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Thomas R. Beckwith
Beckwith Electric Co., Inc.

INTRODUCTION

In recent yvears, certain factors have pointed to the
need for a fresh look at generator synchronizing. At one
end of the spectrum, we see monstrous machines pushing 1,000
Mw, often with multiple units in parallel, and the conse~
quences of a single "little"™ mistake can be staggering. At
the other end of the spectrum, the inability to quickly and
reliably synchronize remote, unmanned small generators, such
as hydro or wind turbines could cast a shadow on energy
sources with an otherwise potentially bright future. At
these large plants, the control panels have become so com~-
plex that one wonders if humans were ever intended to man
them. Surely the increased possibility for human error is
one result.

It seems however, that if we can send a shuttle into
the vastness of space and rendezvous with a tiny satellite,
then we ought to be able to guickly and reliably tie two
60Hz signals together here on earth without incident. And
yet, numerous synchronizing problems and accidents have been
reported in the last few vears.

What follows is a brief view of problems caused by the
separate aspects of faulty synchronizing. Carefully con-
ceived refinements to the classical synchronizing scheme are
then presented which could virtually eliminate synchronizing
accidents. The initial focus of attention will be on the
breaker closing aspects of synchronizing. Finally, the
various methods of bringing the machine up to the point of
synchronizing will be investigated.

Numerous technical papers have been written analyzing
the damage that occurs to the turbine-generator set as a
result of faulty synchronizing, [1] - [141. Many of these
papers seem to focus a lot of attention on the extent of
damage or the percent loss~of-life to the machine after an
incident. Very little could be found in any of the papers
suggesting solutions to prevent the accidents investigated.

The following is offered as a brief review of the
nature of damage that may result from faulty synchronizing.
The three parameters that must be matched to within a cer-
tain tolerance at the time of breaker closure are the phase
angle, frequency and voltage magnitude between the machine
and system. The effects of a mismatch of each parameter are
reported separately.



Any excessive phase angle across the synchronizing
breaker just prior to closing tends to sharply "bump" the
machine. One source [14] reported that closing at a static
angle as low as 15° would cause as large a power swing as
would closing at 0° with an excessive slip frequency of
0.5 Hz. Another source [12] noted that sync angles as low
as 60° produced calculated torques equivalent to a bolted
fault. This mechanical shock may excite one of the torsion-
al modes of the combined generator-shaft~turbine system into
an oscillation that could last several seconds. This paper
[12] reported the rupture of a load coupling shaft that was
followed a few months later by a severely buckled shaft on
another unit at the same plant., It was concluded that a
closing angle of about 120° resulted in a mechanical torque
exceeding seven times the running torque at rated capabil-
ity. Closure in the 120° to 170° range produce the highest
torques.

Another case was mentioned where cut-of-phase closing
had caused only a slight twist in the driven end generator
bearing journal. Unfortunately, this was enough to affect
the mechanical balance so that a new rotor was required.
Fillet and keyway locations, in particular, have high stress
concentrations and LP turbine blade roots may be stressed.
It was observed that torques increase when the machine leads
the system rather than lags, or when there are multiple or
large parallel machines already on-line.

Even where high torgque limits are not exceeded, each
torque cycle contributes to the cumulative fatigue damage on
the shaft, expressed as a percent loss-of-1life value. One
author states, "The total fatigue damage on the shaft is the
algebraic summation of the magnitude of all fatigue contri-
butions due to specific events.” After an extensive analy-
sis, this author observed that small variations in shaft
torque dramatically increase the calculated fatigue life
expenditure. Therefore, he concluded that his results could
cnly be viewed as a, "gualitative indication of the severity
of the incident.” [3]

High stator currents at large angles may also cause
deformation of generator—-end-turns and eventual winding
failure. This failure mode can also occur due to the incre-
mental damage from a number of previocus "bumps®™ to the
generator,

Although not much is published on the subject, faulty
synchronization also subjects the windings of the power
transformer to stress, either immediately or eventually
leading to failure.




Most actual synchronizing accidents occur with some
frequency difference coincidental with the phase error. One
instance occurred as an operator inadvertently reached for
the close switch instead of the speed matching handle and
gave it a twist resulting in a 140° close. Although the
mechanical shock from a phase error alone is worse than a
frequency difference error alone, the speed difference at
the time of angle error has a marked effect on loss-of-life
results. The oscillation excited may coincide with a
mechanical resonant frequency of the machine and lead to
shaft failure.

A frequency difference error can also cause a system
disturbance if the power swing exceeds stability limits. A
loss of stability may result in other equipment damage. A
good coverage of the effects of faulty automatic
synchronizing by the U.S. Bureau of Reclamation is included
in Appendix A.

A voltage difference across the breaker just prior to
closing will result in a steady flow of reactive power after
the breaker is closed. If the generator voltage is higher
than the system voltage, the generator will supply vars.

COST

It is clear that the cost of a noticeable error can be
staggering. Equipment repair is only the beginning. There
is the down time to consider, plus the lost revenue and the
lost interest on the investment. When there is machine loss-
of-life, a portion of the capital investment itself is lost.
Also, what about the hundreds of man-hours spent writing
technical papers analyzing the accident ?

The next sections investigate synchronizing control
schemes with a goal of eliminating synchronizing accidents,
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The classical approach to synchronizing at a manned
generating station employs a manual and an automatic closing
path, depicted simply as follows.

BREAKER
CLOSE
CIRCYIT

SELECT

MANUAL MODE SELECT

AUTO MODE

OPERATOR CLOSE
CONTACT

SYNC CHECK AUTOMATIC

RELAY ——[: F SYNCHRONIZER
WV

Figure 1

The plant operator can select either manual or auto-
matic mode, but, once in the auto mode, he is out of the
picture. In the manual path, the operator can close the
breaker at his discretion, but if he makes a mistake, his
only backup is a sync check relay, typically electromechan-
jcal in design.

unfortunately, due to 2 series of frustrating operating
characteristics exhibited by some automatic synchronizersy
the automatic path goes unused in favor of the manual
choice, and it is during manual gynchronizing that most out-
of-sync closures occcur. 1In facty in the event of operator
error, the only device protecting against catastrophic,
multi-million dollar damage is a rather crude, inexpensive
sync check relay.

A more prudent approach would be to combine the best
automatic techniques with the capabilities that a man can
add. A numan-engineered system that employs the man's tal-
ents, yet assumes his potential for error and covers him if
ne makes a mistake 1is derived in the following analysis.




The following will detail increasingly sophisticated
levels of equipment that, at the final level, would all but

eliminate out-of-phase synchronizing at manned generating
plants.

LEVEL I - AUTOMATIC SYNCHRONIZER WITHOUT
OPERATOR WINDOW OPTION

BREAKER
CLOSE
CIRCUIT

N
OPERATOR

CLOSE L
CONTACT T

CLOSE — M-0193 SYNCROCLOSER UNIT
CONTACT

B

Figure 2

In the approach shown in Fig, 2, the operator contact
is not only supervised by another device, but in reality,
the M-0193 synchronizer is actually performing the closing
function at the precise angle (marked #; in Fig. 3) nec-
essary to lead the breaker close time (marked T,. in Fig.

3). The equation for #, that is solved by the device on a
cycle-percycle basis is

B, = 360 STgc.



Figure 3

Representation of Synchroscope Dial
Monitoring Phase Angle between
Generator and System
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As the slip frequency, S, varies, the angle, f8; , is
automatically adjusted to compensate for a constant breaker
Close time, T,.. Furthermore, the M-0193 will block closing
if this slip frequency between the generator and system
exceeds a setpoint. The M-0193 also checks the veltage
magnitudes to ensure that they are at the right levels and
that the voltage difference setpoint is not exceeded. An
option could be added to allow closure only if the generator
frequency is fast with respect to the system,

The disadvantage to this approach is that plant oper-
ators occasionally close their contact at angles far from
the correct angle and hold the contact closed as the syn=-
chroscope rotates, eventually reaching the correct angle.
This totally defeats the reason for having the operator in
the circuit. To add fail-safe reliability to the approach,
the operator must be trained or forced to close within an
acceptable angle that would not cause catastrophic damage
even if closure occurred at that angle.

LEVEL II - AUTOMATIC SYNCHRONIZER WITH
OPERATOR WINDOW OPTION

BREAKER
CLOSE
CIRCUIT
OPERATOR | 1
CLOSE B S
CONTACT
5 28
OPERATOR WINDOW
PUT
cose | ENABLE IN
CONTACT T
M-0193 SYNCROCLOSER UNIT

Figure 4




The disadvantage mentioned in LEVEL I is rectified with
the addition of the Operator Window option to the M-0193
Syncrocloser Unit. The Operator Window Enable Input auto-
matically looks for the operator to close his contact within
a certain adjustable angle (marked g, in Fig. 3) before the
precise close angle selected by tie synchronizer. This
would be the shaded area shown in Fig. 3, If the operator
closes his contact too early, the synchronizer will block
closure even as the correct closing angle is passed. If the
operator closes late, again, no closure will occur. If the
operator misses, he will have to release his contact and
then close as the angle passes within the window to be
successful. The assurance of an accurate operator closure
allows the operator to retain a position of importance in
synchronizing, greatly enhancing the overall security of
closing. Furthermore, the approach "punishes” careless
manual closing. On the other hand, the occasional honest
numan error is also prevented from causing damage.

LEVEL III - AUTOMATIC SYNCHRONIZER WITH
OPERATOR WINDOW AND SERIES
SYNC CHECK RELAY

BREAKER CLOSE
CIRCUIT
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Figure 5



The addition of a series sync check relay in Fig. 5,
with time set at zero, is a valuable refinement to the
synchronizing scheme. Basically, its contact closes when-
ever the phase angle falls within a plus or minus angle
(marked #, in Fig. 3) around zero degrees. The timer on the
relay is set at zero so as not to delay an otherwise correct
closing. The result is a second, redundant, pPermissive
window that can be set just outside the maximum angle, @, ,
at which the automatic synchronizer would ever close. For
example, if the breaker timer

TBC = .12 seconds,

and the maximum slip frequency (AF LIMIT) on the automatic
synchonizer was set at

Spax = 08 Hz,

the maximum angle would be

]

By = 360 Sy T oo

B, = (360) (.08) (.12)

i}

ﬁ! = 3.4560 ®

Thus, the sync check PHASE ANGLE LIMIT, #s , could be
set at 5° and still not interfere with the synchronizer
closure.

Further constraints can be added by using the status
contacts on the M=-0193 synchronizer that close when the
voltage and slip frequency settings have been met. When
wired in series with the enable input on the M-0188 sync
check relay, the contacts will allow the M~-0188 to operate
only when those conditions have been met in conjunction with
the M-0188's phase constraint.

If the automatic synchronizing package is to be shared
by multiple machines and switched from breaker to breaker,
it would be advisable to separate out this series sync check
function and install one dedicated, hard-wired sync¢ check
relay per breaker. This would guard against any errors in
the switching, wiring, or otherwise, that might contribute
to an accident,

NOTE: The following level is required only if the generator
would ever need to be closed with a static angle (zero
slip frequency) between the generator and the systenm,
or if the system were dead.
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LEVEL IV - AUTOMATIC SYNCHRONIZER WITH
OPERATOR WINDOW, SERIES AND
PARALLEL SYNC CHECK RELAYS
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Figure 6

Whereas the M-0193 synchronizer will typically close at
slip frequencies as low as ,0001 Hz (one revolution of the
synchroscope in 2 hours and 45 minutes), it cannot close at
an absolutely static angle, since the angle is not moving
toward zero and will not pass zero. In this case, a M~-0188
sync check relay must be placed in parallel with the M-0193
(see Fig. 6). The PHASE ANGLE LIMIT setting on this M-0188
would be set to the maximum allowable angle calculated for a
static close. Furthermore, a time delay must be set on the
unit to ensure that, if there is a slip frequency of any
appreciable magnitude, the M~0193 automatic synchronizer

10



will be allowed to close first at the precise lead angle to
account for breaker close time. For instance, if the para-
llel connected sync check PHASE ANGLE LIMIT, B; in Fig. 3,
was set at 10°, the TIME, Tscr was set at 8 seconds, and the
actual slip frequency was .506 Hz, the parallel sync check
relay would close at

Or = 8; + 360 ST,

il

Br = ~10 + (360) (.006) (8)

B 7.28° after zero,

Now, under these conditions, with a breaker close time,
Tper Of .12 seconds, the M-0193 automatic synchronizer would
have already closed at

B, = 360 ST,
@, = 360 (.006)(.12)
8, = 0.26° pefore zero,

However, if the slip frequency were less, the sync check
relay would close nearer to the automatic synchronizer. At
extremely low slip frequencies or a static condition, the
sync check would actually perform the closing. 1In the above
example, the crossover point in slip frequency, below which
the sync check would close, is found in the following manner.

Or = @; + 360 ST
B, = 360 sT,,
Let @, = @,
#; + 360 ST, = 360 ST

-10 + (360) (S) (8) = -(360)(S) (.12)
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(360) (8) S5 + (360)(.12) 8 = 10
2880 8 + 43.2 5 = 10
2923.,2 8 = 10
S = ,0034 Hz

Thus, at a slip frequency of .0034 Hz, both devices
will close simultaneously at an angle of .15° before zero as
shown below.

g = 360 (.0034)(.12)

i

Below a slip of .0034 Hz, the sync check will close at
angles up to 10°. Please note that the PHASE ANGLE LIMIT on
the series connected sync check relay would also have to be
set at 10° to allow closure,

In addition to checking the angle, the parallel sync
check relay also must check the voltage conditions and would
block closing if they exceed the settings. In this respect,
it performs the same functions as the automatic synchron-
izer.

Dead bus (black startup) closing can also be achieved
by adding Dead Bus closing options to both the parallel and
series sync check relays. A caution must be added here,
however, that the Dead Bus closing criteria ought to be
enabled only when the dead condition is verified redundantly
by voltage relays on the other two phases or by the plant
operator. A permanently enabled dead bus close is an acci-
dent waiting to happen, since a broken wire, blown fuse or
stuck contact external to the synchronizing package could
look to the sync check relays like a dead bus. Their con-
tacts would then be closed incorrectly through no fault of
the relays.

12




At this point a two-out~of-three failure analysis can
be made. The three functional entities of Level III are:

1. The operator
2. The automatic synchronizer

3. The sync check relay

this happening, a catastrophic multi-component failure could
result in a closed contact, Therefore, an honest appraisal
of the overall integrity of the System must consider this
eventuality.

CASE 1

Operator closes at 140°,

Sync check is bermanently closed at all angles.

Auto sync functions pProperly.

Result: Operator window Circuit senses operators incorrect

Note: Even without the operator window option,
the auto sync would go ahead and close at the
correct advance angle regardless of the other
failures,

CASE 11

Operator closes at 140-°,

Auto sync is Permanently closed,

Sync check functions properly,

Result: Sync check open contact blocks breaker close.
Note: 1If the Oberator holds his close switch shut
until the phase angle goes into the 5° sync check

angle, the sync check would close and bring the
machine in somewhere less than 5°, »a catastrophic

13




synchronizing accident, however, would be avoided,
due to the tight angle and zero time delay that
can be set on an electronic sync check relay.

The above case demonstrates why it is inad-
visable to use an electromechanical sync check
relay in a generator synchronizing scheme. This
failure analysis shows that the sync check may
actually be the device that performs the closing.
Electromechanical sync check relays cannot be set
at small enough angles to protect large genera-
tors. Furthermore, with a moving angle, they are
slow to close and, even moOre seriously, slow to
open, remaining closed at angles far greater than
the setpoint as the phase angle increases. (See
electromechanical sync check relay tests in Appen=-
dix B.) An operator closure at 60° past zero with
the sync check still closed would produce torqgues
equivalent to a bolted fault, and certainly this
would not be acceptable.

CASE III
Auto sync is permanently closed.
sync check is permanently closed.
Operator functions properly.
Result: Correct synchronization occurs manually.
Thus, it is clear that even with highly improbable

failure scenarios, the worst closure error has been re-
stricted to less than 5° (Case II).

The previous failure analysis describes the occurrence
of equipment malfunction that has gone unnoticed by the
operator. There is, however, a simple way to verify the
correct operation of the complete synchronizing package. A
"sync Test"™ position can be added to the synchronizing
select switch that can be selected just before putting a
machine on line or periodically,even with the machine on
line. This switch would apply an artificial, fixed-fre-
guency source (set at slightly higher than 60 Hz) to the
incoming machine side of the synchronizing package, includ-
ing the synchroscope. The actual system voltage would be
applied to the running bus. The synchronizing package brea-
ker close contacts would be connected only to a lamp, posi-
tioned just above zero degrees on the synchroscope. The
operator should then confirm that the lamp flashes on momen-
tarily just before zero degrees. Any misoperation can be

noted, and the equipment would then be removed for service.
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Of course, if the main synchronizing package is found
to be faulty at the time it is needed, a backup synchron-
izing path must be provided. This need for a backup was the
original intention for supplying the manual path in the
classical scheme pPreviously covered, However, at many power
plants the automatic synchronizer is never used., The oper-
ators choose the manual path, often with good reason due to
problems or frustrations with some synchronizers. Unfor-
tunately, it is during manual synchronizing that the syn-
chronizing accidents occur. The fail-safe synchronizing
scheme just presented in which the frustrations have been
eliminated is part of the solution to the accident problem,
The other part involves plant operating philosophy, If the
backup synchronizing path is not supplied with a fully
redundant synchronizing package, then the operator should
not be allowed to indiscriminately switch over to this
backup path. He must only use the main automatic path, If
the main path is out of service, then high level signatures
and possibly even a key should be required to switch to the
backup path. Synchronizing should then only be performed by
the most experienced operator,

MATCHING MACHINE TQ SYSTEM PRIOR TO SYNCHRONIZING

The previous sections have been limited to the accept-~
ance and breaker closing portion of the avtomatic synchron-~
izer, and that only at manned generating stations, However,
if completely automatic, hands-off synchronizing is re-
quired, the synchronizing relays would simply be energized
at some point in the start-up cycle and would close that
breaker at the first Opportunity. This might be used for
pPeaking units, standby auxiliary generators or remote, auto-
mated hydro plants. Of course, any operator window option
would not be specified here.

Provision must, however, be made to automatically bring
the speed and voltage of the machine to within the limits
set on the synchronizer, This match must then be maintained
while the phase angle passes through zero degrees.

One method of achieving this is with the speed and
voltage matching capabilities that can be addeg to the
automatic synchronizer, Comparing the machine voltage or
frequency to that of the System, this device provides con-
tacts that close to raise or lower the machine level to
bring it within the adjustable acceptance limits, The man-
ner in which these contact closures or "jogs" are formed is
a major factor in the time required to synchronize and thus
the success of the automated system. The following dis=-
cussion will concentrate on Speed matching, as this is
historically where most of the problems have been found.
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One technique widely used for many vears gives one
speed correction jog to the governor for each slip cycle
between the machine and system. The jog freguency 1is,
therefore, proportional to speed difference.

While this undoubtedly was a convenient approach to use
and simplifies the speed matcher design, it often leads to
speed overshoot and time-consuming hunting. For example, if
the machine is at 95% speed when the speed matcher is ener~
gized, the slip frequency would be 3 Hz, resulting in a jog
rate of 3 per second. In 10 seconds the governor would have
received 30 of these jogs, yet the machine frequency would
barely have begun responding to the first jog. Then, min-
utes later, when the hunting process has brought the fre-
guency closer to a match, the jogs then may become too
widely spaced. A slip frequency of .05 Hz would require a
wait of 20 sec between jogs, or even longer if there are
frequency fluctuations. The problem is that the jogs occur
at some arbitrary angle and the rest of the 359° nothing
happens. This technique, therefore, has no real relation-
ship to the governor/machine response time.

Unfortunately, the length of time required to synchron-
ize with this approach, especially at hydro plants, has led
many to simply widen the synchronizer acceptance window,
giving the speed matcher a bigger target to shoot at., Fur-
thermore, this inability to synchronize efficiently, has
resulted in the unnecessary replacement of older governors
that were blamed for the problem.

Discussions with plant operators revealed that manual
speed matching was performed quite differently than that
described above. Experienced operators do not vary the
freguency of the jogs, they vary the jog duration in propor-
tion to the speed difference. Also, the time between manual
jogs ends up being more or less constant as the operator
waits for the machine to respond to the last jog and settle
at the new frequency. This technique leads to the most
rapid convergence of the machine to system frequency.

A new speed matcher was developed that duplicated the
plant operator's manual technique. Two adjustments are used
to form the control jogs. The TIME BETWEEN JOGS can be
adjusted just a little longer than the response of the
machine to a given jog. This setting is not very critical
and should be set a little longer than the slowest machine
response noted, The idea, however, is to give the machine
enough time to more-or-less settle between jogs. The second
adjustment is the JOG DURATION, and this sets the jog width
proportionately constant in seconds per Hertz mismatch., For
a large frequency difference, the jog is long, and as the
difference narrows, successive jogs are shorter, Based on a
cycle-per-cycle determination of slip frequency, the jog

16




duration is automatically controlled during the jog to self
correct and lengthen or shorten as needed. The last jog
prior to match is just enough to nudge in the machine.
Overshoot and subsequent hunting are thereby eliminated.

Experience with many installations has shown a dramatic
reduction in the time taken to synchronize a generator. The
first applications were to small hydro machines when water
turbulence and low inertia make the speed match especially
difficult. Tests run at Public Service Co. of New Hamp-
shire's Amoskeag Hydro Station in Manchester, NH clearly
show the generators homing in on the system frequency in
three to four precisely controlled steps.

Three General Electric generators, two rated at 6,250
kVA and one at 7,500 kVA, driven by Francis type turbines,
were individually tripped off line and then automatically
restarted. A final test was run with two units tripped and
restarted in sequence, The Beckwith M-0194 Generator Con-
trol Unit which was switched to all three generators, sup-
plied control jogs to Woodward Type A Actuators that, in
turn, controlled hydraulic servo motors to move the wicket
gates, The jogs are indicated by the "ON" and "OFF" marks
on the following recordings of frequency difference between
the machine and system. The frequency difference acceptance
limit on the M~-0193 Syncrocloser Unit was set at .15 Hz (3
small divisions on the chart). Once this and the voltage
limits were met, the breaker closed at the next pass through
zero degrees.
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One unexpected result of the tests showed up in the
comparison of the test results of Figures 7 through 9 with
tests run earlier that day. The morning tests were run with
a JOG DURATION setting of 5 sec/Hz and a TIME BETWEEN JOGS
of 10 sec. For the afternoon tests, the JOG DURATION was
doubled to 10 sec/Hz and the TIME BETWEEN was cut to 5 sec.
The total time to synchronize is summarized in the table
below.

Afternoon
JD=10 sec,/Hz
TBJ= 5 sec,

B S B D S R S e 6w Yo S B R S s e

Morning
JD=5 sec./Hz
TBJ= 10 gec

U I B e o e i v s | G e s s R S S e s S e e s o £ e s 2 s o

GEN., #2 148 sec, 60 sec.
GEN. #3 92 sec, 52 sec,

Table 1 = Total Time to Synchronize

It was expected that increasing the JOG DURATION pPro=
portionality constant and shortening the TIME BETWEEN would
speed up the synchronizing process, but the nearly 2 to 1
difference in machine response of unit #2 compared to the
others was nearly eliminated by the new settings. This
indicates clearly that multiple machines with widely varying
characteristics can be controlled with a single shared syn-
chronizer by taking full advantage of the pulse-width-modu~
lated jog. It is also apparent that the proportional jogs
will be especially effective at hydro plants to automat-
ically compensate for large changes in net head and torque
that would otherwise cause the start characteristics to vary
drastically.

This paper was written on the premise that the power
industry is still experiencing synchronizing errors, so
there must be room for improvement. With the reliability
and sophistication of modern solid state electronics the
shortcomings of earlier synchronizing schemes have been
corrected. Even so, whenever pessible, the scheme presented
allows the operator to remain in the picture in a co-equal
position of importance with the automatic synchronizer,
This keeps his skills sharp for the time when he may have to
close manually.

The new, proportional speed matching method was pre-
sented using a small hydro as an example of its capabil-
ities. Since small hydro turbines are probably the most
difficult to control, the technique would, therefore, be
able to gquickly and easily synchronize large thermal units
while allowing much tighter closing constraints.
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27-9

Limitations in Manual and Automatic Synchronizing* June 1, 1957

1. This review of the process of synchronizing has been
prompted by discussions with operating personmel over the past
few years. In nearly all applications of automatic synchronizers,
unnecessarily conservative settings have limited their usefulness.
In some cases manual synchronizing can be improved. The following
discussion applies to both manual synchronizing and to the use of
auwtomatic synchronizers.

2. It 1s a fact familiar to powerplant operators that some
synchronizing operations produce neither power swings nor sound,
some produce power swings but no sound, and some produce both power
swings and sound. The first case, a slow perfect shot, requires no
illustration. (Slight sound may be produced by otherwise perfect
synchronizing if the running and incoming mechine voltages are not
equal. This is of no importance if the voltages differ by no more
than 10 percent.)

3. The second case, shown by Figure 1A, 1s acceptable, as
the power swings due to initial frequency difference are too slow
to produce mechanical shock. Damage from this source is unlikely,
although for the benefit of smooth system operation and as a matter
of pride, it is desirable to limit the swings well below nameplate
rating.

L, The third case, shown by Figure 1B, represents a mechanical
shock and vibration to the machine which could be damaging if severe,
Limiting this shock by reasonably accurate synchronizing is the
important consideration.

5. Figure 1B alsc shows that closing the circult breaker
when the voltages are 15° out of Phase even with very small differ-
ence in frequency produces power swings as great as closing the
circuit breasker exactly at synchronism when the synchroscope is
making one revolution in 2 seconds, as in Figure 1A. Fifteen
degrees (one-half the angle between 11 and 12 o'clock) is a very
small angle on a synchroscope dial, while one revolution in
2 seconds is a greater frequency difference than one ordinarily
attempts to synchronize on manually. Thus, closing the circuit
breaker contacts at the proper instant is more important than
having a very low frequency difference. For manual synchronizing
the two limitations g0 together since the difficulty of estimating
the required advance along with mental reaction error prevents
accurate synchronizing with high frequency differences.,

*This is an additional section for Power O&M Bulletin No. 27.
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6. Figure 2 shows the synchronizing power swings of a
variety of the Bureau's generating units. Each case represents
closing the circuit breaker contacts exactly at synchronism with
the synchroscope rotating at the rate of one revolution in
L seconds. The maximum power swings all lie between 15 percent
and 22 percent of the nameplate ratings of the respective
generators. Thus, the same tolerances apply satisfactorily
to the synchronizing of water wheel generators of a wide range
of sizes.

T. The power swings shown in Figure 2 are approximately
one-half as great as would be obtained if each generator were
being synchronized with the same frequency difference to an
infinitely large generator on the high vo.tasge bus instead of
to an identical generator. Such a condition may be approached
when a generator 1s synchronized to a bus to which a large
number of generators in the same plant are connected. In
the latter case, although the unit wattmeter makes a visible
swing, 1t is still well within normal range. The currents and
stresses are similarly within normal range. The swing is largely
confined within the plant and only a small percent of the swing
appears on the transmission lines.

8. It is usual practice, after an interruption, to
synchronize generators to a transmission line one by one. An
exception is made in plants with units too small to absorb the
charging current of the transmission line. In such cases a bus
with two or more unlts may be synchronized to the transmission
line. Figure 3 shows the maximum power swing which would be
obtained if a 75,000-kw plant (Keswick) were synchronized to
a 149-mile 230-kv transmission line (Elverta). The corresponding
swing is only 9—1/2° (20 megawatts). A swing of the same magnitude
would be produced by closing the switch with no frequency difference
but with the voltages 9-1/2° out of phase. The first case would be
guiet but in the latter case a slight "grunt” would be produced
because the power flow changes abruptly from zerc to 20 megawatis.
In each case the final generator loading after the swings stop
would be of some very small value corresponding to the speed level
adjustment.

9. In spite of a popular notion that the incoming generator
should be slightly "fast" when being synchronized to & heavily
loaded system, actually this is not true of the usuval system. The
transmission line load swings nearer to the stability limit 1f an
incomings menerator is synchronized with the synchroscope rotating
in the "fast" direction than if it were rotating at the same speed
in the slow direction. The difference depends upon the rate of
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decay of the power swings. This is illustrated by Figure L, fhe
rate of decay of the swings in this illustration is from actual
measurements on one of the Bureau's systems. This influence is
negligible compared with the influence of angular error and fre-
quency difference. If angular error and frequency difference are
held within recommended limits, no time need be wasted obtaining
synchroscope rotation in a particular direction. Synchronizing

will be satisfactory for either direction.

Conclusions

1. The angular error at the instant of breaker contact
closing produces mechanical shock and is therefore more serious
than equal power swings from freguency difference alone. When
synchronizing manually, since 1t becomes difficult to accurately
allow for breaker closing time at the higher frequency differences,
manual synchronizing is ordinarily limited to one slip cycle in
8 seconds or more. If the circuit breaker closing time is slow,
erratic, or unknown, or if the operator is unfamiliar with the
equipment, a very slowly moving needle must be chosen.

2., If full benefit from an automatic synchronizer is to
be realized, it must perform faster, more accurately, and more
consistently than can be expected of manual synchronizing. This
is feasible for several reasons:

(a) The automatic synchronizer automatically anticipates
the proper closing instant up to the preset cut-off frequency
difference. Personal error is eliminated.

{b) Most automatic synchronizers are equipped to auto-
matically change the advance time to suit the circuit breaker
selected. Personal error due to unfamiliarity with equipment
is eliminated.

(c) With personal error eliminated, the only limitation
1s magnitude of power swings due only to frequency difference.

The highest reasonable rate within this limitation is desirable
to reduce synchronizing delay during emergencies. The wide

range of cases studied shows that the cut-off freguency differ-
ence of 1/l cycle per second (one slip cycle in k4 seconds )
accommodates the governors of most units without delay and will
keep power swings due to synchronizing within conservative limits.
(The automatic synchronizer can still be used to perform a smoother
operation when desired by releasing control of the circuit breaker
to the synchronizer only when the frequency difference is as low
as desired.)
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APPENDIX B

I. PURPOSE:

The purpose of this test was to determine the blocking
characteristics of the IJS Relay., Tests were run for the fol-
lowing conditions:

1) Measure the Blocking Time Delay for step changes in
phase angle from 0° to angles greater than the 20°
relay setting (30° to 180°)., This test was run with
Time Dial settings of 1, 5, and 10.

2) Measure the Blocking Time Delay for step changes in
phase angle from 0° to angles greater than the 20°
relay setting (30° to 1809) with Bus Voltage at 108Vac.
This test was run with a Time Dial setting of 5.

3) With the initial phase angle at 0° and both inputs at
60 Hz, increase the line frequency to <create a slip
frequency (AF) and measure the blocking time and
blocking angle.

II. IEST EQUIPMENT

Krohn-Hite Model 6500 Phase Meter
Krohn-Hite Model 7500 Amplifier
HP3437A System Voltmeter

HP3456A Digital Voltmeter (DVM)
HP3325A Synthesizer/Function Generator
HP3466A Digital Multimeter (DVM)
HP9825A Desktop Computer

Tektronix 465 Oscilloscope

Bogen Model MT125B Amplifier
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I11.

--Two highly stable test sources were used to test the 1J58522a
Relay,

~--Two distortion free 60 Hz variable voltage sources, were
obtained as follows:

--A variable freguency source (60 Hgz) capable of providing 120
Vac was obtained by connecting a HP3325Aa synthesizer/function
generator to a Krohn-Hite Model 7500 Amplifier (line).

--A fixed frequency source (60 Hz) capable of providing 120Vac
was obtained by connecting a Bogen Model MT125B Amplifier to
a Fixed 60 Hz Oscillator (bus) that was Phase locked to the
HP3325A Synthesizer/Function Generator.

-=-Krohn-Hite Model 6500 Phase Meter was used to measured the
phase between the two voltage sources.

—-=Tektronix 465 Oscilloscope was used to measure the Time
Blocking (Tblock).

~-—-5ee Figure #1 for test and equipment setup.

PHASE METER

FRE
FéXOEL?RCE ¢ @8([\0} BUS
(BLS) 1 O 7(H)
DVM
VAR IABLE |
ERes, O8N e
(LiveE) r O 5(H>
DVM SCOPE
T ! 2] oureur
Breaker Ol CONTACT
Ivorcarpr

G.E.IJs852 A
ReLAY

FIGURE #1
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C.

TEST 43 Blocking Time Delay and Angle for Slip Frequency
==Apply 120Vac, 60 Hz power to both inputs.

"~Set the phase between the two inputs to 0° py adjusting
the HP3325Aa Synthesizer/Function Generator

—~Set the Timer Dial to position 5,
~-The Output Contact should be closed,

~=Start with Phase ¢ =0 and jump line input frequency to set
dé/de (frequency difference ( AF) from 0.0 to 0.50 Hg in
steps of 0.05 Hz) on HP3325A Synthesizer/Function Generator
and start timing,

-=Stop timing as soon as the Unit Blocks (Output Contact opens)
and measure the Phase Angle, (¢ block=Angle where Contact
opens), and time delay.

==~The Blocking Time Delay Tblock isg best measured using the
Tektronix 465 Oscilloscope,

—-~The Blocking Angle (¢ block) was measured using M~0245B Phase
Circuit (Phase Analog 180°=10Vac)  angd HP9825A  Desktop

Computer,

~=The results of this test are plotted (Tblock vs.A F) and
(¢ block vs. A F) and attached in this report.

IEST #3 TEST DATA

A F (FREQUENCY) Tblock ¢ Block
0.05 Hz 1600 Msec 27.18°
0.10 Hz 1000 Msec 40,329
0.15 Hz 800 Msec 48,420
0.20 Hz 600 Msec 47,340
0.25 Hz 550 Msec 54.00°
0.30 Hz 500 Msec 60,48°
0.35 Hz 450 Msec 63.00°
0.40 Hz 420 Msec 68.22°
0.45 Hz 360 Msec 67.86°
0.50 Hz 320 Msec 73.62°
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