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ENERGIZATION OF GENERATORS
AT STANDSTILL AND OTHER NIGHTMARES

Introduction

Although the probability of inadvertant and undesired energization
or connection of generators is extremely low, the severe damage
the generator could sustain (reportedly one generator was
completely destroyed because of inadvertant energization (2)) and
the effects of the electrical shock the system will experience
from such energization should mandate a review and evaluation of
existing generator protection to assure an inadvertantly energized
or connected generator 1is disconnected and 1isolated from the
system with minimum delay.

If, following such review, it is determined the existing
protection cannot <c¢lear an 1inadvertantly energized or connected
generator, or 1f the existing relaying provides only slow

clearing, additional relays and/or tripping circuits should be
added to reduce the probability of severe damage to the generator.

Energization at Standstill or While on Turning Gear

Figure 1 is a simplified one-line drawing of a wunit connected
generator. The generator 1is connected to the system through a
unit (step-up) transformer and two breakers (52-1 and 52-2) to a
ring bus or to a two bus, breaker and one-half configuration, on

the high voltage system. Device 89 is a wunit line switch
installed to permit closing breakers 52-1 and 52-2 while the unit
is off line. (For ring bus, and breaker and one-half

configurations, it is common practice to keep all breakers closed
to maintain the integrity of the high voltage busses.)

Also shown on Figure 1 is a unit auxiliary bus breaker (52-3) used
to energize the unit auxiliaries while the unit is operating.

During startup and shutdown of the generator, and while it is off
line, the unit auxiliaries are energized from the start-up
transformer through breaker 52-4.

Breakers 52-3 and 52-4 are electrically interlocked s¢ both cannot
be closed simultaneously except momentarily while transferring the
auxiliary bus from one source to the other.

If, while the generator is at standstill or on turning dgear,
either breaker 52-1 or 52-2 were closed and 89-1 was previously
closed, or if switch 89 were closed with either 52-1 or 52-2
already closed, the generator would be energized three phase and
at least attempt to start and accelerate as an induction motor.



If one assumes the generator is rated 500 MVA say, this operation
is roughly equivalent to attempting an across the line start of a
30,000 to 60,000 horsepower motor.

The generator terminal voltage and current will be a function of
the system, wunit transformer, and generator impedances. The
current will be limited by the system and transformer positive
sequence impedances in series with the generator negative sequence
impedance. (The generator negative sequence impedance is equal to
its subtransient impedance.) For typical values for these
impedances, the current would be about 225 percent of generator
rating and the generator terminal voltage about 50 percent of
rated. However the current could be as low as 100 percent for
generators connected to weak systems to perhaps 333 percent for
generators connected to near infinite systems with terminal
voltages of about 20 percent and 67 percent respectively.

Upon energization, there will be a severe mechanical shock to the
turbine generator resulting in torsional stresses and vibration in
the shaft and excessive electromechanical forces on the generator
and windings.

High magnitude currents will be induced in the rotor body which,
in time, can excessively heat the rotor.

A few incidents of such three pole energization have occurred, but
serious damage was usually avoided apparently because the machine
was cleared by protective relaying in less than 0.5 seconds (1).

It does not follow that clearing a generator energized at
standstill in 0.5 seconds or less will preclude damage, but prompt
clearing will reduce the probability of damage and certainly
reduce the severity if damage does occur (1).

Three phase energization at standstill would probably occur
because of a switching error. The primary defense from such
errors is an alert, competent switchman, but even the best
switchman can make a mistake so it is essential to trip a unit
back off if it is erroneously energized.

Interlock schemes of various complexity have been installed to
supplement and/or supervise the switchman. Such interlocks can
themselves increase the hazard of inadvertant energization since
the switchman may come to rely on the interlocks to avoid error
rather than carefully and intelligently following the switching
order or procedure; or worse, Dbecause of the interlocks, less
competent personnel may be permitted to switch. Se 1if the
interlocks themselves fail, and all gadgetry eventually does fail,
the probability of energization of a generator at standstill or on
turning gear may be higher than  1f the interlocks were never
installed.



Another possibility, usually ignored, of erroneously closing a
breaker to energize a generator at standstill is by closure of the
auxiliary bus breaker (52-3 on Figure 1) while the auxiliary bus
is energized from the startup transformer.

Considering average or typical values of impedance, the generator
current will be about 40 percent of rating with a terminal voltage
of perhaps only 9 percent. Current could be as low as 33 percent
for weak systems and as high as 50 percent for strong systems with
terminal voltages of about 7 percent or 10 percent respectively.

The interlocks provided should result in immediate tripping of the
startup transformer auxiliary bus breaker (52-4).

Granted that the startup transformer auxiliary bus breaker is
capable of interrupting the fault, the generator will be cleared.

If the interlocks were to fail, then protective relaying would
have to clear the generator.

The simple practice of always, as part of the shutdown procedure,
racking out or otherwise making the unit auxiliary transformer
breaker inoperable would prevent erroneous closure of this breaker
into a generator at standstill or on turning gear.

A generator at standstill can be energized single phase if a high
side breaker were to flashover with switch 89 closed, or a
flashover of switch 89 with either of the high side Dbreakers
closed, or a flashover on the unit auxiliary transformer breaker.

For a high side flashover, the single phase energization would be
on a phase to phase basis, not phase to ground. Figure 2 shows in
simplified form, the three phase connections of a unit connected
generator energized by a flashover across one pole of the high
side unit line switch. As can be seen, full voltage is applied
between two of the generator terminals and half voltage between
each of these two terminals and the third terminal.

The phase current in the generator windings connected to the
terminals energized at full voltage will be 87 percent of the
current for the three phase energization case ~ about 200 percent
of generator rating for typical values of impedance with a
terminal voltage of about 60 percent, but this current could be as
low as 87 percent to a maximum of about 300 percent of generator
rating with terminal voltages of about 23 percent to 77 percent
respectively.

The negative sequence current will be 58 percent of the calculated
phase current, or about 115 percent of the generator rating using
typical values of impedance. ‘

This high magnitude of negative sequence current will, in some

seconds;, cause severe overheating of the rotor, so again
relatively fast clearing of the generator is mandatory.
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Flashover across an open unit auxiliary transformer breaker would
also energize the generator on a phase to phase basis similar to a
flashover on the high side since the unit auxiliary transformer is
also connected delta on the generator side and wye-grounded on
what is the source side for the modes of energization being
considered.

Unit auxiliary transformers are almost invariably resistor
grounded so the <current flow would be more or less restricted,
depending on the value of grounding resistance, but even for this
case the negative sequence current might, in time, cause excessive
rotor heating. The practice of racking out the unit auxiliary
transformer breaker would almost preclude any such flashover.

Energization During Warm-Up or Shut-Down

Inadvertant energization, either three phase or single phase,
during either the warm-up period prior to synchronizing and before
the generator field 1is energized, or inadvertant energization
during the rundown following de-energization and after the field
breaker is opened will cause hazards to the generator similar to
those existing if the generator is energized at standstill or on
turning gear. If the inadvertant energization is single phase
while the rotor is turning there could be a severe torsional shock
to the shaft while no such shocks occur 1if the rotor is at
standstill and the unit is energized single phase.

However, not the same degree of hazard may exist if the unit is
rotating as compared to one standing still or on turning gear. If
at energization the unit is rotating at less than 90 to 85 percent
of synchronous speed, the currents and voltages of the generator
will be essentially the same as if the unit were energized at
standstill, although for three phase energization, the mechanical
shocks may not be as great.

If the unit is at, or near synchronous speed and energized three
phase, the electrical and mechanical shocks to the generator and
"electrical system may be very low, or even non-existant.

One means of synchronizing hydro turbine-generators (at least for
small units) 1is to bring the unit up to speed at zero excitation,
close the main a.c. breaker(s) and immediately after close the
field breaker. The system pulls the unit into step immediately
and, reportedly, the shocks to both the unit and system are minor,
or non-existant.

Inadvertant Single Phase Connection of Generators During
Synchronization

During the synchronizing process, after the generator field has

been energized, the open high voltage breaker(s) and the unit
auxiliary transformer breaker are subject to the difference of the
generator and system line-to-neutral voltages. Since the

generator voltage can be at a slightly different frequency than



the system voltage, the voltages across the open breaker contacts
periodically vary from zero to twice normal, increasing the
probability of a flashover across the open contacts.

Results of such a flashover depend on the angular difference
between the voltages at the time of flashover, but invariably a
large negative sequence current will flow through the generator
windings with all the concomitant hazards. There will, of course,
be mechanical and electrical shocks.

Non-Synchronous or Out-of-Step Connection of Generators

Because (usually) of operator error during synchronizing, the
generator may be paralleled to the system out of phase, or even
out-of-gtep with the system.

One instance is known of closure o©f a generator breaker 150
degrees out of phase - although this was due to incorrect
synchroscope connections, not operator error. In this instance,
the system immediately brought the generator into step without
obvious damage to the unit although there must have been a severe
mechanical shock to the shaft. And, despite the severe electrical

shock, no breakers were tripped.

Another possibility of non-synchronous or out-of-step connection
of a generator may exist because of the system configuration and
automatic reclosing practices. Figure 3 is an elementary system
one-line of a generating plant connected to a system via two
transmission lines. If three of the breakers shown were to trip
for a fault on one line, the generator is isolated and immediately
speeds up. If then the breaker on the unfaulted line which had
tripped incorrectly automatically recloses, the generator will be
paralleled with the system out of phase or even out-of-step,
depending on the time delay of the automatic reclosing.

One machine was reportedly severely damaged 1if not destroyed
because of such operation (5).

Protective Relaying for Inadvertant Energization of Generators

Some of the protective relays usually or normally installed for
generator protection could operate if a generator is inadvertantly
energized. These are:

1. Reverse power, or antimotoring, relays.

2. System fault backup relays.

3. Loss of excitation relay.

4. Negative sequence overcurrent relay.



Reverse Power Relays

The reverse power relays probably will operate if a generator is
inadvertantly energized, but not necessarily if it is
inadvertantly paralleled. Abnormally sensitive settings would
probably be needed to assure operation for all possible modes of
operation. The time delay used with these relays can be of the
order of one to two seconds so all clearing will be slow.

Further, some forms of this relay use an a.c. timer utilizing the
generator potential transformers as a power supply. The pickup;,
or minimum operating voltage of the timer is about 50 percent of
rated volts so 1if the terminal voltage of the inadvertantly
energized generator 1is less than 50 percent, no output can be
expected from the relays.

System Fault Backup Relays

A voltage restrained system fault backup relay may operate for
inadvertant energization of a generator but since the response is
a function of generator terminal voltage as well as generator
current, some modes of energization may not result in tripping.

A voltage controlled overcurrent relay is probably responsive = to
most if not all of the possible modes of inadvertant energization
since the dropout setting of the voltage unit will be 85 percent
to 90 percent of normal.

However, the delay of operation of both of these forms of system
fault backup relaying make them undesirable relaying for
inadvertant energization of the generator.

A single zone distance relay with some reverse reach is often used
as a system fault backup relay. If the reverse reach setting were
increased to encompass the generator subtransient impedance, such
relaying would provide protection for most incidents, but again
the time delay associated with this relay would make it
undesirable,

Loss of Excitation Relay

The loss of excitation relay could, if the offset were reduced so
the generator subtransient reactance were enclosed by the relay
operating characteristic, be used to protect generators during
inadvertant energization, and with adequate speed.

However,; decreasing the offset would then make the relay
susceptible to incorrect operations during power system swings.

Negative Sequence Overcurrent Relay

The negative segquence overcurrent relay will operate only for
cases of single phase energization of generators. However, this
relay is also set for slow operation so the system would have to



operate for some seconds with the equivalent of an enormous single
phase reactor connected,

Further the relay is installed and set to protect the rotor so a
proper operation of this relay for a <case of inadvertant
energization will not necessarily preclude damage to the stator.

No reliance should be placed on any of the normal generator
protection, unless the hazards of long term clearing, or incorrect
tripping during swings are acceptable. ‘

Supplementary Relay Protection for Inadvertant Energization of
Generators

Since it is highly unlikely these hazards are acceptable, special
relaying for inadvertant energization of generators is warranted.
Several schemes are available.

Figure 4, from reference 2, shows one scheme utilizing
instantaneous overcurrent relays as the fault detectors and
tripping relays. The (under) frequency relay blocks the scheme at
normal frequency. The voltage balance relay blocks the relay
scheme if one set of power fuses blows. (One could use two
underfrequency relays each connected to separate potential
transformers and with their contacts in series and eliminate the
voltage balance relays.) For this scheme, it is essential the
frequency relay close its back or underfrequency contacts at zero

volts. The auxiliary relay (device 83) provides a short
coordinating time delay so 1if the generator 1is inadvertantly
energized at or near 60 hertz, the frequency relay does not

immediately block the scheme.

The underfrequency relay should be set well below any emergency
operating conditions. A setting somewhat under the lowest set
underfrequency tripping relay would seem reasonable.

Figure 5, from reference 3, shows a similar scheme where the
frequency relay has been eliminated.

Again the instantaneous overcurrent relays (device 50) are the
fault detector and tripping relays. The undervoltage relays block
the scheme for normal voltage. Two undervoltage relays, one
connected to each of the potential transformer sets, are used to
prevent operation if potential transformer fuses blow. The timers
provide the needed coordinating delays needed when the field
breaker is operated.

The undervoltage relays must be set to pickup well below the
lowest emergency operating voltage to insure the system is blocked
during any normal operating conditions.

For both of the schemes shown in Figures 4 and 5, the
instantaneous overcurrent relays, 1if of electromechanical
construction, must be of the induction cup or cylinder form, not



plunger or solenoid. The overcurrent relays must be set to
operate at less than generator rating - 25 percent being none too
high, hence, the relay will be picked up during normal operation
of the generator.

When the unit is being shutdown, the instantaneous overcurrent
relays must drop out for a normal unit shutdown.

Plunger or solenoid operated relays are notorious for failing to
drop out on de-energization after being operated in the picked up
position for long periods of time. So if such relays were used, a
normal shutdown of the generator would be immediately converted to
emergency shutdown as soon as the field breaker is opened with the
resultant confusion and problems caused by an emergency shutdown.

If, unfortunately, solenoid operated relays have been installed
for either of these schemes and the relays cannot be changed out,
then, for the scheme of Figure 4, back contacts of device 83
should be wired 1in to short out the instantaneous overcurrent
relay coils. For the scheme of Figure 5, back contacts of 62-2
should be wused to short out the instantaneous overcurrent relay
coils.

A different form of protection against inadvertant energization of

generators can be achieved by installing three directional
overcurrent relays, using the 60 degree potential connection,
rather than the wusual 90 degree quadrature connection (1).

Tripping direction is current into the generator.

Figure 6 (from reference 1) shows the operating characteristics of
such a relay on the generator P-Q plane. The relay operating
characteristics are shown for 1.0 per unit voltage, with a nominal
pickup of 0.2 per unit of generator rating.

These relays do not need to be blocked during normal generator
operation, nor is supervision by other devices needed.

Relay pickup should be set at 10 percent to 25 percent of
generator rating and the time dial set for an operating time of
not more than 0.5 seconds for the current magnitude on three phase
energization of the generator at standstill.

With this scheme, there exists the possibility that with one set
of relays <connected to one set of potential transformers, loss of
that potential source might prevent operation of the relaying when
needed.

A second set of relays, connected to the second set of potential
transformers would cover this contingency.

The operating time of this scheme will vary, depending on the mode
of energization of the generator. By using instantaneous
directional overcurrent relays tripping through a timer, one would
obtain a step-current characteristic giving a constant clearing



time regardless of current magnitude.

If the potential transformers are racked out, or otherwise
disconnected from the generator leads when a clearance is issued
on the turbine-generator (and this is common practice), the
directional overcurrent scheme is blocked, while the hazards of
inadvertant energization still exist.

However the three phase short and ground which is wuniversally
applied to the generator terminals when a clearance is issued will
prevent inadvertant energization of the generator itself if a
flashover or incorrect breaker or switch closure occurs when a
clearance exists.

With the directional overcurrent scheme, it 1is essential the
generator, transformer and/or the unit (generator/transformer)
differential relays be in service when a clearance 1is 1issued.
Apparently some utilities make it a practice to disable or block
some if not all of the unit relays when a clearance 1is issued.
This practice should be reevaluated and abolished if possible.

Protective Relaying for Inadvertant Single Phase Connection of
Generators During Synchronizing

The relaying described for inadvertant energization of generators
will not provide reliable protection if a generator breaker were
to flashover during synchronizing. This flashover would result in
inadvertantly connecting the generator single phase, and out of
phase or perhaps out-of-step.

Pole disagreement relaying, as described in references 4 and 6 can
be installed to protect against this specific condition.

Or a set of three instantaneous overcurrent relays, each relay
having both front (overcurrent) and back (undercurrent) contacts
with the contacts arranged in the disagreement pattern could also
serve. A short coordinating time delay would probably be
desirable.

Protection Against Non-Synchronous or Qut-of-Step Three Phase
Connection of Generators

Rather than depending on protective relays clearing a generator
connected to the system out of phase or ocut-of-step, usually
circuits and devices are installed to prevent such connections.

The operator can be supervised by a synchronizing relay to avoid
manual non-synchronous or out-of-step connection of generators.
The hazard with this scheme is that the operator may come to
depend on the synchronizing relay so if it fails, a
non-synchronous or out-of-step closure of a generator breaker 1is
to be expected,

A better means of preventing such manual closure is to use an



automatic synchronizing relay initiated or armed manually by the

operator, to synchronize the generator to the system. The
automatic synchronizing relay in turn is supervised by a
synchronizing relay. (The synchronizing relay is a simpler

version of the automatic synchronizing relay.)

To prevent line automatic reclosing relays from connecting
generators non-synchronously, on all lines to generating plants,
the automatic reclosing, if delayed, should have voltage and/or
angle check supervision. Such supervision may be unnecessary for
immediate automatic reclosing but studies should be made to
demonstrate the shock to the generators for non-synchronous
connection caused by immediate reclosing is less than 0.5 per unit
of the generator rating.

Generator Fault Protection at Low Frequencies

The fields of cross compounded steam turbine generators are
applied before the units are taken off turning gear for start-up.
During the several hours of the warm-up period, the generators
operate at low frequency, the frequency being gradually increased

to 60 hertz as the units are brought up to speed. This increase
in speed 1is not steady, the units rolling at some constant
intermediate speeds to insure each turbine 1is being hea ted
equally.

It is, or should be, well known that many protective relays are
insensitive at low frequencies, and some relay may not respond at
all (2, 7). :

Current transformer capability is also reduced at low frequencies,
but this is offset by the reduction in CT burden (2, 7), so the
current transformers may be assumed unaffected by low frequencies.

To insure clearing if a fault occurs during the warm-up period,
supplemental fault protection using relays unaffected by frequency
should be applied to all generators which are brought up to speed
with the field energized. ' '

Solenoid or plunger operated relays are relatively unaffected by
frequency ~ indeed at very low frequencies these relays may become
more sensitive; so such relays can be used for this supplemental
protection. For phase faults, the instantaneous overcurrent
relays are applicable while an instantaneous overvoltage relay can
be applied for ground fault protection.

Figure 7 shows the simplest form of this protection. Note that
the relaying is blocked, or disabled, unless both high side
breakers or the unit line switch are open.

Note also that the overcurrent relay coils are shorted out and the
overvoltage coil is open circuited when the unit line switch is
closed. If the overcurrent relays are to be set to operate, or
pick up, at less than generator rating, it is essential to prevent
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the overcurrent relays from being operated in the energized or
picked up position for long periods of time.

The instantaneous overvoltage relay coil is open circuited  unless
the unit line switch is open to avoid incorrect tripping off of
the unit when loaded.

Alternatively, for phase fault protection the instantaneous
overcurrent relay coils can be connected in series with the
operate coils of the differential relays.

The trip circuit of the relays should be supervised by the breaker
and unit line switch "b" auxiliary contacts as shown in Figure 7.
Or alternatively the relay trip circuit can be supervised by an
underfrequency and voltage balance relay.

The advantage of this alternative connection is that the
instantaneous overcurrent relay coils may be left in service all
the time provided the relay pickup is set higher than the
differential current during normal loading conditions.

The disadvantage is that unless an overall differential system
exists having a zone including both generators, the step-up
transformer and all unit auxiliary transformers, one must install
a set of instantaneous overcurrent relays 1in series with the
operate coils of every set of generator and transformer
differential relays.

This relaying would also protect the unit during shutdown if it is
the practice to maintain the generator field during rundown.
Since such operation risks overexcitation of the generator and
connected transformers, this practice should be re-evaluated also.
The risk seems hardly worth the gain.

One sometimes finds such protection applied to tandem compounded
turbine-generators which are invariably brought up to speed at
zero field. The rationale for such application is difficult to
understand.

Clearing of Inadvertantly Energized or Connected Generators

If a generator is inadvertantly energized or connected to the
system by closure of a power circuit breaker, then tripping of
that same breaker will clear the generator.

If the generator is energized by flashover of the switch, tripping
of the closed breaker(s) will again clear the generator.

If the inadvertant energization or connection 1is due to a
flashover across the open contacts of a power circuit breaker,
tripping of the breaker 1is an exercise in futility. Breaker
failure relaying must be provided and initiated by the protective
relaying intended to operate for these conditions.



If the flashover were to be outside of, but across the power
circuit breaker, the breaker failure relaying may also be useless.
If it 1is considered there does exist a real possibility of such
flashover bypassing the current transformers used for the breaker
failure fault detectors, install a set of breaker failure fault
detectors connected to current transformers which will not Dbe
shorted out by the flashover.

Summary

Several remote but real possibilities of inadvertant energization
or connection of generators have been considered.

Protective relaying schemes to respond to these rare possibilities
have been described.

Clearing means for generators inadvertantly energized or
paralleled have been considered.
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