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Abstract 

The Bonnwille Power Administration (BPA) uses IRK-B trunsmitted over microwave as its primary 
system time dissemination. Problems with accuracy and reliability have lerl to ongoing research into better 
methods. BPA has al~o developed and deployed a unique fault locator which uses precise cinch synchronized 
by apulre over microwave. It automatically transmits the data to a central computer for analysis. A proposed 
system couhl combine fault hcution timing and time dksemination into a Ghbal Position System (GPS) tim- 
ing receiver and close the verification hop through a muster station at the Dittmer Control Center. Such a 
system would have many advantuges, including lower cost, higher reliahility and wider industry support. %st 
results indicate GPS has suflcient accuracy and reliability for this and other current timing requirements 
including synchronous phase angle measurements. A phmor measurement system which provides phase an- 
gle has recently been tested with excellent results. Phase angle & a key parameter in power system control 
applications including dynamic braking, DC modulation, remedial action schemes) and system state esti- 
mation. Further research is required to determine the applications which can most eflectively use real-time 
phase angk measurements and the best method to apply them. 

Introduction 

Electric power systems have evolved from a, few generators connected to a load in a  earby by city 
to  vast interconnected networks with hundreds of ge~ierators and loads spanning h d f  thr: country. 
C:ommensurately time synchronization lias evolvcd frclm locally set a.c clocks with second a,ccuracy 
to microwave pulse and satellite signals with ~rlicrosecond accuracy. Modern power systems rcquire 
increasingly complex controls to mai ntai11 stability. R.ecent developments in ti rne dissemination provide 
an opportu tlity for rnajor advar~cerrle~~ts i n  power system control, protectio~i, and operation. Precisc 
time dis t r ib~~ted over a large power system allows synchror~ous saxupling of voltage a.nd current for real- 
timc power and phase measurements as well as accurate cve~it recordirlg a.nd location. Precise 
time and phase mgle will enhance the devcloprnent of regional real-tirnc c o ~ ~ t r o l  syste~ris. 



Time Dissemination 

Early power systerrl controls were based on powcr, current, and voltage measured a t  a terminal. 
Scheduling was handled by demand, and disturbarlces were localized enough that  time synchronization 
WAS not required for. analysis. As systcl-ns grew they becarrle rnore cornplex and interconnected. Timing 
was rcquired to coordinate scheduling and to  compare disturbance recordings made a,cross the system. 
1,oca.lly set ac clocks were adequate for the task in most cases, but created probletns where distant 
c:loc:ks had bccn set several seconds a.pa,rt. 

I n  1974, Bonneville Power Administra,tion (BPA) col-mllissioned the Dittrner Control Center in Van- 
couver, Washington, as the rrlai~l dispatching and control ceriter for the BPA system. A primary 
fca.ture of the control center was the SCADA co~npi~ tc r  system to allow rrlost of the system moni- 
th ing,  switching, and control functions to be opera.tei1 remotely. The Central Time Systeni (CTS) 
synchronized to WWVB was installcd as BPA's primary tirnc source. Over the next decade time 
ctisserrrination W;LS extended thro~ighout the syste~ll using IRIG-B over dedicated microwave channels. 

'I'he IR.IC;-B signal synchronized time throi~ghout the system to at  least tenths of a s e c o ~ ~ d  99 percent 
of the tirnr. Ilowever, i t  was foi~nd phase slips in ~nultiplex cq~~iprnent and cliarl~lel frequency response 
could cause enough distortion to  make IK.ICi-B difficult to read, and noise could cause momentary 
interruptions. When recortled il ircctly on an oscillograph, these impairments didn't cause much prob- 
lem, hut they played 11a.voc with autornatic dccoding equiplnent. Thcy caused time miscues that  could 
1,e clays off arid take hours to resynclironize. In some locations al~tornatic alarm recording equipmerit 
~.ecordcd pages of tiale crrors. In acidition, there were several BPA substations which didn't have 
~Iirect, rnic,rowave corl-irnunications a.nd needed accurate time. 

(;OES satellite receivers wcre installed a t  several sites in an attempt to  solve both problems. Sr~cccss 
was limited. Thcy had trouble synchronizing, suffered from radio interference, and nceded occ:~sional 
a,ntenna repainting. Time a.ccnracy was no better tl-la11 IRIG-1) over the microwave altliough they did 
not need the rnillisecond dela,y correctior~s required for microwave transmission. 

BPA has experimented with phase modulated IRIG-II and found it to be much more resistant to  rni- 
crowa.vc inlpairrrlents than the standard amplitude modulation. Sincc it is not availa.hlc commercially 
arid r.cquires special encoding and decoding hardware, it has not been implemented. Consideration is 
being given to  the whole spectrum of BPA's timirig needs before developing a specialized system. 

RPA is in the proc,ess of specil'ying a new CTS system for the Dittrner Control Center. GPS rather 
than WWVII will be used to  acquire UTC til-ne in order to achieve microsecond level sy~ichronization. 
Tlie system will employ triple retiundant tilrie gcneratiorl for automatic switching and highcr reliability. 
It will have a11 indcpende~lt ru bidium based dock for local verifiability and better local timekeeping in 
the event of GPS signal loss. The systerrl will upgrade the central timekeeping capabilities to  support 
all BI'A systctn and Western region timing reyuirernents for the foreseeable future. 

Time Domain Fault Location 

BPA has pioneered a unique system for locating powcr line faults (short circuits) using precise timing. 
When a h u l t  oc,curs, the instantarleous c,hange in potential creates a voltage wave that travels along 
the power line a t  nca.rly the speed of light. By precisely l;irni~lg the arrival of the traveling waves at  
each end of a power line section, a, sil-liple formula yields the distance to fault from the end of the line 

[1,2,31. 



'I'hc original system, called 'l'ypc 13,  had a, rnastcr with a, counter and several slaves that  would relay 
the fault pulses to the master via microwave. The systenl was reascmably relia,blc, ~ I I  t could only br 
calibrated by known faults and needed to be interpolated by experienced perso~i~lel using informa- 
tion from past rea,dings. The prcsctit vcrsion, ca,llcd FLAR for Fa,111t 1,ocation Acquisition Reporter, 
exnploys rcrr~ote tirnctagging unjts with sta.ble clocks a,t a, nurnhcr of substa,tions [I]. 'I'hr: clocks arc 
synchronized cvcry 100 scconds by a, phase sh.ift keyed 2.3 M H z  tone sent ovcr thc tnicrowa.vc. rl'lic 
remote iinits commnnicatc ovcr a,n a,utoruatcd da,ta net with a, master computer which rctricvcs thcsc 
timetags, cdculates the fault distances, arid reports to systern dispatching. Tliis system has proven to 
be reliable and accurate for sites which can be linked by Eligl~ frequer~ cy rriicrowave col-nrnunication . Tt 
is easy to use and is being improved with software to  sort out good ~*ca.djngs froru the maay generated 
by noise during a fault. 

In 1989 the FLAR systerrl was extended beyond the BI'A microwave system by sync,hronizing thc 
rriaster with a GI's rec,eiver. A GE'S receiver installed at a, s~~bst,a.tion can provide sync in place of the 
rriicrowave transn-iitted pulse. The extension has worked well so far. 

Requirements for a Combined System 

The Western Systems Coordinating C:onncil (WSCC) is a regional electric utility group which consists 
of 61 interc,o~lnected utilities west of the grea,t plains froiii central Rri tish Colnnibia, to Mexico. It lias 
set a goal of 8 millisecond titrli~ig accuracy throughout the rrgion. I3 PA hams set its current requirerncnt 
for 5 rriilliseconds maximum th rot~ghout its systeni, arid 1 millisecond synchronization for ad1 systems 
within a, station. 

Time domain fault locatiorl requires 1 microsecond synchroniza,tion tlirougllout at  least every arca 
which might be reporting the same Sault. Several other ~ ~ s c s  wkidi htve riot been disc,nsscd yet are 
relaying, transient stability control, and state estir-na,tor. Relaying, wliicli detects power line faults arid 
controls the large power circoit breakers, optimally must kc able to detect fault distance withi11 1000 
rrleters to function correctly. Stability control a.nd state estil-nation opcratc relative to tlie f jO Hz cycle 
which is 46; ~~~ic roscc~nds /e lec t r i cd  degrcc. These requirements arc s~lmma,rized in Table 1. 

Table 1. Electrical Power System Precise Time Requirements 

The most stringent accuracy requirement is location; any t,iming systerr~ wit,h microsecond ac- 
curacy throughout the regiori will satisfy all tlie needs. Less obviol~s is the requirerncnt for reliability 
and availability. Power systcms are expcctcd to operate a.1 l the time. Any co~ltrol, protection, or 
motlitoring systcnl rriust be ready to operate reli:tbly at any time. A timing system that operates 
reliably or produces the rcqt~ired accuracy 98 percent of tlie time is not acceptable. IIPA currcntly 



requires its control and communication systems to  demonstrate a 99.986 percent availability for full 
performance operation. Any system with required outage times that cannot be scllcduled into main- 
tenance intervals (i.e., will fail occasionally a t  random times) is not acceptable. When systems fail the 
results can be dramatic-New York blackout of 1965-and destroy equipment worth rrlillions of dollars. 

IH,IG-B sent over the microwave could achieve the 1 millisecond rcqi~iremcnt using the phase modula,- 
tion technique. Tests have demonstrated that i t  will never achieve 1 microsecond reliably, even with 
a, steered oscilla.tor. A Cesium oscillator at  each station would achieve tlie required accuracy, but the 
necessary calibration and costs would be prohibitive. 

CiOICS satellite receivers have proven to  be not much bettcr than IRIG-I3 sent over microwave. Radio 
signals such as WWVI3 do not give the required accuracy. Loran C is powerful in the Northwest and 
accurate but does not ca.sily yield time. 

The FLAR systern has thc accl~racy and high reliability but only provides synchronization, not time 
of day. Incorporating time of day will require a major redesign of the hardware and software of the 
relnote unit, an expcnsivc and time con snrning proposition. An additional shortcoming is its reliance 
on a direct high frequency microwave link which isn't available to d l  sites where BPA would like 
accurate time of day. I t  also is not available to neighboring utilities where synchronization may be 
desirable. 

The GPS system can provide t h r  1 tnicrosecond accuracy throughout the system. It is rclativcly new 
and has unproven reliability as far as 1lPA is concerned. However because it does offcr such a great 
potential, R P A  has purchased several receivers and has don@ extensive testing over the last 4 years. 
The advantages include good manufacturer support, less expensive, inherent delay compensation, uo 
high frequency microwave requirement, better coordination with neighboring utilities, and an excellent 
system failure tolerance. The disadvantages are an imperfect receiver performance record to date, lack 
of knowlrdge of how the system will pr r for~n in a substation environr~icnt, and the u~icertainty of 
D e ~ a r t ~ n e n t  of 1)efcnse policy. However recent results from GPS receiver testing have been excellent. 
That  and policy statements by the Department of Defense have given enough confidence in the GPS 
system to propose a combined timing/fault locator systern based on GPS. 

Closed Loop Precise Time System 

I t  has been proposed to install at each substation a GPS  receiver with an IRIC-H output, a timetag 
option, and software that would allow it to  communicate with the FLAR master. The receiver would 
provide precise time locally to the substation, timetag faults, and report times to the FLAR master. 
The master would additionally check the remote GPS time and operation. This system would elirninatc, 
the need for the high frequency rrlicrowavc channel ;~nd several voice grade channels presently used to 
disseminate IRIG-B. I t  would replace the time code generator and FLAR remote unit with a single 
GPS receiver. Further advantages include: 

a. Manufacturer Support The current FLAR systenl is BPA designed and supported. A pro- 
posed phase shift key modulated IRIG-B would also need to  be designed for RPA. The proposed 
system would add only two options a basic GPS receiver produced by several manufacturers. 
The options are likely be used by many utilities, potentially making the configuration a standard 
piece of eqnipment. 



b. Less Expensive At today's prices, the GPS receiver unit is competitive with the two rernotc 
units it would replace. With quantity production, and as GPS receiver technology improves, the 
cost would be less. Additional savings arc! realized by microwave capacity not used. 

c .  Inherent Delay Compensation The broadcast delay from the CTS to cach sr~bstation has to 
be calculated ahd entered in each remote unit. BPA is in thc process of implementing a11 alternate 
control center from which time code could alternately be broadcast, creating two different delays 
for each remote. Alternate path routing for catastrophic microwave system problerns fiirtller 
complicate the problem. A GPS receiver outputs time corrected for its location. 

d. Closed Loop Verification The present broadcast IRIG-B has no verification that  thc t i t n ~  is 
correct and the remote equipment is operating. FLAR is a closed loop system, rcportitlg every 
100 secozlds any events and remote status. Thc proposed system would report GPS  rcccivc.r 

,IJX1P to health, oscillator status, and tracking information if required. It would also report local t '  
verify tirriekeeping within a millisecond. An additional timetag input can be added to receive 
broadcast FLAK. sync pulses to verify timing to a microsecond. The master could also set 
the remote for daylight time changes and tracking schedules if needed. Verification of remote 
operation should remove much of the z~nccrtainty of relying or1 a remote clock that  receives its 
signals from tiny dots in space. 

e. Improved Inter-utility Synchronization Even a prec,ise central systcm can drift from a 
common reference (UTC); when i t  does, all nodes drift with it. If each substation is directly 
synchronized to the same source as all other utilities, the systems on the average will remain 
better synchronized at  all times. 

f. Improved Systematic Reliability While the centralized system broadcasts from a redundant 
CTS on a microwave system of very high reliability, there are common power sources, single wire 
interconnections, and combined signal paths. Any interruption of this long litiked chain or error 
in time generation can cause multiple remote outages. GPS relies on multiple satellites, each 
individually timed with extensive built in rednnrlancy. Incorrect control signals to the satellites 
could cause errors, but not likely with all satellites at  once. Since several satellites are in view 
a t  all times, receivers can be designed with logic to ignore signals f r o ~ n  a satellite with sudden 
changes or with excessive variance from the others in view. The GPS receiver itself uses an 
internal oscillator which is slaved and compared with the satellite signal. If the R,F input fails 
for any reason, the internal time generation can carry the output accl~rately for some period of 
time. If the internal timekeeping generates an error, it can be corrected from the GPS signal. 
Communication failure interrupts fault reporting and verification, not time. Catastrophic failure 
of any station does not affect the tinling a.t any other station. 

A test program is planned to  deploy several units with the required software and three timetag inputs, 
one for faults, one to  mark the operation of the station oscillograph and the other to  time the arrival 
of the sync pulse. The oscillograph will typically only trigger on significant disturbances, so the FLAR 
master uses its trigger to sort possible faults from the many tirrletags due to  noise and switching. 
Timing the sync pulse will allow long tcrrn rrlonitoring of performance to the highest accuracy level. 
The test program will allow BPA to develop a longer term performance and reliability record. 



Precise Time and Phase Measurement R & D at BPA 

GPS Receiver Testing 

In conjunction with the Pllasor R 81: D program, BPA has tested GPS receivers for use in timing on 
the BPA system. Since continuous accuracy is the main concern, testing has focused on long tern1 
rrionitoring of the output. In most GF'S receivers a 1 Pulse Per Second ( 1 PPS) signal provides 
internal sync for all other tirnekeepirig signals, so it provides a simple reference for rnonitoring overall 
pcrforma,ncc. 'I'he 1 PPS output was compared against a 1 P PS signal generated locally by a Cesium 
reference standard. Originally only the average between the two sources was measured and cornputed 
perioclically. It was found that unlike an oscillator, the GPS derived signd could make sudden jumps 
to another vdne for one to rnany seconds and then snap back. Testing was expanded to monitor the 1 
PI'S sigrial every second for jumps as well as take 100 second averages every 15 minutes. A 100 second 
a,verage provides reaso~lable noise smoothing that fits in well with the 15 minute interval, thongh it 
may not provide the best sigma tau variance. 

In the last 6 years we have seen receivers improve from units that kept tirrie within several microseconds 
orily 95 percent of the time to units that typica,lly kccp tenths of ~riicrosecorid ac,curacy 99.9 percent of 
the tirnc with less than 3 microseco~id deviatiori a t  ariy tirne. The improvement is partly due to  better 
satellite coverage but mostly due to reccivcr tcclinology development. Perforrnarlce a t  the present level 
is quite acceptable to BPA. Figure 1 is a 2 week plot of thc 100 second averages corripari~ig C.iPS with 
Cesium. The drift of l.6TC-I2 of the Chiurn standard relative to TJTC is left in the plot so thc curves 
for each week don't overlap. 

We have also co~npared a GI'S receiver installed a t  the Malin Substation with the FLAR syric pulse 
~.cccived at  that site. Malin is i n  snr~thcrn Oregon on the Cdifornia, border and about 260 air rrliles from 
t hc Ilittmcr Control Center. 'I'hc sync pulse dclay time was measured by transnlitting the signal frora 
Ilittmer, re- transmitting it back, and measuring the round trip tir-nc. A n  average of 100 mcasurernents 
was divided by two to estirriate s olle way t rmsi t  ti111e or 1689.3 raicrosecorids. Sirice the FLAR, master 
a.t Dittmer is now synclironized by GPS, it is easy test the one way transit time with a CiPS receiver at  
Malin. The transit time averagecl over 15 minute intervals is around 1691.3 microseconds, vcry close 

1 

to  the previously calculated tirne (Figure 2). The 2 rriicroseco~id difrerence was constant over the 5 
month monitoring interval and has not been investigated, but is probably due to additional cable and 
transmitter equipment a t  Dittmer and differemes in microwave syste~n filter tuning. The effects of 

I 

the microwave systerrl and C:PS receivers cannot be separated in this data, but even combincd they 
are within an acceptable performance level for the FLAR system. 

While tlie averaged data only varied around 300 nanoseconds from thc mcan, of greater conc,ern is the 
worst case performance. Figure 3 is a, plot of the span bctwccn the maximum and mininlum measured 
during the interval. The time interval counter used in this test only has a 100 ~ia~iosecond resolution 

I 

so the plots appear rather quantized. The fact the difrerence is always less tha.n 1.5 mic~roseconds I 

is a~nazing, considering tlie plot combines the effects of two GPS receivers 260 miles apart and the 
mic,rowave cornmunications in between. 

Synchronous Phase Angle Measurements R & D Program 

BPA installed a prototype Synchronous Phasor Measurement System developed by the Department of < 

I3lcctrical Engineering at  Virginia Polytechnic lnstitr~te and State University in Blacksburg, Virginia on 
BPA's 500 kVAC Pacific Northwest-Southwest (PNW-SW) Intcrtic. The system consists of a re~rlote 
terminal installed a t  John Day and Malin Substations (about 250 rriiles apart) and a, master terminal I 



at  the BPA Laboratories i n  Vancouver, Wa,shington. The two remote terminals are synchi.onizcd by 
GPS rrccivers. 

b 

A remote unit is a microcornputer with a A /  I) a.nd serial i ntcrfaces. Three phase power line waveforms 
I are synchronously digitized at  a 720 sample/second ratc, clocked directly by a precisely timcd signa.1 

frorn t tic G PS receiver. After each sample, the latest 12 sarnplrs arc filtered with a Fourier t r ; ~ ~ ~ s f o r ~ m  to 
extract the 60 Hz compor~er~t and converted with the syrnrnctrical component transforlnatio~~ to yield 
the cotnplex positive sequence phasor. This pl- aso or represents thc magnitude and phase of a balanced 
three phase system and is s good rept.esenta.tion of the statc of a real power systerrl in all hut  extrernc 
h u l t  conditions. Since eac,h phasor is col-nputed wit11 12 samples, it gives a true 60 Hz response to 
char~ges. The precise timing rnakes data col-nparable for a,cctlr.a.tc pha,sc angle deterr~linatiorl over ;L 
region of any size [7,8]. 

In addition to calculating phasors, the rernote also cornpl~tes fi'cq~iency and rate olchange of frequency. 
I t  rno~~i tors  the corrlputecl data for sudden cllanges and flags any that go beyoncl preset limits. It will 
colr~rrlu~licate thesc va.lnes to the rrlaster ter~rlinal on dcrnand either as a stored table or ;L r e d  timc 
data. flow. 

In this test, data was gathered from the real time data flow using 4800 BPS rnodcrns over the BPA 
mjcrowavc system. Data was transtnittcd at  12 Hz (every 60th sample) in ordcl. to fit into the protocol 
arid dat,a, rate. T h r  master monitored the distur.bance flags and saved a 3 minute t;~J)le of saw da.ta. 
(inclucling 30 seconds of preiiag data)  w l ~ e ~ ~ e v e r  a, flag wa,s dctcctcd. The master d s o  corrlputetl 
continuous statistics from the data a11d recorded it cvcry 15 r-ninntes. The test system diagram is 
shown in Figure 4. 

Phasor System Test Results 

The purpose o l  the test prng1.a.m was both to evaluate the phasor measurement syste~rl a r~d  to provide 
operational i~lforrnation on the CiPS receivers usecl for the precise tilrle source. The systetn ha.s hrrn 
fully operational since S e p t e ~ ~ l l ~ e r ,  1'390, and 8 months of continuous data has been rec,orded for 
analysis. 

The system has performed very well. In 2 years of field of deploynlent there has only been olle llard 
hilure in a GPS receiver and none in the phasor remote units. Data communications has less t h a , ~ ~  a, 1 
percent error rate. The pllasor data appears to have a better response with greater a.ccuracy and less 
noise than c,omparable analog telernetered data. The final test results are now being analyzed with a 
report to  follow in 1992. 

A sample disturbance records a bus fault a t  the WNP-2 plant near Richland, Washington, followecl by 
a loss of 1094 MW of generation at  10:10:55 on December 7, 1990. A sharp voltage dip is seen at  both 
John Day and Malin during the fault (about 30 lnilliseconds duration). It is followed by a voltage 
rise and decrease in phase angle between John Day and M d i n  which accol~lpallics the drop i n  power 
transfer. The fr+equency traces from the two s t s t i o ~ ~ s  are nearly identical; the squared appearance is 
due to the algorithm being used at the time which takes longcr a.vera.ges to improve accuracy near f iO 
Hz. The systerr~ gradually approacl~es its old operating point during the 2 minutes followilig thc fault. 



Future Applications of Precise Time and Phase Angle Measure- 
ments 

Precise timing enables implementation of event time- tagging, fault location, and the synchronous 
measurements of key transient stability indicators such as voltage phase angle in near real time. 
These measurement techniques enable the development of new protection and control schemes, some 
of which are described in the following paragraphs. 

Stability Control Schemes 

The aim of stability control schemes is to  prevent unnecessary shutdown of generators, loss of load, 
separation of the power grid, and avoid blackouts and damage to power system equipment. Control 
schemes accomplish this by a graduated response to system disturbances which only take effect when 
the ciisturbance is significant enough t o  endanger overall system stability. When a disturbance is great 
enough to cause generators to go out-of-step, the frequency to become unstable, or the voltage to 
collapse, controls respond with appropriate remedial measures such as dynamic braking, generator 
dropping, load shedding, and finally controlled islanding. 

ICxisting control schemes within the WSCC service area arc Type A high speed actions based on a 
worst case scenario and Type I3 which takes slower corrective action after an event. Type A controls 
tend to take excessive action and can only respond to preprogrammed events. Type B tend to  be too 
little or too late to  prevent system problems to  propagate as they would with no control action. 

Future stability control systems based on digitd phase measurement can offer significant advantages 
over the systcnls currently employed. Phase measurements could be combined with Type A high- 
speed control logic to compute an appropriate proportional response and be substituted for Type B 
for longer term control actions. During a major system disturbance, control computers can sort and 
pl*ocess synchronous field data to compute a response appropriate to  the current system operating 
conditions. Within a few cycles from the beginning of the disturbance, they can provide an output 
response to the disturbance. If this initial high-speed action doesn't stabilize the system, further Type 
B actions could be taken t o  taken to correct it. Considerable long range R & D is required to  assess 
the feasibility of such systems and develop and verify the necessary strategies, hardware, and software. 

HVDC Modulation 

HVDC systems are powerful tools for improving the transient and dynamic stability of AC power 
syste~ns. In contrast to  an AC line, the power transfer over a DC link does not depend on the voltage 
phase-angle between the ends of the line and can be quickly changed independently from other system 
parameters. The control may be continuous in nature, using feedback variables, or it may be discrete, 
consisting of predetermined changes in DC power. Voltage phase angle between stations in the AC 
system are powerful input parameters for this type of control. The first swing (transient) stability 
can be improved by using a voltage phase angle measurement on an AC line to  modulate the parallel 
HVDC link. Damping of oscillations in the AC grid can also be achieved by using the rate of change 
of voltage phase angle as an input to  the DC Link control. 



Dynamic Braking 

When a power line Sault occurs, the current is shortecl back to the generator bypassing the load. 
Since power systerri equipment is lriostly ir~ductive rather than resistive, it absorbs little energy, so 
the driving force tends to accelerate the generators. 111 North-central Washington BPA has a 1400 
MW resistor which serves as a dyna,mjc brakc for the ma.ny la,rgc hydro gcncra,tors it1 the area,. It  is 
used to  prevent AC system separation by burning up  excess kinetic energy from system generators. 
At present, the begi~lrling of braking is usually triggered by the detection of a disturbance such as a 
multi-phase Sault or intertie separation. The brake is applied once Sor 30 cycles to stabilize the initial 
swing. A single application may be too little or too ~ n u d i  to s td~i l ize  the syste~ri for a pa,rticular 
incident. Voltage phase angle could integrated into a dyna~nic control that could apply the brake to 
maintain phase within a maximnum limit using up to six, cor~secutive SO cycle applicatio~ls. 

Subsynchronous Resonance 

In s multi-rnacliine power system the controls on the v a r i o ~ ~ s  generators will a.t certain operating points 
with certair~ power grid configurations oscillate at  a low frequency a,nd amplitude, thrca.tcning operat- 
ing stability and ~ I I  tting undue stress on generation equipment. This subsynchronous resonance is a 
well known and generally controlled phenomena, but hard to elilninate entirely due to rr1arl.y possible 
opcra.tit~g configurations in a largc powcr grid. The ability to measure voltage phase angle between 
key generating nnits would provide a rrleaals o l  avoiding or da,rriping out, sorne of these ost:illa,tioxls. 

System State Estimation 

Systerrl State Estimation is a mathematical technique that has evolved for determining stability of a 
power systerri based on its characteristic equations. The lnajor input requirement is knowlcdgc of th r  
complex voltages a;t the powrr system busses throughout the system [a]. 
The present State Estimator uses a least squares algorithm to c,ompute the c,ornplex volta.gcs from 
raw power system data  like voltage magnitudes and power flows. Thus the voltage phase-angles arc 
derived in the estirriatio~i process rather than obtained by direct ficld r-ncasurcment. 'I't~c slow response 
time (seconds t o  minutes) renders the syste~rl usable o~lly for static analysis. In addition, it requires 
collsistent and complete sets of measurerncnts to acci~rately irriplel-nent the algorithm. When the 
data is inconsistent or. rnissing, systerri phase angles are abnormally largc, or the systctn is in an 
oscillatory colldition the solutions rnay not corlverge. Line flow ~neasurements are needed for any bus 
to be included, so the contribution of neighboring power systenis rriay Lye irr~possible to compute even 
though they contribute to  system stability. 

A State Estimator that  uses direct phase angle inforn~iation rrieasured by precise timr synchronous 
sampling would avoid lnost cf these problems. The systerrl would be fast (in the order of a few cycles) 
since the corrlplex voltages used i n  the algorith~n would be measnrcd rattler tha11 co~nputed. If a 
reading was in error or missing o111y estinlations surrounding a pi~rticular bus would be thrown out. 
Abnor~nal phase angles and systcrxl osci1l;~tions would not aflcct the process. State estimation roilld 
be incorporated into dynamic control schemes. 

Monitoring Power Flow. 

'l'hc power flow across a line is equal to  the product of the two termi~lal voltages and the sine of the 
phase angle across the line divided by the line inlpedarlce [4]. The terrriinal voltages are norrna.lly 



closely regulatpd to  a fixed value and the transmission line is usually constant. Thus, the power 
flow is basically determined by the voltage phase-angle difference between the busses. A inax i~nu~n  

4 

phase angle can be determined based 011 the line and bus-generator characteristics, above which the 
generators will not stay in sync. This stability limit then determincs the ~naximum power that can be I 

transmitted across the power line. 
I 

Monitori~lg voltagc phase angles rather than line loading for power system security assessment may 
be a more reliable method. Generally speaking, in multi-machine systems small angles between the 
regions or buses is "relatively secure" and angles approaching 90 degrees is unstable. If bus voltage I 

phase angles along with stability margins were displayed for system dispatchers on the power systern 
diagrams, the load flow and stability situation could be verified at a glance. 

Monitoring Reactive Power Requirements I 

The reactive power injections which are required for controlling voltage ~nagnitudes in the power I 

system depend basically on two factors: the load characteristics and the reactive losses in the network. 
Phase-angles arc important quantities in this respect because they influence the reactive losses in 
tra.n smission lines, especially for large angles. 1 

Tlus relationship was a major factor in' the voltage collapse and stlbscquent blackout in France in 1978 1 

and the blackout in the SW region of California in 1982. Ahnormally large angles produced large I 

power transfers. Thcsc, in turn, increased the demand for large reactive compensation and the system 
becaznc unstable when it was not available. 

I 

JTigh speed phase measurements will allow real-time monitoring of the reactive power requirements of 
the of the system or a region. Following a, systern disturbance it is fast enough to initiate high-speed 
reactive compensation, such as shunt capac.itor switching to co~ltrol voltage. 

Reduction of Losses 
1 

From precise synchronous field data it is possible to construct a precise conlputer model of the system. 
By using this model, computer studies cotlld be run to match a specific load demand a t  minimum 
losses. Security considerations permitting, savings could be realized for example, by opening some i 

lines which carry essentially no load a t  a specific time of the day or season. 

System Restoration 
I 

Following a major blackout, generating plants or regions can be rcclosed rapidly if they are in phase 
with one another. With remote voltage phase-angle measurements a t  key points, i t  would be possible to 1 

synchronize and restore remote substations reliably and securely. This should make systern restoration 
faster arid more versatile. 

Summary 

RPA is continuing research on precise timing systems and applications development for operation 
and control of its electric power system. It has developed and employed an accurate and reliable 
fault locator system and the precise timing network that enables it to  operate. CPS is being used I 

to extend the range of that system beyond BPA's network. Investigation also continucs of better 



~ncthods to dissemination system time. A de~rlonstration R & I )  project is being initiated to corrlbirle 
time disscrnination and fault location timing into a CiPS receiver. 

Rcscarch in system wide phase angle measurements is also continuing. The first test phase of a pha,sor 
rnessurerrlerlt system has bccn completed. A GPS receiver provides the precisc timing required for the 
synchronous sarr~plirlg used to  compute voltage and current phasors. Results have been very good, 
and consequently new system deployment is being investigated. 

A successful phase angle rneasurcmcn t system will have 1-narly q)~)lica,tions. Thcsc inclurlc a new 
generation of cor~trols i~~c lud ing  rcrncdial action schemes, dynalnic brake and capa,citor insertion, 
TIC system modulatio11, anrl system state estimation. As power system loading and intcrcm~nection 
incrcasc, new and more autol-nateti controls will ncccl to be developed. High speed, rea,l-titne phase 
sr~gle rrieasure~rlent ma,y prove to be a key to the next ge~~eration of controls. 
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Figure 1. Typical GPS receiver performance versus a Cesium Standard. 
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Figure 2. Average of FLAX versus GPS timing. 
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Figure 3. Worst Case of FLAR versus GPS timing (Span or Maximum-Minimum). 
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Figure 4. Synchronous Phasor Measurement System One line Diagram 
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Figure 5, Voltage Magnitude at John Day and 
Malin Substations 

JOHN DRY I 

t 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

-30 5 B 15 38 45 68 75 38 105 I29 

TIME (Seconds 1 

Figure 6. Voltage Phase-Angle between 
John Day and Malh Substations 
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Figure 7. MW Power flow on Line 1 at 
John Day and Malin Substations 
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Figure 8. Frequency at John Day and Malin 
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