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Ah' INPROVED TEC[tITIIQUE FOP, CALI B"ATI NJ(r AN4P TESTI NtO PO'IER SYSTEt

GENErEATOR AUTOMATIC SYNCHONI ZHI116 AlID SPEED HATCH I NG RELAYS

David C. Nagy
Union Electric Co.

St. LouIs, Mo.

Aa.STRAC
The design of a unique special purpose

instrument for calibrating and testing power
system automatic synchronizing and speed
matchiing relays is described. The unit is
constructed using Inexpensive in tegra ted
circuit coriponents and provides a direct
digital readout of slip frequency from 0.05
Hz to 0.50 Hlz resolu tion and advance angle
from 0 to 99.9 degrees wi th 0.1 degree
resolution. This device eliminates the need
for expensive test equipment previously
required, expedites the test proceduire and
solves the problem of referencing against a
variable bus frequency soU rce.

I NTRO)DUCT I UiN

Large generating units require the use of
autonmatic speed matching and synchronizing
relays to minimize powier surges and system,
disturbance when units are coupled to thte
sys tem network1. The synchronizing function
senses the frequency of the machine and the
system bus and Initiates a closing impulse at
the proper point just ahead of phase
coincidence to compensate for the finite
operating time of the connecting circuit
breaker. The speed matchirng function serves
to accelerate or decelerate the ,nachine vIa
turbine valve control and maintains a
frequency difference betwjeen the machine and
system bus. (There must he a frequency
difference between the machine and systermi bus
for the synchironizing element to performi its
function.) Figure 1 illuS trates ideal
synchronizing relay characteristics with
terms defined as followes:

Slip Frequency - the difference between
thie machine frequency and the system
network frequ'ency.

Advance Angle - the electrical phase
angle of the machine w ith respect to
the system network at the instant
thle cIrcuit breaker close impulse Is
generated.

Circuit Breaker Closing Time - the
overall closing impulse resoponse
time of the circuit breaker,
including mechanism travel.

The ftIure shows that as slip frequency
increased the advance angle at which the
circuit breaker closirlng Iimpulse occulrs
increases, allowingn for the constant circuit
breaker closing time.

F 79 727-9 A paper recanmerxe and approved by the
IEEE Poer Generation Cam:rittee of the IEEE Power
Engineering Society for presentation at the IEEE PES
Summer Meeting, Vancouver, British Columbia, Canada,
July 15-20, 1979. Manuscript submitted January 29, 1979;
made available for printing April 18, 1979.

Earl F. Richards
University of Mlissouri-Rolla
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Early synchronizers were constructed
using vacuun-d tuLe technology and hiechanical
relay sequencing, however, modern solid state
electronic devices are now;; available which
provide synchronIzing, speed matching and
voltage m.atchinfg functions.

In order to s iluIlate the operating
conditions for initial setting and periodic
checking of synchronizers, a number of test
niethods have been developed. The first
miethod is diagramed in Figure 2. With any
convenient 60 Htz source as a bus reference a
m.achine sirnulation is made with a manual
phase shifter rotated approximately at the
desired slip frequency as indicated by the
m,]ovement of the phlase angle meter. Wthen the
close im.pulse is generated thle angle at that
instant is noted and accepted as the advance
angle.

Disadvantages of this method are:
1. The phase slhifter is not an

accurate source of constant slip.
2. The phase meter cannot be read

wvith accuracy because it is
rotating.

3. The phase shifter requires a 3
phase source.

Figure 3 shows a more convenient test
configuration using a signal generatpr and
amplifier for the machine input with a
freq:uency counter as a slip indicator.
Disadvantages using this simnulationi are:

1. The counter must be used in the
period mode to resolve fractional
cycles per second. This is an
awkwavrd indication and requires
external calculations when changing
values.

2. The phase meter cannot be read with
accuracy because it is rotating.

3. The bus input to the relay Is
assumed to be 60.00 Hz.

ADVANCE ANGLE

0.1 0.2 0.3 0.4 0.5

CIRCUIT BREAKER CLOSING TIME (SECONDS)

Figure 1. Ideal Synchronizing Relay Characteristics - Advance Angle
vs. Circuit Breaker Closing Time
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Other methods ermlploy a small generator
wi th] speed control to model a irmachine and
rely on recording oscilographs to measure
the advance angle against a timing reference
oscillator. Wilh le these -methods offer more
accuracy, they are difficult to irnplement in
the field for periodic rmaintenance. -In
addition, all of the methods discussed
require lengthy set-up time and expensive
instrumentation.

The need for an improved methiod in
testing power system automatic synchronizingn,
and speed matching relays is significant. Ani
error of 0.05 Hz in slip frequency during
simulation tes ts could result in an advance
angle calibration error of 50?. tMlodern
electronic circuit designs have been
incorporated in synchronizer modules whi ch
require coriparable test equipment for
evaluation and maintenance. In addition,
dollar savings can be achieved by
establishting a procedure that can he
implemented rapidly using inexpensive
equi pment.

Phase angle instruments wi th digital
electronic circuitry lite that described by
Dranetz and rox (1) have proved to be a
valuable tool for use in testing and
calibrating protective relay devices both in
the laboratory and in the field. Hiowever,
the periodic display characteristic of such
devices make them uinsuitable for
synchronizing and speedl matching relay
calibration because they cannot track the
conrtinuously varying phase of two independent
frequency sources. Also, there is no
provision for freezing an instantaneous phase
reading by any triggering inputs.

135
Power system frequency deviation Is

monitored at central dispatching locations to
provide indication that generation matches
load requirements and also serve as an Input
to load frequency cormputi ng equipment for
automatic generation control. Kumr,ar, S.
Gupta and B. Gupta (2) have developed a
device with a precision frequency reference
tlat drives &n analog, rieter calIbr Cted in
frequLncy CeviatIon. f1ietering such as thIs
wiould 4Je necessary i n any synchronizing
,device testinm scherrie tih?at does not feature
instantlaneous absolute slip frequency
indi cation.

Analo- and digital electronic circuit
techniques are beitng applied successfully for
use in various types of protective relay
devices wh41iich require frequency sensing
elements. Thie relay desIgned by -Widrevi tz
and Armi-i ngton (3) for precision rate-of-
change of underfrequency detection and the
e la'bora te Grand Coulee min i -compu ter
synchronizers described by Berger (14) serve
as examples of the need for power frequency
srim-ulatIoon test equipment corimentsurate with
relay design technology.

The research of this topic was undertaken
to develop a method for testing synchronizing
and speed matching relays at reduced costs
anid provide a means for checking frequency
sdnsitive elements during reference input
frequency swings. As a result, performance
evaluation tests and calibration adjusttments
cant be mtade with m-iore precision by simpler
means.

TEST INSTRUU1EUT DESIGN

06 0 C

PHASE METER
(ROTATIONAL TYPE)

CLOSE IMPULSE
INDICATOR

__

4p, ~PHASE 30%
V ~SHIFTER SOURCE

60HZ

Figure 2. Phase Shifter Method for Testing Synchronising Relays
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To Improve upon established methods of

testing synchronizing relays a test
instrument was developed with the following
fea tures:

1. Direct digital display of slip
frequency witth a resolution of 0.01
Htz.

2. Digital display of advance angle in
electrical degrees - resolution to
0.1 degree.

3. Omal 1, stablIe 60 Nz machiIne
siriulation osci lator.

4. Slip test range 0.01 to 0.05 Hz.
5. Continuous tracking of actual slip

frequency.
The circuit breaker closing contacts of

thte synchronizing relay trigger the advance
angle display counter whitch stopped whien
phIase coincid.ence occurs between machline and
bus inputs. Tracking circuits for actual
slip frequency display also provide the Input
for the electrical degree advance angle
translation logic. This instrument Is unique
because, unlik e a frequency counter or tiriler,
i ts tirle base for adivance angle indication
varies in direct propo)rtion to the (difference
between twio independent frequency sources.
That is,

fAAT = b M B M

fAT = K (f fB) M B
Where f =AT frequency of advance
angle time base in Hz.
f = frequency of bus input toBsynchronizing relay in Hz.
f = frequency of machine input to
synchronizing relay in Hz.
K = constant chosen so that one
complete slip cycle is equivalent to
360 electrical degrees on advance
angle read out.

The developrmient of the instrument now
discussed.

lnitital desigtn effort vwas concentrated on
establishing a workable slip frequency
Indication and advance angle time base
module. Table I showis the relation between
slip frequency values and tkie base
requiram;nents for an advance -n,le 1 Indication
wi t 0. Io resolution. The time biaze
osci 1 ator rlust ge,nerate 3000 pulses for eacI
slip perio', translating to 36v.G electrical
degrees. A study was made of readily
available digital and linear Integ,rated
circuiTts suitable for implem.1enting the t ime
base and the Signetics type 565 phase locked
loop and S,ignetics type 566 voltage
controlled oscillator were incorporated into
the design shoan in Figure 4.

A ph,;aseeloctked loop (PLL) frequency
lultiplier served as a direct mixer consited

of series corinected transformners feeding a
, Iltereed full wavev brI dge rectifier. Thiis
design pi)roved to be impractical because:

1. The pul l-In time of PLL 1 operating
at fo = 0.25 Hlz was too long.

2. Th1e capture range of PLL 1 was
dependent on supply voltage In the
desired range of kO.01 to 0.50 liz.

3. The low pass filter required for "LL
1 could not be selective enoughi to
provide a proper input for the
SIgnetics type 566 voltage
conrtro lled oscl I lator.

4. Th-e S ignetics type 565 phase locked
loope is difficult to linplement as a
tmultiplier beyond XS.

Anothler configuration for the slip
indication and advance angle time base riodule

SYNCHRONIZING 1?°
RELAY'

BUS MACHINE
_ _ .~~~~~~~~~~~~~~~~~~~~~

-4. 4 4. i

FREQUENCY
COUNTER

(PER'D. MODE)

CLOSE IMPULSE
INDICATOR
T_

FREQUENCY-
VERNIER

100 w
LINEAR
AUDIO

AMPLIFIER

;zzz:~~~~~~~~~~.

Figre 3. Sychr@niing Relay Test Setup Usg Sin Genrtor and Apitfir to Si a
Machine aust

60HZ
LINE
SOURCEL_

A
L. -
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Jo a 0.25HZ

565
PLL 2
(X 100)

Jo a 25 HZ

Figure 4. Initial Tim base Design Using 565 Phase Locked
Oscillator
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DIGITAL

MIXER

I
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Figure 5. Time Base Design With Preultipliers and Digital Mixer
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ATTENUATION

CIRCUITS

565 PLL
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was then developed to Improve the pull-in
time andI eliminate the use of a voltage
controlled oscillator in ti-e itime base
circuits.

This second design for obtaining slip
frequencyindication and advance angle time
base is illustrated irn Figure 5. Bothl input
circuits were premultiplied by a factor of
100 to atake advantage of faster pull-in
tiries and to form the slip Indication output
of 100K the fractional slip. Additional
mulitiplication of the slip (XIOO) output by
36 was intended to give the advance angle
tirne base as required. Digital mixing was
accomplished using a D type flip-flop.

Two major difficulties were encountered
in this design. The first stage phase locked
loop) multipliers would not consistently lock
at 100 times the input frequency and a

capture range of 180 to 1800 liz could not be
obtained in the timie base multiplier (X36)
phase locked loop. Furtlher experiments were

performed until a functional module was
demonstrated utilizing an RCA type CD L404l6
phase locked loops and CHOS logic elements in
the sarme configuration. Use of Ch,OS
integrated logic provi (led stabl1e operation
with liiglher noise immunity at lower pow,.,er
levels.

An Intersil type 8038 integrated circui t
function generator furnishies a low distortion
sine wave for the maciline simulation module.
Nine additional cormponents were required to
provide distortion, symmetry, level, coarse
frequency and fine frequency adjustments.
The unit generates a high level output
suitable for driving a high impedance
amplifier and exhibits low freouency drift
chlaracteristics due to temperature and powier
supply fluctuations.

A block diagrarm of thie vorkiTng desigrn for
direct slip and advance angle indication is

given in Figure 6. The Cf'0OS squaring
circuits provide the CDr i4046 phase 1ockedl
loo) multipliers .and phase coitncidence
detection logic with fast risinfg square

waves. To corlipensate for unequal phase shif t
both) itnput networks a potentiometer In each
squarintg circuit allows for exact phase
coincidence adjustment. First stage (-100)
CD 4046 multipliers track and scale bus and

tnachine input frequencies translatin- the to
100 times tteir actual rate. Th£ -i xinr
staS-ae.- is the,n usetoo o stain a siI rn 1 us Ilg
at a rate of 100 times he actual slip
frequency fortIiput to an indication counter
and further multiplication for advance angle
tIm e base generration. Translation to a

frequency relatitg slip wi th eletrical
degrees in thedesired range is accomplished
by centerinrg the advance angle time base
phase locked loop free runnning frequency at
900[Hz and implementing multipl ication by 36.
(See TableI.) A%dvance angle countitng window
circuitry provides contact buffering and
debouncing through an edge tr iggered latch.
Only one advance angle count wi'ndowvf is
allowed per slip cycle to prevent continuous
addition of counts. A miianual reset is
required to arm, the entire count window logic
for each detection of phase coincidence.
Thiree cascaded RCA Cr 4033 decade counter-
decoder drivers and three RCA CA 3081
Transistor arrays couple to common anode
seven segment light emiitting diodes to form a
three digit display for a maximurn Indication
of 99g90.

Since the Cn O4046 phase locked loop
multipliers contain fixed external
comiponents, only the phase coincidence logic
may require periodic alignment in the slip
indication and advance anglemodule. This is
easily done wi th an oscilloscope by applytng
a common120VAC SoLurce to the bus and machine
inputs and adjustingfl the squaring circuit
sensitivities until a phase coincidence pulse
output is observed. (The sensitivity
adjustment also sets the input squaring
amplifier threshold point, howevee, beyond
the point of sufficient amplifier bias,
further loading results in a shift of output
phase.) Symm,,etry, level, total harmnonic
distortion and coarse frequency calibrations
must be made initially for proper operation
of the machine simulation oscl Ilator.

FIELD TE'STIG AND CONCLUSIONS

Field tes ts were conducted on -,the
instrurnent in the U-nion Electric Company
relay test laboratory with the test
connection di agrammed In Figure 8. A
calibration was applied to a General Electric
type GES-21A2D synclhronizing relay using a
recordi ng oscillograph to measure advance
angle and a frequency counter in the period
mode to set slip frequency. The same relay
characterisitics were then checked with the
i nstrument for compari son and no devi ation i n
slip frequency indications were detected.
The largest deviation In digital advance
angle measurement was 0.50and as expected,
relay performance measurements could be made
much more rapidly with the special test
instrument.

In addition to the savings Incurred
facilitating overall relay test time,
application of this testing device eliminates
the need for costly phase rmeters,
oscillographs and signal generators.

The prototype advance angle indication
and nmachine simulation oscillator wC'as
constructed at a cost of $115.

The final design presented in this effort
could alSQ be enhanced by add Ing a du'lI
purpose counting- module to serveas a
selectable frequency Indicator, and

138

TAISI I

TIM BASE 3lQUIlEMUTS FOR ADVANCE ANCLE

I DICATION WITH 0.1RO OLIION

PERIOD TIM BASE NO. OF TM BAS

(SEC)

20.0

10.0

(HZ)

180

360

SLIP FREQ.

(HZ)

0.05

0.10

0.20

0.25

0.30

0.40

0.50

5.0 720

4.0

3.33

2.50

900

1081
1440

2.0 1800
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CONTACT OF
SYCHRONIZING
RELAY

Figure 6. Block Diagram of Working Design for Direct Slip and
Advance Angle Indication
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Figure 8. Test Connection Used for Field Tests of the Slip
and Advance Angle Indication Unit
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resolution cf)ould he iriproved l.;y incornorpting;
i f-er rmul tip1? ors in1 the >nse l,C,

ci rcui ts. Tihc advaICe, angIle cr,unter
incor r atecd its capable of supportinrg an
in ter va l t ir, i ng function fo r riore prec'isc
app, I ications or use wJiere ad'vance angle is
desi re in term:ls of b,reakee r closing tintnc.
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