combination. Therefore,connection to all four would be the same as grounding a system at four points on the samebuilding. Such common grounding can be the result of a metallic water system, shield ofground wires of electric cables, process piping, etc. These can inject such problems intomany electronic equipment system grounding schemes.
 5.10 Normative references
 The following referenced documents are indispensable for the application of thisdocument (i.e., they must be understood and used, so each referenced document is cited inthe text and its relationship to this document is explained). For dated references, only theedition cited applies. For undated references, the latest edition of the referenced document(including any amendments or corrigenda) applies.
 Accredited Standards Committee C2, National Electrical Safety Code® (NESC®).4
 4The NESC is available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box1331, Piscataway, NJ 08855-1331, USA (http://standards.ieee.org/).
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 FIPS Pub 94, Guideline on Electrical Power for ADP Installations.5
 Fagan, E. J., and Lee, R. H., “The Use of Concrete-enclosed Reinforcing Rods asGrounding Electrodes,” IEEE Industry and General Applications (Now IEEETransactions on Industry Applications), vol. IGA-6, no. 4, July/August 1970, pp 337–347.
 IEEE Std 1100, IEEE Recommended Practice for Powering and Grounding ElectronicEquipment (IEEE Emerald Book).6, 7
 Kaufmann, R. H., “Some Fundamentals of Equipment Grounding Circuit Design,” IEEEIGA, vol. 73, part 2, November 1954.
 NFPA 70, National Electrical Code® (NEC®).8
 West, R. B., “Equipment Grounding for Reliable Ground Fault Protection in ElectricalSystems below 600 Volts,” IEEE Transactions on Industry Applications, vol. IA-10, no.2, March/April 1974, pp 175–189.
 Zipse, D. W., “Multiple Neutral-to-Ground Connections,” IEEE I&CPS TechnicalConference, May 1972, pp. 60–64.
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A
 Automatic interrupting devices, 106Autotransformers, 48–53
 C
 Cabling of conductors, 83Calculation of resistance to earth, 164–168Charge density meter, 127Charge transfer system, 148Circuit impedance, 88Circulating harmonic current, 42Common-mode noise, avoiding, 62–63Common-mode signal, 62Common-mode voltage, 62Conductive floors, 131Conductive footwear and casters, 131Conductor cabling, 83Corner-of-the-delta grounded systems, 26Critical radius, 150Current-loading capacity, 168
 D
 DC surge arresters, 70Delta system grounded at midpoint, 26Delta-wye transformer, 29Direct lightning protection, 149–152
 E
 Early emission ionizing streamer, 148Effectively grounded, definition of, 2EGC, definition of, 2Electrical grounding and corrosion, 178–
 181Electrochemical systems, 67Electromagnetic interference suppression,
 89Electrometer amplifier, 126Electronic equipment
 definition of, 187general, 187
 Electrostatic voltmeter, 126Equipment grounding, 190
 basic objectives, 75case histories, 205
 Army facilities plant, 206corporate headquarters, 205high-rise office building, 206restaurant computer system, 206separate buildings/single ground,
 207classes of use, 95conductor sizing, 107electric-shock exposure, 76general, 75ground fault detection, 108installations serving heavy machinery,
 100–104insulated grounding conductors, 192local area networks, 198modem, 195NEC non-adherence, 196NEC requirements, 75noise isolation, 194optical fibers, 200overcurrent protection, 77power ground, 191problems, 194quiet ground, 194remote equipment, 195repeaters, 200safety ground, 191separate/isolated grounds, 193service equipment, 104signal ground, 191signal reference grids, 198single-point connection, 191single-point system, 197substations, 99switching centers, 110thermal capability, 76thermal withstand, 105transformation unit substations, 110utilization equipment, 111
 Index
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 Equipment grounding conductor (EGC), 75
 definition of, 2minimum size, 107sizing, 107
 F
 Ferroresonance, 65Field mill, 126Fortress concept, 148Franklin air terminals, 148Frictional electricity, 122
 G
 Generating voltmeter, 126Generators
 industrial and commercial, 38paralleled, 41paralleled with other sources, 46–48single unparalleled, 40unparalleled alternate sources, 44
 Ground electrodesconcrete encased, 171–172driven, 170existing, 170other types, 172substation, 173transferred earth potentials, 173
 Ground rods, 174connecting to electrodes, 175joining to structural steel, 176joining to underground piping
 systems, 176methods of driving, 174preparing the joint, 176
 Ground vs. earth, 93Ground, definition of, 2Grounded system, definition of, 2Grounded, definition of, 2Ground-fault limitations, 43Ground-fault neutralizer, 17Ground-fault neutralizer grounding, 5Ground-fault sensing, 108Grounding
 ac safety (mains) grounds, 191computer reference ground, 191dc ground bus, 191
 dc master ground point, 191dc power supply reference ground bus,
 190dc power systems, 66–70
 dc surge arresters, 70electrochemical, 67NEC requirements, 66solar photovoltaic, 67station battery systems, 66stray currents, 69transit power, 67
 dc signal common, 191earth common, 191electrical noise, 189equipment ground bus, 190high-resistance, 11industrial and commercial generators,
 38–48low-resistance, 13methods, 20other than system neutral, 25power supply common ground point,
 191reactance, 15resonant, 17satisfying Code requirements, 188signal common, 190solid, 17
 Grounding and grounded conductors, distinction between, 111
 Grounding conductorbonding of metal sleeves, 89enclosing metal shell, 83–88single wire, 77–83
 Grounding connectionsto earth, 93voltage protection equipment, 90
 Grounding decisions, 1–2Grounding locations
 specified by NEC, 37Grounding resistance
 calculation of, 164–168current-loading capacity, 168nature of, 161–163Recommended acceptable values, 163resistivity of soils, 164soil treatment, 169
 Grounding system, definition of, 3
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 Grounding transformers, 22
 H
 High-resistance grounded, definition of, 3High-resistance grounding, 11–13
 I
 Impedance grounding, 5Induced currents, 142Induced stroke, 142Insulated grounding conductors, 192Interior electric circuits, 105Interior wiring systems
 general, 104Ionization, 130Isolated equipment ground
 definition of, 188
 K
 Keraunic level, 143
 L
 Lightninginduced currents, 142nature of, 140–145need for protection, 142NLDN, 144
 Lightning protectioncharge transfer system, 148direct, 149early emission ionizing streamer, 148equipment and structures, 145Faraday cage, 148Franklin air terminals, 148general practices, 152high masts, 154laser, 149methods, 147nonconducting heavy-duty stacks, 153power stations and substations, 155principles, 146rocket, 149steeples, 154tanks and tank farms, 153zone of protection, 147
 Local area networks, 198
 Low-resistance grounded, definition of, 3Low-resistance grounding, 13–15
 M
 Made electrodes, 170Mining equipment supply systems, 57–60Multiple power sources, 33–37
 N
 National Lightning Detection Network (NLDN), 144
 Neon lamp tester, 126Neutral
 definition of, 188Noise, 62
 O
 Optical fibers, 200Outdoor open-frame substations, 95–99
 control of surface voltage gradient, 98design of earthing connections, 97design of paths for power frequency,
 96surge voltage protective equipment,
 98voltage gradients, external, 98
 P
 Per-phase charging current (Ico), definition of, 3
 Power sourcemultiple, 33single, 33
 R
 Reactance grounded, definition of, 3Reactance grounding, 5, 15–16Resistance grounded, definition of, 3Resistance grounding, 5, 10–15
 limiting current, 10Resistance to earth, 176
 measurements, 178methods for measuring, 177periodic testing, 178
 Resistivity of soils, 164Resonant grounded, definition of, 3
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 Resonant grounding, 17Resonantly produced voltages, 64–65
 S
 Separate/isolated grounds, 193Separately derived system, definition of, 3Service equipment, 104Shield grounding
 description/need, 203overvoltage at open points, 204
 Signal reference grids, 198Single power source, 33Single unparalleled generator, 40Single-point connections, 191Single-point grounding system, 197Soil treatment, 169Solar photovoltaic systems, 67Solid grounding, 5, 17–20Solidly grounded. definition of, 4Solid-state electrometer, 126Static charge, definition of, 4Static electricity
 area in contact, 122atmospheric conditions, 123causes, 120causing ignition, 125conditions affecting, 122effect of motion between substances,
 122electrometer amplifier, 126electrostatic voltmeter, 126generating voltmeter, 126hazard control, 132
 aviation industry, 132belted drives, 133coal industry, 134dry cleaning, 139electronic equipment, 140flour and grain industry, 134gas processing, 137hospitals, 138offices, 140paint industry, 137paper and printing industries, 137powder processing, 137refining industry, 137rubber industry, 138
 textile industry, 138magnitude, 123material characteristics, 122measurement and detection, 125methods of control, 127
 conductive floors, 131conductive footwear and casters,
 131grounding and bonding, 128–129humidity, 129ionization, 130proper maintenance, 132special precautions, 131
 neon lamp tester, 126solid-state electrometer, 126speed of separation, 122theory of generation, 120voltages possible, 123
 Static electricity detector, 127Static grounding
 minimizing losses, 120purpose, 119
 Static spark ignition, 125Station battery systems, 66Stray currents and potentials, 60–62Stray currents in transit power systems, 69Substation grounding, 173Switching centers, 110Switching surge, definition of, 4System charging current, definition of, 4System grounding, 190
 general, 75neutral, 5
 impedance grounding, 5solid grounding, 5
 purposes, 4System grounding points
 selection, 28transformer configurations, 28
 System neutral, 22
 T
 Thermal withstand, 105automatic interrupting devices, 106insulation damage, 106
 Third rail systems, 68
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 Three-phase, three-wire system, definition of, 4
 Transferred earth potentials, 173limiting, 63–64
 Transformation unit substations, 110Transformers
 delta-wye, 29grounding, 22wye-delta, 24wye-wye, 30zigzag, 22
 Transient overvoltage, definition of, 4Transit power systems, 67–69Tuned, 17
 U
 Ufer ground, 170, 188
 Ungrounded system, 5–10capacitance grounded, 5
 Ungrounded system, definition of, 4Uninterruptible power supplies (UPS), 53UPS systems, 53–56
 nonseparately derived, 54separately derived, 54
 four-wire loads, 55
 W
 Wye-delta grounding transformers, 24Wye-wye transformers, 30–32
 Z
 Zigzag grounding transformers, 22Zone of protection, 147
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