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monics content, voltage sags, or voltage loss. For instance, a
phase could open in the utility source due to a blown fuse or
circuit-breaker contact failure. An extreme case of poor power
quality is when the utility source has the wrong phase rota-
tion—that is, c-b-a instead of a-b-c rotation. This could cause
reverse rotation of motors. While such instances do not occur
frequently, a downed power line may be improperly re-
connected during an emergency repair. A sustained under-
voltage condition will lead to lower efficiencies and higher op-
erating temperatures, while a momentary sag can possibly
drop out magnetically held motor contactors.

MAJOR STUDIES

In the design of a facility, many electrical studies are per-
formed (1). One basic study is to size the loads and then group
them so that they are supplied from common switchgear.
Load sizes generally determine the distribution and motor
voltage. Other studies include short circuit and load flow. A
protection study will follow the fault and voltage studies, and
it will be based upon plant operating philosophy.

AC MOTOR PROTECTION
Short Circuits

Because motors provide a vital service to industrial and com- A short circuit (or fault) is defined as an abnormal connection
mercial installations, any failure of motors to perform to their of low impedance between two points in an electrical system.
specifications must be detected, and appropriate action initi- The connection can occur in a machine winding, transmission
ated. Techniques for protecting are well-developed, but which line, or distribution equipment. Faults rarely begin as a
to apply and how to set protection limits may differ in re- bolted fault, a term used when the impedance of the connec-
sponse to the failure cause, motor importance, or system de- tion is close to zero. A short-circuit study is one of the many
sign philosophy. needed to (1) determine the capability of the system to start

The above statement can be further clarified by separating and run motors, (2) select system components adequate for
the protection function into three categories: conducting the normal current continuously, and (3) be able

to interrupt fault current. For protective devices to operate
1. The motor itself may be failing or has failed. properly within their ratings, it is necessary to determine the
2. The driven equipment (fan, pump, etc.) may have failed, amount of currents they have to interrupt when the worse-

unable to be rotated by the rated motor horsepower. case fault occurs. Assuming that this study were done, the
interrupting time of the protective device must be coordinated3. The utility power supply may have failed or been cor-
with the thermal capability of the conductors between the mo-rupted in such a way that its power quality is inade-
tor and its source circuit breaker or motor controller. The typequate.
of system neutral grounding will influence the nature of
short circuits.In the case of impending motor failure, certain signs may

be detected. One such sign is that the motor fails to start Faults may begin with a defect in the equipment (motor or
transformer) winding during manufacturing or installation.(rotate) when commanded, or the motor trips off the line be-

cause of excessive motor current. Other signs include a high Small nicks can lead into minute values of current, often of
an arcing nature. Arcing limits the amount of fault currentmotor temperature during normal performance. Some of the

natural causes of motor failure are failed windings due to an initially and, depending on certain factors, can simply burn
itself out, leaving a high-impedance condition with carbonizedinsulation system that is inadequate for the environment

and/or a ventilation/cooling system failure. There can also be insulation around the failure location. This is particularly
true in ungrounded delta or high-resistance, low-voltagebearing problems due to lubrication system failures or poor

maintenance. Vibrations can shorten the life of a motor. Cer- grounded systems where the protection may not sense low
values of current, and thus would not trip. At a later time, atain installations may apply a monitoring system which will

continuously scan many sensors for a group of motors. voltage surge on another phase or ground can lead to a fault
between the two phases or between the first faulted phaseWhen the driven equipment fails, the motor current in-

creases, causing a higher temperature; and at a certain stage, and ground. This latter short circuit may result in a high level
of current equal to a bolted fault.the motor may not be able to rotate. When slowed down due

to the motor’s inability to rotate, the motor acts like a trans- On systems with solidly grounded neutrals or low-resis-
tance grounded neutrals, an incipient fault can develop intoformer with its secondary winding short-circuited, producing

high currents in both the stator and rotor. the bolted fault without ever being extinguished. This is why
some system designers prefer the lower-impedance groundedAll of the above failure symptoms could be the result of

poor quality of the supplied power. Poor power quality may neutral system because faults are easy to detect and cause
the protective device to clear the fault.include loss of a phase, incorrect phase rotation, high har-
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Short Circuits on the System. When a fault develops on a
distribution system, the immediate effect is to funnel most of
the electrical energy into the fault location. This includes
power from the source transformer or generator plus the con-
tribution from motors connected at the time. Power is sup-
plied to most low-voltage motors by combination controllers
that consist of a contactor, a circuit protective device, and an
overcurrent device that protects the motor. Many of the con-
tactors are held in place magnetically, and a voltage sag may

Motor
current

Device 51

Safe stall time

Current

T
im

e

initiate the contactor to disconnect from the source.
Figure 1. Time-thermal limit of motor protection safe stall time.

Short Circuits in the Motor Circuit. A fault on a motor circuit
will draw fault current from the source as well as from other

Protection Techniques (3). Each load (motor, transformer,motors connected to the system. If the fault is on the circuit
etc.) will be protected, and its protection will be coordinatedbetween the motor and the controller, the motor will also feed
with system protection. The simplest approach is to provideinto the fault. Bolted faults can be sensed with instantaneous
backup overcurrent protection that permits individual loadovercurrent trip elements, and the circuit can be opened
circuit protection to operate first. If the primary protectionwithin fractions of a second. When applying a magnetically
fails to clear the overcurrent condition, the backup protectionheld contactor, a voltage drop could force its contacts open
will operate following a delay. However, this backup protec-before the protective device operates, whether fuse or circuit
tion removes all circuits connected to the bus, and not justbreaker. For this reason, the contactor should be rated for the
the motor circuit on which the primary protection failed.short-circuit interruption, or its operation should be delayed

Another major consideration is ground fault protectionfrom dropping out. Separate, reliable alternating-current (ac)
(GFP), the philosophy of which may differ from one plant toor direct-current (dc) sources can be applied to the control
another. Some schemes alarm first, and then the circuit iscircuits for this contingency.
tripped by operator action following whatever adjustments

Voltage Drop Study had to be made to the process control. Other GFP schemes
may first alarm and then trip automatically when a secondOne of the most important studies is to determine how the
phase has been grounded to form a phase-to-phase-to-groundvoltage is maintained on the distribution system during start-
fault, much higher in magnitude than ground fault currenting or running conditions. The study must be coordinated
in most cases. These are advantages to all schemes, but thewith the short-circuit study, and a principal starting point is
philosophy must be understood before selection of the neutralto determine the characteristics of the source voltage. Utili-
grounding transformer connection scheme and the GFP de-ties can furnish the available fault MVA with a range of a
vices.nominal voltage as having plus and minus percentages. Gen-

In a typical installation (4), utility power is transformederally, this is a small deviation of 
5%. There have been
down to a plant distribution voltage system. The most com-cases whee the utility fault MVA has been too low to maintain
mon protection practice is to measure motor current and com-system integrity, a condition to consider when setting over-
pare it against some protective device set above the ratedcurrent relays which may not have sufficient current to oper-
nameplate current. When the current exceeds the device set-ate relays.
ting, the condition must cause an alarm or trip action. Indi-For a conservative design, a short-circuit study will begin

by using the plus value, the worst condition where the fault vidual circuit overcurrent devices can perform basic protec-
current will be higher. Likewise, the load study begins by us- tion for most ac motors. The power source would be protected
ing the minus value, a case where low-voltage motors may by facility undervoltage/overvoltage protective devices as well
have insufficient voltage to start with certain designs. Motor as overcurrent devices set to coordinate with the primary
controllers have capabilities to start from less than nominal overcurrent devices of those individual motor circuits.
voltage, and they accelerate the motor to rated speed. Simi- Most electrical equipment has thermal limits beyond
larly, these controllers and their motors can predictably ride which some failures can be predicted to occur. These limits
through voltage sags. The study is complex, because of deci- determine the selection and setting (where appropriate) of the
sions made on conductor sizes, transformer impedances, tap overcurrent protective devices. Although only one phase will
changing ability, plant location, cogeneration, and other fac- be shown for most figures in this chapter, a three-phase sys-
tors. While motors may be applied to a particular system, it tem is implied. For instance, Fig. 1 illustrates the type of lim-
is important to recognize that the motor voltage will be lower its for induction motors. (Please note that the time versus
than the distribution system voltage. Some typical values are current magnitude is on a log–log scale.) For convenience, the
shown in Table 1. safe stall time is shown as a single point in time above the

starting current [locked rotor current (LRC)], whereas other
failures can occur at lower current values. On this basis,
there is need to protect the motor during starting, as well as
when running. This phenomenon has been recognized for
years, and protective devices can be applied to prevent the
motor current from reaching these limits. It is further as-
sumed that the motor winding temperature is approximated
by the temperature curves of the time–inverse-overcurrent
relays used in this figure. By adding the tripping characteris-

Table 1. Typical Voltages (2)

Nominal System Voltage Motor Utilization Voltage

480 460
2,400 2,300
4,160 4,000
6,900 6,600

13,800 13,200
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cause these motors are closer to the source, they are more
subject to changes in power quality. Depending upon source
transformers and their protection, MV motors would be more
vulnerable to surges due to circuit switching or lightning on
the power source. They would also be exposed to higher val-
ues of fault current than would lower-voltage systems. Over-
current protection is applied to all three phases, and the nor-
mal differences between applications will be due to the motor
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LRC current
torque–speed characteristics, very evident during starting

Figure 2. Motor protection using time-overcurrent relay with instan- and acceleration of the connected equipment. For instance,
taneous trip element for short-circuit protection. the normal protection of Fig. 2 could satisfy many require-

ments.
However, motors with high inertia loads have different

torque characteristics, and long acceleration times of 30 s totics of an inverse-time–overcurrent device 51 (5) below the
40 s before reaching rated speed. Thus the overcurrent protec-motor thermal characteristics, the motor will be allowed to

start and to accelerate to its rated speed where it is then pro- tion must change in order to permit starting of these motors.
tected by overcurrent means while running. Regardless of the Figure 3 illustrates one method of protection that utilizes sev-
cause, the motor will be protected for overcurrent conditions. eral overcurrent elements. The relay must be able to distin-

A drawback using this overcurrent protection scheme is guish between an actual fault and a starting current that con-
that it does not adequately protect for short circuits in the tains high transient asymmetrical peak currents over a very
cable from the distribution equipment to the motor. There- brief time period. Therefore a time delay of 50 ms to 100 ms
fore, a protective element must be added to the overcurrent has been shown on device HD50, which pickup has been set
device to sense a trip whenever there is an abnormally high above the LRC value. The standard instantaneous trip ele-
current during starting. This device 50 is shown in Fig. 2 to ment, device 50, has been set at two to three times the LRC.
the extreme right of the inverse curve. In order to allow start- The inverse-time-overcurrent element, device 51, protects the
ing, the setting for this instantaneous tripping device must motor for running conditions. There exists a practice within
be higher than the magnitude of the inrush current to the some companies to set the device 51 at a lower value on one
motor. The motor locked rotor current (LRC) can be estimated phase only to alarm, such as 1.2 X FLC, while the device 51
at six times the full load current, although some locked rotor on the other two phases would trip on some higher value,
currents may be as high as eight times the root mean square such as 1.35 or 1.40 X FLC. This takes advantage of the re-
(rms) value of the full load current. In addition, there are dundancy of having protection on each of the three phases.
asymmetrical peaks that could inadvertently trip a protective Differential Overcurrent Protection of MV Motors. Differen-
overcurrent device set too closely. This is reason to suggest tial overcurrent protection of motors is an established method
setting the instantaneous element to some value of at least to detect low-level faults before they cause much damage. One
twice the LRC. When possible, obtain the actual current val-

scheme locates the current transformers (CTs) at theues from the motor manufacturer, especially for the new en-
switchgear, such that the motor conductors are included inergy efficient motors, which may require a trip setting equal

to three times LRC. It is important to be able to estimate
the approximate current settings in the design stage of the
application, in order to select the range of the protective
device.

Overcurrent Protection

As mentioned above, the principal means for overcurrent pro-
tection is the use of overcurrent devices that replicate to ther-
mal limits established for a particular motor. This method is
used for both low-voltage motors (systems below 1000 V) and
medium-voltage motors (nominal voltages greater than 1000
V). However, devices manufactured for low-voltage motors
and equipment are generally of a different nature due to the
lower fault duty imposed upon them, with resulting smaller
spacing required between the energized buses and other parts
of the equipment. In many cases, motors are supplied from
switchgear, particularly when the number of start/stop opera-
tions is limited. For those applications where very frequent
start/stop operations are required, combination controllers
are used for low-voltage motors as well as for medium-volt-
age motors.
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Medium-Voltage Motors. Medium-voltage (MV) motors are Figure 3. Overcurrent protection of large motor with high inertia
load with long acceleration time.to be protected from all the previously mentioned failures. Be-



AC MOTOR PROTECTION 85

87

87 0

R RI I

Figure 6. Differential protection using self-balancing CTs at the
Figure 4. Differential protection of motor, prefault. motor.

the differential zone. Figures 4 and 5 illustrate that method. Another method to provide differential overcurrent protec-
While more embracing, this scheme lacks the speed and reso- tion is to use self-balancing CTs at the motor. Figure 6 illus-
lution of the self-balancing method, which follows. trates how this is achieved. The CT for each phase is self-

Differential overcurrent protection is often used on MV balancing where flux from the current entering the motor is
motors, especially on the higher horsepower ratings. This balanced in the CT core by flux produced by the current leav-
type of protection measures current entering a motor and ing the motor. This results in a very sensitive relay that can
then matches this current with the value of the current exit- detect ground faults in the motor winding much easier than
ing the motor. Figure 4 illustrates the normal condition where the schemes of Figs. 4 and 5. There is no need to allow for
current is stepped down by the CT to a range of 0 A to 5 A on differences in the CT performances, and, as such, this scheme
its secondary. Normally in the selection of the CT primary, a is faster. While able to be set at low values of current, there
value equal to 150% of motor FLC will be adequate for run- is a need to recognize the type of system grounding and what
ning as well as starting current. For example for an FLC of device the relay will signal to trip. On a large MV distribution
200 A, a 300 : 5 A CT will be selected. The starting current system there may be surge protection at the motor terminals,
(e.g., 1200 A) may then produce a secondary current of 20 A and this will require a delay in action to allow for the surge
which will circulate through both CTs and the relay restraint devices to carry the surge current to ground. Another consid-
windings. Assuming that the connected relay and metering eration is when motor starters are used to open and close the
burden is normal, the secondary voltage on the CT will not motor circuit. If the self-balancing device is too fast, the motor
lead to CT saturation. Standard CT burdens and voltages will contactor may open during a developing fault for which it is
be used to select the actual CT. not rated to interrupt. Some schemes use a delay so that a

Figure 5 shows what happens when there is a fault in the circuit breaker opens or a fuse operates to limit the fault
motor windings. The secondary current from CT1 produces current.
more current than that from CT2. This produces a current Voltage Protection of MV Motors. There are several consid-
difference, which returns to CT1 through an operating wind- erations for voltage protection that necessitate an approach
ing, which initiates tripping action. Although this scheme rep- not related to the overcurrent devices. As mentioned earlier,
resents the actual elements in earlier electromechanical re- MV motors are more sensitive to power quality, and they cer-
lays, it is only a schematic for solid-state relays. Because tainly justify the application of devices which would not nor-
there may be a difference in CT ratios, there must be some mally be used on low-voltage motors. For instance, surge pro-
threshold percentage difference current to operate the trip- tection is one application that fits here. Protection against
ping action. In older relays, it was necessary to exceed a 10% voltage sags (a term which describes a momentary decrease
difference at low values of current before tripping was ini- in the supply voltage) is another. For strictly induction mo-
tiated. tors, there may be a dropout of contactors if magnetically held

by its circuit ac power. One method is to use a dc control
voltage that is not affected by the source sag. Alternately, a
reliable ac control voltage would be used, possibly requiring a
UPS or some other means.

Mentioned earlier is the loss of one phase or reverse con-
nection of the supply voltage. Either of these scenarios can
cause negative sequence voltage and current. Even a negative
sequence voltage as low as or equal to a 5% value of the nor-
mal positive sequence voltage can cause a negative sequence
current that overheats certain components on the motor rotor.
The best way to envision this is to recognize that the ac wind-
ings generate a magnetic field that rotates in a prescribed
direction, with the rotor lagging by the slip of only 2% to 3%.
To the contrary, the negative sequence voltage will develop a
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field that rotates in the opposite direction, causing an oppos-
ing move that generates heat in the rotor. Positive, negative,Figure 5. Differential protection of motor, following fault.
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will discuss only the application, and not the factors used to
select the type of neutral grounding.

High-Resistance Grounding. If the neutral is not grounded
or is high-resistance grounded, the ground fault current mag-
nitude may be limited to 5 A or less, a value normally equal
to the capacitive charging current of a MV plant distribution
system. High-resistance grounding of the system neutral is a
common approach to protection for low-voltage (1000 V maxi-

Motor current thermal
overload relay

Magnet trip device

t

i
mum) or MV systems, especially where the process continu-

Figure 7. Protection of low-voltage motor using a combination con- ance requires that the motors remain connected until an oper-
troller. ator trips off the power as part of the procedure following an

alarm. For 13.8 kV and higher voltage systems, the charging
current may exceed 10 A, and this could lead to combustion

and zero sequence terms are derived from symmetrical com- of the insulation when arcing; thus, the current practice is to
ponents, a method to analyze power circuits. A negative se- trip whenever the ground fault occurs at the higher MV
quence overvoltage relay can be located near the bus to pro- systems.
tect a group of motors. Negative sequence overcurrent relays Figure 8 illustrates the phasor relation of a 13.8 kV MV
are more sensitive, and can be applied on individual motor system where the motor circuit capacitive current exists due
circuits to protect large motors. Generators have a definite to the capacitance in the motor, the cables, and surge protec-
constant (k) to be used in protection against these negative tion. Phasors are similar to vectors, except phasors have mag-
sequence currents. No standard presently exists for motor nitude and time difference in electrical degrees, as opposed to
protection (k) constant, although values of 30–40 have been vector magnitude and direction. The VA represents the ‘‘A’’
used to apply the negative sequence relay. phase to neutral voltage, and leads the ‘‘B’’ phase voltage by

120 electrical degrees, and leads ‘‘C’’ phase voltage by 240
electrical degrees. The capacitive current leads its respectiveLow-Voltage Motors. Most low voltages will be fed from mo-

tor control centers or some similar configuration of grouped phase voltage by 90 electrical degrees, and has been desig-
nated as Iac, Ibc, and Icc, respectively. In a normal industrialdevices. Most protection consists of a combination motor con-

troller that includes short-circuit protection and motor protec- installation, there would be actual load current fed into the
motor, and this load current would be of considerably highertion for overloads and ground faults. Figure 7 is typical and

consists of a circuit protective device, such as either a fuse or magnitude than the capacitive current shown.
Figure 9 illustrates the effect of a ground fault on B phase,molded case circuit breaker, an overload relay which protects

the motor, and a contactor which opens and closes the circuit and how the capacitive current combines to a charging cur-
rent equal in magnitude to three times the pre-fault phasorupon command from the process or manual signal.

The circuit protection may be a single-element fuse or a value. Figure 9 can also be applied to a low-voltage system,
although the magnitude of the charging current would bedual-element fuse that can also protect the motor. The circuit

breaker needs to have only an instantaneous trip element, lower, approximately equal to a magnitude of 1 A per 1000
kVA. By measuring this low-amplitude current, a ground-although circumstances may force the use of a circuit breaker

which has an inverse tripping element, as well. fault relay can initiate automatic tripping of circuits or to
alarm only so that the operator may manually trip the cir-Ground Fault Current Protection. This term is generally

shortened to ground fault protection (GFP), with current im- cuits as part of the normal process control shutdown. The
presence of a ground fault raises the potential from the nor-plied. Most faults start as a single line to ground faults, and

early detection may prevent the fault from developing into a mal phase voltage to ground to a value equal to line-to-line
voltage or 1.732 times phase voltage. The significance of thisphase-to-phase fault. A ground fault is generally caused by an

insulation failure due to temperature, vibration, or a similar is that the operator must be aware of the increased potential
for a major fault of line-to-line voltage and should handle sys-environmental condition. The failure could also be caused by

poor workmanship during installation of the motor or its con- tem shutdown expeditiously.
Figures 10 and 11 show two methods for measuring theductors from the power source. When a ground fault develops

in a motor circuit, the value of the normal phase current may ground fault current in a high-resistance grounded neutral
not change appreciably, but a differential current is created
which will return to the source via ground and not via the
phase conductors. Assuming the fault to be in the motor insu-
lation, its core and frame provide low-resistance paths for the
fault current. While the current may initially be in milliam-
peres, it can develop into more measurable and destructive
values of current, very much dependent upon the type of sys-
tem neutral grounding. The major reason for early detection
of ground faults is to limit the damage to coil replacement,
rather than permit the fault current to grow, causing damage

Ibc

Icc

Iac

VB

VA VCto the motor steel. The system designer determines the type
of system grounding, which will affect how motors are pro- Figure 8. Phasor relation of a 13.8 kV MV system where the motor
tected, the type of insulation needed for voltage transformers, circuit capacitive current exists due to the capacitance in the motor,

the cables, and surge protection. Load current not shown.and the voltage rating of surge protective devices. This article
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Figure 11. Typical high-resistance neutral grounding scheme.

system. Figure 10 has a toroidal current transformer, which
encircles all current carrying conductors. For three-phase bal-
anced loads, this consists of the three-phase leads. A neutral
conductor may also be so grouped with the phase conductors
on low voltage in order to account for any single phase to
neutral loads. The sum of magnetic flux in the current trans-
former core during a pre-fault condition will equal zero, as
illustrated in Fig. 8. Figure 11 is a typical high-resistance
neutral grounding scheme, which connects a distribution
transformer between the neutral and ground. A resistor is
connected on this transformer secondary to provide a path for
the ground fault current, and is monitored by a voltage relay
sensitive to the voltage drop across the resistor. This scheme
would be used to back up ground fault protection on individ-
ual motor circuits, and it could be used to alarm or trip after
a time delay in the event of failure to act by an individual
circuit protective device such as shown in Fig. 10.

There are variations on these schemes, such as having a
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residually connected CT configuration with the three-phase
Figure 9. Effect of a ground fault on B phase, and how the capacitive leads tied together after carrying current to their respective
current combines to a charging current equal in magnitude to three protective relay and metering devices. The ground fault de-
times the pre-fault phasor value. vice is now connected between the residual connection and

the neutral connection of the CTs. This is shown in Fig. 12.
An advantage to this scheme is the simplicity of not needing

510

Surge
capacitors

Motor
windings

Ground fault
relay at

switchgear

C

Iac
+ Ibc

+ Icc
+

B

A

51
N

51
C

51
B

51
C

Ground fault
relay in the

residual circuit

Three-phase
overcurrent

relays device 51

A

B

C

Figure 12. Residual connection of overcurrent relays to obtainFigure 10. Core-balance CT for measuring the ground fault current
in a high-resistance grounded neutral system. ground fault current.
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Figure 14. GFP at source to protect cable and motor.

Two schemes are normally used with this approach: The
first one has the GFP at the switchgear, and the other one
has the GFP at the motor in the form of a differential core
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balance CT. Figure 14 illustrates the use of the GFP at the
switchgear and thus being able to protect for ground faults inFigure 13. Neutral to ground resistor for low-resistance GFP

scheme. the cable as well as in the motor. Figure 15 illustrates the
differential approach. Although only the motor is protected,
this configuration is more sensitive than that in Fig. 14
scheme. For the configuration shown in Fig. 15, it is impor-a fourth CT for the low-voltage systems neutral or one large-
tant that there be coordination with the motor contactor be-core balance current transformer as shown in Fig. 10. The
cause motor contactors have limited capability to open faultdisadvantage is that the residual current may contain unbal-
current, generally up to 10 times its continuous current rat-anced current due to CT differences. This latter disadvantage
ing. If the differential GFP operated too swiftly, the contactorcan be troublesome when coordinating several stages of pro-
could open on a major fault, leading to failure of both thetective relays.
protective device and the motor.Many low-voltage circuit protective devices have an inte-

Solidly Grounded Neutral Systems. This method is used pri-gral residual current circuit. Where close coordination is re-
marily for low-voltage schemes, although certain rare solidlyquired, a neutral CT may also be needed, or it may be neces-
grounded neutral MV schemes exist. Low-voltage schemes,sary for the source to use the Fig. 10 connection with the
however, operate to trip the motor in a manner similar toneutral conductor also enclosed by the core balance CT. At
overcurrent protection. For coordination purposes, each motormedium voltage where there is no neutral conductor, many
branch circuit should have its own GFP device. When ausers of microprocessor-based protection recognize the in-
ground fault develops, the circuit breaker or fused load switchcreased capability that is gained from using the Fig. 10 con-
should open to remove the fault. In the event of failure of thenection for deriving the unbalanced current.
individual circuit protection, backup protective devices willLow-Resistance Grounded Neutral System. This approach in
operate to remove a larger section of the system in additionFigure 13 is used to protect MV systems and motors from
to the faulted motor circuit. Some of the motor controllers in-ground faults by tripping without intentional delay, except for
clude this protection inherently, but there is not universal(1) the need to distinguish between current unbalances and
agreement on the minimum size motor circuit for which therecharging current effect and (2) coordination of protection of
is no need to have an individual GFP. A zone interlocklarge motor loads and backup systems. The advantage of
scheme can be utilized which prevents the backup device fromrapid tripping is balanced by the possibility of more extensive
operating until after a time delay. Zone interlock is a protec-damage, because the neutral is grounded through a resistor
tion system that relies upon relay operating time differencesthat permits a higher current to flow on a ground fault. The

magnitude would be in the range of 150 A to 1500 A as op-
posed to 5 A to 10 A with high-resistance grounding. The re-
sistor will normally be rated for 10 s operation. The selection
of this resistor is discussed in another article. Consideration
must be given to the resistor current value, because setting
the relay at 15 A pickup on a 150 A neutral resistor source
will provide ground fault protection down to 90% of the neu-
tral winding. Should there be surge arrestors and capacitors,

50Gthe GFP pickup sensitivity may be retained by adding a trip-
ping time delay of a few cycles in order to preclude false trip- Figure 15. GFP using a core balance CT at the motor, connected to

an instantaneous relay.ping on a surge.
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between downstream protective devices and upstream a 6-pole machine operating at 1150 rpm instead of 1200 rpm.
Synchronous motors, on the other hand, operate at synchro-(backup) protective devices. For example, on a low voltage cir-

cuit, a ground fault protective device 50 G may operate in 1 s nous speed (e.g., 3600, 1800, 1200 rpm), relying on the rotor
field to keep in synchronism with the stator rotating field.for a 100 A ground fault. Towards the power source would be

a ground fault device protecting the bus from which the pro- Thus the principle difference in protection is to ensure the
field integrity and its field supply, such as a remote exciter,tected circuit had been fed. This upstream device could be set

for a 100 A pickup, delayed for 1 s to 3 s in order to permit motor-generator set, or electronic type.
When the excitation is applied to the field, the motor willthe primary protection initiate clearing the fault within 1 s.

If the ground fault fails to be cleared by the primary protec- pull into synchronism with the applied voltage. Preparatory
to starting the motor, the availability of the excitation systemtion, the backup device would operate in 1 s to 3 s. As in

phase overcurrent applications, the backup protection would is determined, then the motor is started, and a sequence de-
vice will permit the excitation to be applied to the field at theremove all circuits from the systems when it tripped the

source circuit breaker or load switch. right time. If the sequence is not complete within a certain
time reference, the field closure will be blocked.Undervoltage Protection. Undervoltage tripping is neces-

sary to protect the motor from overheating when the voltage Once running, protection is applied to detect a ground in
the dc field circuit, generally to alarm. Field failure is alsois too low. Both the efficiency and the power factor are af-

fected by an undervoltage condition. MV motors can be pro- monitored, because this would result in the motor slipping
(pullout) from synchronism. Protective devices for these appli-tected by many methods, but often a bus undervoltage relay

is adequate. However, it can be hazardous to rely solely on cations are changing with the new power electronics capabil-
ity. Often the synchronous motor manufacturer would specifythis method, because if the source were disconnected during

periods of low voltage, large motors continue to rotate and what protection to use.
even supply power to the smaller motors on the bus. There
are combination relays that include an undervoltage relay el- Surge Protection. Surge protection can generally be limited
ement for the normal positive sequence voltage and an over- to MV motors, except for those installations where there is
voltage for the negative sequence voltage. Motors supplied by exposure of the low-voltage distribution system. In normal
magnetically held controllers could also trip open in order to plants, surges would appear on the MV system, and that is
protect the motor. If this action is not desirable, the contactor where surge devices would divert the surges to ground and
can be held in from a battery supplied voltage or from a reli- thus protect the connected electrical equipment. In the past,
able ac source, such as a UPS. lightning protection was the term used, but in recent years

Overtemperature Protection. In addition to overcurrent pro- switching surges have generated destructive surges. One ex-
tection, there are direct methods of overtemperature protec- ample is the switching of capacitor banks for power factor im-
tion. For MV motors, there are thermal relays that replicate provement. While the switching surge and lightning surges
the effects of current by plotting a temperature versus time may differ, the means for protection have also changed. For
curve that has memory. This can also be accomplished by new many years, lightning arresters consisted of an air gap across
techniques in which stored temperature can be factored. The which the surge jumped. Since lighting was of a brief time
older overcurrent electromechanical relays had no memory; period, follow-through 60 Hz current reset to zero during the
and if a motor were being tested, as is often done during plant normal sinusoidal cycle. In today’s applications, the metal ox-
commissioning, the overcurrent relay would reset when the ide varistor (MOV) predominates by providing a low resis-
motor is tripped off. When restarting, the effects of the previ- tance path for surges to ground by changing from a normal
ous tests would not show on the overcurrent relay, and exces- quiescent high resistance characteristic, generally not using
sive, damaging current could be permitted to continue. an air gap.

Another method is the application of thermal devices that Surge capacitors are often used with motor applications
are placed in low-voltage motor windings and carry load cur- and function by slowing the rate of rise of the surge. Coupled
rent. When the temperature reaches a limit for its insulation with this phenomenon is the increased capacitance in ex-
class, the device would open, and power would be removed truded cables. Both cable capacitance and motor exposure
from the motor. must be considered. Surge protective devices are generally

For long-term protection, motor windings will be furnished mounted at the motor terminals with the shortest leads as
with temperature sensors, such as thermocouples (TCs) and practical in order to minimize the lead inductance. As a re-
resistance temperature detectors (RTDs). Certain standards sult, surge protection may require an oversized terminal box.
exist which define the number of these devices that will be When applying ground fault protection to motors that have
inserted automatically into the motor windings during manu- surge protection, it is necessary to allow a short time delay in
facturing. order for the surge to be cleared. Otherwise the GFP would

assume that the surge were a ground fault and cause a false
tripping of the circuit.Synchronous Motors

These motors are similar to induction motors with the main
difference being that the rotor has a field winding into which BIBLIOGRAPHY
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