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Glossary of Abbreviations and Symbols 

A 

a-c or a.c. 

CT 

d-c or d.c. 

DVM 

hp 

HZ 

I 

PF 

P-P 

PT 

Pu 

Q 
kQ 

ROC 

rms 

SCR 

V 
kV 
kV.A 
MV.A 
vs 

ampere 

alternating current 

current transformer 

direct current 

digital voltmeter 

henry 
microhenry 

horsepower 

hertz 

current 

power factor 

peak-to-peak 

potential transformer 

per unit 

volt-amperes reactive 
kilovolt-amperes reactive 

rotor overcurrent 

root mean square 

short circuit ratio 

volts 
kilovolts 
kilovolt-amperes 
megavolt-amperes 
system voltage 

Z impedance 

iv 



INTRObUCTlON 

Fountain Valley Pumping Plant No. 1 has four 700- 
hp, wound-rotor, induction motors fitted with slip 
loss and energy recovery systems manufactured by 
Anvic international. The slip loss recovery system 
essentially consists of a three-phase rectifier bridge 
and an inverter bridge. The rectifier converts rotor 
slip frequency a-c voltage to dc. The inverter con- 
verts the d.c. to a.c. for power feedback into a 60- 
Hz, a-c system. In this scheme, the motor is able to 
operate at various speeds with substantially higher 
efficiency than a conventional, wound-rotor, variable- 
speed, induction motor with adjustable rotor resis- 
tors. Obviously, feeding rotor power back into the 
system is more efficient than dissipating it in the rotor 
circuit resistors. The conventional and slip recovery 
systems are shown on figures 1 and 2 in appendix 
A. 

CONCLUSIONS 

The startup problems at Fountain Valley are due to 
an inadequate SCR (short circuit ratio) at the drive 
side of the feedback transformer. The rather high 
impedance of the feedback transformer is the pre- 
dominate factor in determining the SCR and, in fact, 
has limited the SCR to an unacceptably low value. 
The SCR and percent distortion factors should have 
been considered in the sizing of the feedback trans- 
former. Neglecting this equipment coordination task 
resulted in the manufacturer selecting a feedback 
transformer considerably smaller than actually re- 
quired for proper operation. 

An insertion resistor scheme during the initial startup 
period has proved successful in eliminating the 
startup problems. Insertion resistor starting elimi- 
nates the problem by reducing the SCR requirements 
of the drive. 

ANALYSIS OF STARTUP 
INVESTIGATION 

Harmonic Terminology 

Throughout this report the terms “harmonic” and’ 
“harmonic like” have been used. These harmonic 
terms are normally derived from a Fourier analysis 
and/or transform of the complex waveform. The 
term “harmonic” refers to an integer multiple sine 
wave of the fundamental component of a complex 
and periodic waveform. The term “harmonic like” is 
used to indicate that the distorted or complex wave- 
form, although not of a steady state nature, is some- 
what sustained and sufficiently repetitive so as to 
approximate a periodic waveform. In this respect, a 
Fourier analysis can be performed and “harmonic 

like” components can be obtained. The period of 
sustained complex repetitive waveforms varied from 
several tenths of a second to more than several sec- 
onds. There were also test results involving transient 
related distortions where the subject waveforms 
changed drastically from one cycle to the next. In 
these instances, references to Fourier and harmonic 
terminology were avoided. 

Background 

Prior to November 1982, only one pump at a time 
had been started and run at Fountain Valley Pumping 
Plant No. 1. On November 5, 1982, a representative 
of the manufacturer attempted to start a second unit 
while the first unit was at operating speed. Shortly 
after initiating the startup sequence, the first unit 
tripped off-line. Protective equipment targets indi- 
cated the trip was due to overload conditions. Ad- 
ditional attempts to start a unit while another unit 
was on-line resulted in an identical trip sequence. 

Analysis by Manufacturer 

A series of tests were performed in November 1982 
in an attempt to determine the nature of the startup 
problem. After review of the test data by the man- 
ufacturer and the manufacturer’s consultant, they 
concluded in a letter to the Bureau (app. B) that the 
equipment was not at fault and stated the problem 
was related to the 2400-V power supply system. 

In the preliminary report (app. B), the manufacturer 
stated the mode of shutdown of the running unit was 
,, . . . determined to be misfiring of the silicon-con- 
trolled rectifiers due to voltage distortions on the 
600-V lines inside the Econodrive.” This misfiring 
resulted in short circuits through the silicon-con- 
trolled rectifier bridge. The report goes on to say the 
voltage distortion was due to higher than expected 
current draw from the silicon-controlled rectifier 
(power feedback) transformer, which upset the volt- 
age stability in the starting motor circuits. In turn, 
this produced (by means of cross talk) misfiring, due 
to waveform distortion, in the running drive and mo- 
tor. The final conclusion by the manufacturer was 
that “. . . the cross talk is due to the inability of the 
2300-V lines to maintain stability when called upon 
to provide the inrush current required upon imme- 
diate static connection of a complete drive system.” 
Although this is not a totally wrong statement, it is 
somewhat misleading in that the manufacturer did 
not address the problem. Instead, attention was di- 
rected on an effect rather than on the cause of the 
problem. The proposal to stiffen the bus is an ex- 
pensive brute force method that may or may not pre- 
vent inadvertent running drive trips and would not 
cure the underlying phenomenon that created the 
problem. 



Our analysis of the manufacturer’s data was based 
on uncalibrated oscillograms, and all the data was 
submitted without scales and values assigned. These 
omissions prevented a rigorous analysis of the os- 
cillograms. 

After receiving the manufacturer’s preliminary report 
and copies of the test oscillograms, the Bureau’s Di- 
vision of Design requested the Power and Instru- 
mentation Branch to analyze the data and provide 
comments. For details of our response to this re- 
quest, please refer to appendix C. Also included in 
appendix C are several of the submitted test records 
and oscillograms. The Bureau’s review of the data 
resulted in either of the two following conclusions: 

1. Energizing the power feedback transformer, 
harmonic filter, and associated equipment simul- 
taneously resulted in the oscillation of a tuned cir- 
cuit with an extremely high quality factor centered 
around 180 Hz, the third harmonic frequency. 

2. The saturation and inrush current of the trans- 
formers combined with the high quality factor of 
the near third harmonic filter may have resulted in 
sustained harmonic or harmonic like oscillations 
due to transformer ferroresonance effects. 

On December 3, 1982, a meeting was held with the 
manufacturer, the contractor, and the involved Bu- 
reau offices. The manufacturer stated the startup 
problem was due to the weak power system, 
whereas the Bureau defended the two possible con- 
clusions previously mentioned. The prime contractor 
stated that he would hire a power system consultant 
to review the data. It was noted at the time that the 
manufacturer’s previous consultant was a solid-state 
motor drive expert and not a power system engineer. 

Discussion of Consultant’s Preliminary Evalua- 
tion 

In late February 1983, we were informed that the 
consultant hired by the prime contractor had essen- 
tially agreed with the Bureau as to the cause of the 
problems at Fountain Valley. As a result of the con- 
sultant’s analysis and report, the manufacturer and 
the consultant decided to make modifications to the 
circuits that would hopefully eliminate the sustained 
harmonic oscillations, and then perform field tests to 
verify the results. After temporary modifications had 
been made, it was found that a second unit could be 
started and run without affecting another running 
unit. However, upon starting a third unit, there was 
still unit tripping due to undervoltage relay opera- 
tions. Additional tests led the consultant to believe 
the system was considerably weaker than required, 
and sustained undervoltages of about 8 percent 
could be expected. 

At this time, it was generally agreed that there were 
two distinct points of view regarding the startup 
problems: (1) sustained harmonic like oscillations, 
and (2) a weaker than required system. It should be 
noted that these two possibilities are separate and 
that one is not causing the other. In fact, the converse 
is true to some degree in that a weaker system will 
tend to limit the harmonic or harmonic like oscilla- 
tions. During ferroresonance conditions, as the har- 
monic current increases, the weak system voltage 
will sag and limit the peak voltage applied across the 
power feedback transformer. This will limit trans- 
former current to a larger degree because, in the re- 
gion of saturation, small increases in voltage will 
result in much larger increases in current. While it is 
true that a stiffer system would reduce the cross 
coupling between drives, it would also contribute to 
the sustained oscillations on the drive being started. 
The Bureau believes that the sustained harmonic 
overcurrents are a very severe duty to impose on the 
transformers, harmonic filters, and associated equip- 
ment. The Bureau also finds it difficult to accept that 
the system is weak enough to sustain an 8 percent 
or more voltage drop during startup, and the running 
of a motor that has no inrush current. These induction 
motors and drives come up to speed under controlled 
conditions so that the normal 5 to 6 per unit starting 
current is reduced to 1, or less, per unit. Based on 
a 2300-V supply, the line current for a 700-hp pump 
is about 130 A. From previous oscillograms, there 
is negligible voltage dip when starting one motor, so 
why should there suddenly be an 8 percent drop only 
when starting the third motor. 

Discussion of Consultant’s Final Evaluation and 
Report 

The consultant to the prime contractor performed 
additional field tests on February 22 and 23, 1983, 
and the results reported in “Variable Speed Drive 
System Analysis and Test Report,” dated March 18, 
1983. Appendix D consists of detailed comments on 
this report along with several reproductions of os- 
cillograms which were part of the report. The con- 
sultant made two recommendations: 

1. The power factor capacitors should be re- 
Icoated. 

2. The Southern Colorado Power Co. should pro- 
vide an accurate‘assessment of the current sys- 
tem short circuit capability. 

At the time, we found nothing wrong with these rec- 
ommendations and, if the problem at Fountain Valley 
was transient related, moving the capacitors may ac- 
tually have eliminated the problem. The consultant 
also made several statements in his report that im- 
plied the inadvertant tripping of units was due to a 
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weak system. Being specific, with respect to test 5 
2B, the report states, “. . . this failure was due to a 
severe voltage drop on the 2300-V line in the order 
of magnitude of 10 percent or greater.” We disagree 
with this statement and believe the data presented 
in the consultant’s report indicate the severe voltage 
drop was due to an inverter silicon-controlled rectifier 
misoperation that applied a phase-to-phase fault on 
the 600-V bus, thereby reducing the system voltage. 

Our analysis of the February tests was based only 
on the test data and oscillograms presented in the 
consultant’s report. This data, as was the case with 
the November 1982 data, lacked the scale and mag- 
nitude data required for a rigorous analysis. A de- 
tailed report of our analysis, on the February tests is 
presented in appendix D. In general, we disagree with 
the consultant’s observations. Our analysis of the 
test oscillograms strongly supports the contention 
that the system is sufficiently strong and that the 
problem is equipment related. The general conclusion 
of our analysis is that it appears that the silicon-con- 
trolled rectifier drives misfire, causing phase-to- 
phase faults more often than not when starting other 
units. These faults may be due to: 

1. Transients (high and/or low frequency in na- 
ture) 

2. Ferroresonance (while switching) 

3. Tuned circuit oscillations (induced while 
switching) 

4. Improperly placed power factor correction ca- 
pacitors (as suggested by the consultant; i.e., 
transients) 

5. Improperly selected feedback transformers 
(i.e., the large transformer magnetizing inrush 
alone may distort the voltages enough to misfire 
the silicon-controlled rectifiers) 

6. Feedback circuit design related (i.e., a delta on 
the filter side may help improve the 600-V system 
waveforms more than a delta on the line side of 
the transformer) 

RELATED PROBLEMS AND 
POSSIBLE SOLUTIONS 

A brief, informal literature search has produced two 
IEEE papers (app. E) on the subject of transformer 
inrush currents in conjunction with a-c harmonic filter 
circuits. Both of these papers relate to problems en- 
countered in the design of high-voltage, d-c con- 
verter stations for transmission of power by d-c 
methods. The papers are very relevant to Fountain 
Valley in that a d-c converter station consists of an 

inverter to convert the d-c power to a.c., filters for 
power factor correction and harmonic suppression, 
and switched transformer banks between the a-c 
system and filters. This configuration is exactly that 
of Fountain Valley and, in many respects, the Econ- 
odrive can be considered as a miniature d-c converter 
terminal. 

The Sakurai paper states “. . . closing the converter 
transformer onto the a-c system can cause tempo- 
rary overvoltages or voltage distortions of duration 
up to about 1 second due to the converter trans- 
former magnetizing inrush current containing low har- 
monics and the resonance of the a-c filter bank with 
the a-c system.” This statement sounds very famil- 
iar. One of the conclusions of the paper is that with- 
out a damping resistor suppressor, magnetizing 
inrush currents would necessitate highly oversized 
capacitors in the fifth harmonic filter. 

The second paper, by Thio, essentially states the 
same problem - that transformer inrush currents ex- 
cite the third and fourth harmonics and can produce 
highly distorted a-c voltages. The solution presented 
in this paper was also to install preinsertion resistors 
which decrease magnetizing inrush currents by ef- 
fectively removing the voltage from the transformer 
nonlinear inductance when it reaches the saturation 
region (during peaking portions) of the current wave- 
form. Studies have indicated that fairly high resistors 
could be used with insertion times of about 5 to 15 
milliseconds. 

Based on the literature search, the use of preinsertion 
resistors may be the easiest and most direct method 
of eliminating the inrush related problems at Fountain 
Valley. An inexpensive, low-current auxiliary contac- 
tor and resistors installed around the main contactor 
are worth further investigation as a possible solution. 

SYSTEM CAPACITY INVESTIGATION 

Because of the difference of opinion regarding the 
source of the problem at Fountain Valley, and the 
urgency involved in completing the plant, it was de- 
cided and agreed by all parties involved to perform 
a system impedance test. This test would definitely 
determine if system capacity was in fact the real 
problem. The test was scheduled for June 6 and 7, 
1983. To obtain the impedance data, it was agreed 
that the data could be obtained by starting one of 
the motors as a conventional induction motor (rotor 
short circuited). It was also agreed that standard cur- 
rent and voltage transducers of the 0.1 -percent ac- 
curacy class, connected to a laboratory grade strip 
chart recorder, would be sufficient for measuring the 
system parameters. This equipment was augmented 
with a laboratory grade oscillograph. Although less 
accurate than the strip chart recorder, the oscillo- 
graph would provide valuable information on current 
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and voltage waveshape and offset. The data from 
these tests are presented in appendix F. 

In summary, the system impedance test results 
showed that the 13.8-kV system short circuit me- 
gavolt-ampere capacity was 55.4 MV. A, which was 
about 13 percent greater than the 49 MV. A value 
used by the Bureau during the final design. Short cir- 
cuit capacity during the motor startup transient per- 
iod was about the same as the steady-state value. 

The 13.8-kV system voltage drop was 7.2 percent 
when a 960-A predominately reactive load was ap- 
plied to the 2400-V bus. The voltage drop on the 
bus was 17 percent. Based on the system impedance 
calculated from the test, the system voltage drop for 
1 per unit rated motor current at 0.9 power factor 
was 2.7 percent. This is the system (impedance) 
voltage drop, not the voltage drop at the motor ter- 
minals. The motor terminal voltage drop is only a 
fraction of this value and has been calculated, from 
the test data, to be about a 1.2 percent voltage drop 
per motor at rated load and 0.9 power factor. This 
agrees very well with the average 1.3 percent volt- 
age rise observed on the strip chart records when- 
ever a loaded unit tripped off-line. Other system 
measurements from the tests indicated the actual 
voltage drop at the motor terminals to be from 1.3 
to 1.5 percent. The reason that the system voltage 
drop is not equal to the motor voltage drop is be- 
cause the system impedance is primarily reactive, 
whereas the motor load is mostly resistive. There- 
fore, the system reactance voltage drop is out of 
phase with the motor voltage by more than 60 de- 
grees and, as a result, the motor voltage drop is 
smaller and must be calculated using vector analysis. 

The oscillograph records show that the 2400-V bus 
voltage drops 4 percent when the feedback trans- 
former, motor stator, and filter circuit are energized. 
This voltage drop is due to the circuit transient inrush 
current. Because we now know that each unit results 
in about a 1.5 percent voltage drop at the motor 
terminals, it becomes obvious that the worst case 
unit voltage drop with two units running while start- 
ing a third unit is about 7 percent. This is considerably 
less than the + 10 percent line voltage variation spec- 
ified by both the Bureau specifications (IEEE require- 
ments) and the drive manufacturer requirements. All 
of the data strongly support the Bureau’s contention 
that the system capacity is adequate and meets the 
plant requirements. 

The 20-to-1 SCR required by the drive manufacturer 
is defined by the IEEE Standard 519-1981 on “Har- 
monic Control” as the system short-circuit, circuit 

capacity in megavolt amperes divided by the con- 
verter capacity in megawatts. The Fountain Valley 
SCR has been calculated to be 16 on the converter 
side of the feedback transformer. This ratio is rather 
inadequate based on both the IEEE standards and on 
the drive manufacturer’s specifications. The SCR 
based only on system impedance (assuming a zero 
impedance feedback transformer) is 117. The SCR 
of the feedback transformer only, assuming a zero 
impedance system, is 18.8. It is now clear that the 
feedback transformer impedance is the limiting factor 
in determining the SCR. Reducing the feedback trans- 
former impedance by 50 percent or increasing the 
feedback transformer megavolt-ampere rating by 
100 percent would result in an overall SCR of 28.5. 
This would result in a more than adequate SCR by 
both the IEEE guidelines and the drive manufacturer’s 
requirements. The SCR is referred to in the IEEE stan- 
dards primarily for estimating the percent distortion 
factor, which is a means of determining the effects 
of harmonics on the power system voltage wave- 
forms. Apparently, the drive manufacturer neglected 
to consider the percent distortion factor and SCR in 
selecting the feedback transformer. 

In addition to the information previously presented, 
it was discovered that starting one unit in an “as 
supplied” configuration resulted in a peak inrush cur- 
rent of about 4.8 to 6.2 per unit. This is considerably 
greater than the 1 per unit maximum starting current 
specified by the manufacturer in his literature. This 
large difference would result in errors in the required 
SCR and seriously impact the plant integration and 
equipment specifications. 

MOTOR STARTUP TESTS 

The purpose of the June 15-l 7, 1983, field test in- 
vestigations was to study firsthand, and in detail, the 
pump startup problems at Fountain Valley. Numerous 
tests were performed involving several different 
plant configurations. The various test configurations 
were devised to investigate and possibly isolate the 
source of the startup problems; however, none of 
them were successful in doing so. However, from 
the test results, it became apparent that any effort 
to reduce the transient startup current improved the 
success rate of bringing units on line. Wiring the 
feedback transformer directly to the 2400-V bus re- 
duced the inrush current by about 15 percent. This 
is equivalent to reducing the peak inrush current by 
2.5 per unit on the 2400-V feedback transformer 
base. This resulted in the best, if not only, improve- 
ment in the success rate of bringing units on line. 
Prior to preenergizing the feedback transformer and 
filter, 8 of 12 startup attempts were successful in 
bringing a second unit on line. After wiring the feed- 
back transformer directly to the 2400-V bus, there 
were no failures in bringing a second unit on line; and 
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7 of 10 startup attempts were successful in bringing 
a third unit on line. 

Removing the capacitor from the circuit also did not 
improve the startup success rate. This does not 
mean that the tuned circuit does not contribute to 
the problem, but does show that the drive system 
problem is current disturbance related regardless of 
whether it is current inrush related and/or filter cur- 
rent oscillation related. This statement is based on 
the fact that most of the prior test data tend to 
strongly indicate that the current inrush surges ini- 
tiated filter circuit oscillations, which aggravated the 
problem and contributed substantially to the 600-V 
bus (540-V transformer winding) waveform distor- 
tions. 

During one test, accurate digital voltmeter bus volt- 
age drop measurements were made to determine the 
motor terminal voltage drop of a loaded motor. The 
results showed that a loaded motor drops the 
2400-V bus voltage from 1.2 to 1.5 percent per mo- 
tor. This agrees with data and calculations from the 
June 6 and 7 tests, and further supports our con- 
tention that the power system is of sufficient capac- 
ity. 
Direct currents of about i-0 A were found to exist 
circulating between the converter and feedback 
transformer of each unit. This was probably due to 
the unconventional asymmetrical design of the con- 
verter. This current can only add to the startup prob- 
lems by further increasing the percent distortion 
factor that the drive must contend with. Details of 
the testing, data, and analysis are presented in ap- 
pendix G. 

It appears that any modification made to reduce the 
initial current surge during startup would also reduce 
the severity of the 600-V bus voltage waveform dis- 
tortions and thereby improve the drive system per- 
formance. The harmonic like current in the feedback 
transformer circuit of a running drive, either inrush or 
filter oscillation related, induces a voltage across the 
feedback transformer that results in a distorted 
540-V bus voltage. The distorted waveforms pro- 
duce errors in the converter gate firing circuits and/ 
or failure of the silicon-controlled rectifiers to com- 
mutate properly, thereby resulting in phase-to-phase 

converter faults that trip the equipment off-line. The 
ability of the equipment to ride through this distortion 
is dependent on the percent distortion factor of the 
600-V bus voltage (not the 2400-V bus). Further- 
more, the percent distortion factor is a plant design 
parameter that must be considered in the selection 
of all associated equipment. In summary, during the 
initial stages of plant and equipment design, some 
thought should have been given to equipment inte- 
gration and the resultant percent distortion factor to 
ensure proper plant operation. 

FIELD EVALUATION OF 
PROPOSED MODIFICATIONS 

The purpose of the December 6, 1983, test inves- 
tigation at Fountain Valley was to evaluate the effec- 
tiveness of capacitor modification at the pumping 
plant in eliminating the startup problems and, if this 
was not a successful solution, to determine if recon- 
necting the feedback transformers to the line side of 
the unit contactors in conjunction with capacitor 
modifications would perhaps alleviate the starting 
problems. The final and most promising alternative 
was to investigate insertion resistor starting. 

The capacitor modifications separately, and in con- 
junction with rewiring the feedback transformers to 
the line side of the unit contactors, were not suc- 
cessful in eliminating the startup problem. However, 
the insertion resistor scheme was most successful 
in eliminating the problem. There were 22 successful 
startups out of 22 attempts. Based on this success 
record, it was recommended that each of the Foun- 
tain Valley units be modified for insertion resistor 
starting. 

The test records and analysis indicated the startup 
problem revolved around the high impedance feed- 
back transformer that severely restricts the drive 
SCR to the point that the drives will not operate prop- 
erly. The insertion resistor scheme eliminates the 
problem by reducing the SCR requirements of the 
drive. For a detailed analysis of the evaluation of the 
proposed modifications, please refer to appendix H. 
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PRINCIPLES OF SLIP LOSS AND ENERGY 
RECOVERY SYSTEMS 



PRINCIPLES OF SLIP LOSS & ENERGY RECOVERY SYSTEMS 

Thewound rotor inductionmtorhas pmventhroughyearsofoperation toba an ex- 
trerdy reliable, low rraintenane, piece of eguimt. Although it enploys slip 
rings andgraphitebrushes, thewearandmaint~~ce reguiremnti mtotallydif- 
ferentthanthe reguirmts for aDZmotor. Withtheexceptionof -1y severe 
atslPsphereappLicatians~sliprings~generdllyofa~zeccprpositionand 
experiamsvery littlewar inopexation. Tbiseliminatesanyneedformchining 
asisre&redwithaDCcmmuta~r. &tintenanceconsistsofperiodicbxushreplace- 
~tevery fourto fiveyears. 

In~tionthetorqueofthe~orisrelatedtothe cu.?mntthatflCkjsmthe 
rotor windings. Atmaximumspeedthexotor current is at its maxim. Fkxacmtri- 
fugalloadthexotor -t reduces as the square of the speed, ie. 100 anp 
current at 100% speed = .8 x .8 x 100 aup or 64 anp at 80% sped. 

T?ZlditiOMll~ externdlresislzmcehasbsm amected t9 the motor slip rings as 
depictedinFig. lto regulate the rotor cunentandkncemtorspeed.Intiewing 
Fig.1itbecrrmesreadilyapparentthatthe~flowingthrougfi~external~ 
sistance is dissipatedas heattot!!atnosphere. 

-- 
MTEEWAC REsIsroRs 

Fig. 1 - RESISTANCE CONTROL 

Cmpare Fig. 1 The Resistance Contnol or Slip Ioss Systemwith Fig. 2 ExxNoDRTvE 
ReamIySystmnandthedifferm!ebeomssreadilyappamlt, 

INVEXERBRIIXX RMJTIFIERBRIIXE 

Fig. 2 - ECONODRIVE Slip Recovery System 

Inplaceof mnneckingthe rotortoenergywasting resistors, therotorpwer is taken 
througharectifierbridgewhichconverts the= rotor current to lx! current. This 
DC curre.ntis thendirectgdthrougha reactorto an inverterbridge~&a~nverts the 
DccurrenttoAc currentinphasewithti:a inamingsupplylinetowhich it is return- 
ed. Tbisactionrecovers approximtely 97% of the oormlly wasted rotor pmer. 

ANWC INTERNATIONAL 
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ABSTRACT 

Experience with many successful slip energy a-c motor controls has demonstrated high reliability and proven the 
prospect of significant energy cost savings. Improved specialized techniques and 'increased understanding has 
extended the use of this equipment to applications exceeding 1000 horsepower. This paper attempts to develop 
a perspective of the state of the art and to identify the extent to which slip energy control fits into the 
general area of adjustable speed a-c drives. 

INTRODUCTION 

In the past several years in North America, 
hundreds of successful slip energy recovery drive 
installations have been established by a number of 
manufacturers. Until now most of these have been in 
the water and sewage puaping field with some 
excursions into general purpose fan and boiler 
induced draft applications. Originally, 'this 
equipment gained popularity as a replacement for 
less efficient adjustable speed apparatus, such as 
eddy current and hydraulic couplings and wound rotor 
motors operating with dissipative rotor resistance 
or reactor controls. 

At first, the slip energy recovery drives were 
significantly more expensive than the dissipative 
controls they replaced, i.e. clutches and resistors. 

I 

Cost trade-off studies were developed and were 
ultimately justified to shcu that the incremental 
cost associated with applying a slip energy recovery 
unit could be returned in periods as short as three 
to five years. This principle has been sharpened in 
the face of continued increases in energy costs 
accompanied by a reduction in the relative cost of 
slip energy systems.4 5 

The wound rotor motor seems destined to retain 
the advantageous qualities of its rival, the d-c 
drive and the variable frequency inverter, while 
rejecting or circumventing their disadvantages. 
That is, the wound rotor drive has the simplicity 
and reliability of the d-c drive, while the slip 
rings perform with carefree endurance rivaling the 
squirrel cage motor. Slip rings are used where 
commutators could or would not be tolerated. 

A further and perhaps unwritten qualification 
has been reliability. Faced with municipal water 
and sewage pumping applications, the slip energy 
recovery drive is placed in situations involving 
unattended stations supervised by personnel 
completely lacking the electronic service and 
maintenance skills normally found in industries 
where thyristor equipment has been applied. With 
the exception of perhaps one or two of the very 
earliest vintage of equipment, the drives originally 

tY 

placed in the field are still operating today. The 
retro-fitting of some field modifications was 
required to follow established learning curves in a‘ 
few specific instances. But the overall aspect of 
the slip energy drive continues to indicate 
efficiency, simplicity, reliability and serviceabilii 
equal to or exceeding any other form of electronic 
or electromechanical adjustable speed arrangement. 

This paper will attempt to identify the state 
of the art in slip energy controls, explaining the 
structure and performance of exlstlng equipment. 
The extension of the basic drive to higher powers of 
serveral thousand horsepower will be emphasized. 
The prospects of extending the application of these 
units away from their now traditional fan and pump 
applications to more general service is considered. 

FUNDAMENTALS OF OPERATION 

Fiqure 1 depicts a basic slip energy control 
arrangement. The system, motor and control, is fed 
by an input circuit breaker operating off the line 
voltage Vl. Once the breaker is closed, the control 
and a portion of the power factor correction 
capacitor (PFA) is permanently connected to the line. 
The motor stator and another portion of the capacitor 
(PFB) is energized through a contactor M during 
periods of running. Rotor or air gap voltage appears 
on the slip rings as a quantity transformed from the 
stator voltage and is given approximately by the 
expression: 

"r = (I- x) v, = s v, 

where V, = rotor voltage 

"rm = maximum rotor voltage 

x = relative speed, i.e. (Qg xc 1) 

s = slip 

The motor slip diminishes as the speed increases 
according to the expression: 
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I IL BREAKER 
WOUND ROTOR MOTOR 
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PFA CONVERTER RECTIFIER 

FIGURE l- BASIC SLIP ENERGY CONTROL SYSTEM 

5 = us - w, 
w, 

where W is the synchronous rotational speed of the 
stator jield. i.e. W, = J2+ (in RPM). 

W, = the angular speed of the rotor (RPM) 

F = the line freouency; and 
P * the number of rotor poles. 

The frequency r of the rotor voltage is given 
by F, = SF or (1 - x F. 'i 

These relationships are plotted in Figure 2. 
In order to achieve speed control, torque which is 
proportional to rotor current Ir, must be developed 
over the entire speed range. This is done by 
rectifying the rotor voltage and applying the 
resulting normalized d-c voltage to a d-c link 
which in turn is applied to the d-c terminals of a 
phase controlled converter. 

The converter, operating as a synchronous 
inverter transforms the link voltage back to the 
line. The d-c linr is provided with a smoothing 
reactor to filter prospective harmonics developed as 
a consequence of rectification and phase control. 
The speed of the motor is controlled by adjus:ing 
the developed torque (I,) as a function of load 
conditions. The rotor current, in turn is a 
function of the Phase of the firing instants in 
the thyristor conve-rer. 

The overall sc:,emedescribed is referred to as a 
slip energy control because the speed of the stator 
field is constant unlike the print ple employed with 
an adjustable frequency inverter. d Faced with a 
constant speed stator field, the rotor responds llke 
the rotating member of a friction clutch, except the 

I 
1’ 

1’ 

0 .l .2 .3 .4 .5 .6 .7 .8 .9 1.0 
SPEED X 

FIGURE 2 - ROTOR WAWTITIES AS A FUNCTION OF SPEED 

coupling means is magnetic rather than mechanical. 
Nevertheless, the princtples am the same. If 1 is 
the transmitted toque, then the following 
relationships hold: 

Output power - KWrT 

Input power n KM,T 
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DRIVE DESIGN Efficiency = KlirT = I$. 

K = constant 

7 = relative torque 

Thus, for a basic wound rotor motor or a fluid 
or eddy current coupling operating with adjustable 
speed, the efficiency is proportional to speed. 

Obviously, if the load characteristics wire of 
a constant toroue nature, the loss of power at low 
speeds would be prohibitive. However, if a punp or 
fan drive is considered, where the load torque varies 
essentially as the square of the speed. the resulting 
power loss in soma instances has been tolerable. 
Taking the specific case of a wound rotor motor 
operating from resistors. the slip energy lost is 
given by: 

Power in = KH,T = KMsX2 

Pouar out = KWrT = (X Ws). K X2 

= w,x 3 

Power lost * power in - power out 

Slip energy = K Y, X2 - K W, X3 

K w, (X2 - X3) 

K W, X2 (1 - X) 

on a relative or per unit basis the slip energy 
nomslized to rotor input is given by: 

P slip = Slip Energy = K Ws (X2 - X3) = X2 - X3 

Rotor Input K us 

It can be shown that the sli energy under this 
condition (i.e. for a fan or pump ! has a maximum 
value of 14.8% of the rated rotor input at 2/3 speed 
as plotted in Fiqure 2. In most applications, a fan 
or pump operates for sustained periods at or near 
70% speed. Here. the proportion of power lost 
relative to the power transmitted is very high, in 
the order of 50%. With escalating energy costs and 
at higher power it becomes necessary to use system 
which can recover or reclaim the lost slip energy. 

Evaluation based on the added acquisition cost 
of slip energy recovery system and the cost of 
borrowing money versus the incremental cost of 
energy have justified slip energy mcovery in many 
instances. Even in cases of very low horsepower 
installations, the peripheral factors. such as cost 
of removing waste heat, etc. have justified the USC 
of slip energy mcovery where energy savings mm 
not nomally prescribed. 

In very high power installations of over 1000 
HP, obviz;sly the added problem of disposal of waste 
energy ir eddy current or fluid couplings and in 
some cases the increcsed size and cost of tha 
physical structure associated with drive element 
(i.e. fan, purrp)am of prime Importance and have 
tipped the scale to slip energy recovery systems. 

As in the case of most industrial electronic 
drives, it is the aim to supply a system of 
integrated and co-ordfnated components to perform 
a specific task completely. Often these am 
supplied in a single cabinet or a close knit array 
of enclosums. The ultimate goal is to accept the 
3 phase power supply leads and provide the necessary 
rotor power leads. Adding a mlatively few intcr- 
face connections to enable the motor. the control 
and the outside world to cmnicate with each 
other, the CuStaT@r expects to find a working system 
complete with provisions for internal and external 
protection including the implications that the 
equipment will meet established standards and codes 
pertinent to the industry and/or environment which 
it serves. 

SIZING & CO-ORDINATION OF CONPDNENTS 

The exact design of any power electronic system 
is a combination of l merical and analytical EOIIID- 
romiees. Analytical approaches are Gel1 defi&d 
with respect to establishing bottom llne mauirements 
of semiconductors, SiZlng O? motor overloads and 
thermal protection, etc. For fan and punp loads 
these calculations am simplified because the duty 
cycles am not severe as in the case of some steel 
mill work profiles. l4any other considerations such 
as breaker frame SiZeS, conductor sizes. am dictated 
by national and local codes and practices. Building 
from these, the des'gner can apply his own judgemnt 
with mspect to safety factors above and beyond 
mlnlmum requirements. Certainly, the level to which 
external and internal transients am suppmssed as 
well as the margin between the absolute peak 
opcrating voltage and the peak blocking capabilltles 
of the semiconductors am left to the discretion of 
the designer. Operating a synchronous converter 
almost exclusively In the m-generative mode involves 
particular pmcautions which am established in the 
art.3 The particular nwthod of suppmssion involves 
the co-ordination of suppmrsor networks, line or 
branch reactors and/or the semlconductors involved. 
These am beyond the scope of this paper, but it 
should be mentioned that the pmsence of power 
factor correction capacitors require special 
consideration, but also allows some advantages. 

Fault protection is normally provided by fast 
current limiting fuses. It is possible, through 
oversizing of semiconductors, to eliminate fuses, 
allowing the bmaker, in canbination with electronic 
trip and safeguards, to protect against component 
failum and system malfunction. It would appear 
that from a reliabllity stand point, the most 
important parameter in selecting a semiconductor is 
fault curmnt rating. While no particular blend of 
actions or mcines is suggested, it is obvious that 
a consistent, ooucated approach based on theory and 
experience pr..- --car extremely insensitive and durable 
Co:.‘:-nt. 

COOLING 

It is believed that in most slip energy systems 
considered, l quipmnt cooling should be accomplished 
via forced or convected air. T!ie high efficiency of 
this equipnnt promotes such an approach. However, 
it is recognized that by not using liquid cooling of 
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semiconductors. the rating of the largest available 
sub-system or module is restricted to 1000 to 2000 
horsepower. This becomes a disadvantage only in a 
small portion of the present market. On the other 
hand, the use of multiple units present soma 
advantages as will be discussed later. In a few 
installations the need to treat ambient air has led 
to some cabinet heating problems leading to a need 
to duct or direct air with more discfollne. It is 
felt that the most effective way to deal with 
adverse ambients is to pretreat cooling air or to 
isolate the equipment in reasonably clean control 
rams. Generally speaking, cooling air has not 
presented major problems even though the amount of 
air required for a large drive is significant. It 
has been found that the air supply does not have to 
be refrigerated or conditioned, but merely 
replenished to guard against self generated heat 
build-up. 

ANALYSIS OF DRIVE OPERATING PARAMETERS 

Frequent questions arise concerning the 
distribution and characteristics of the current 
within the slip energy control. Beyond line current 
draw, it is Important to know the nature of the 
drive current, i.e. Ifb in Figure 1. This is 
necessary not only to understand the inner workings 
of the drive. to be able to size the power factor 
correction capacitors, but in some instances to be 
able to feed recovered energy back to a separate 
source of power. 

MOTOR STATOR CURRENT 

Figure 3 depicts a typical motor stator current 
as reflected by a motor operating into a dissipative 
control means. i.e. a resistor controlled wound 
rotor motor. Since the rotor energy is lost in heat, 
the reflected line load is high and the values can 
be used as a basis of comparison in later discussions 
of the slip energy recovery system. For fans and 
pumps at low speeds the load diminishes to 
essentially zero, the stator current reduces to the 
magnetizing current of the motor. This situation is 
discussed in Appendix "A" using an approximate 
equivalent circuit. 

ELECTRONIC CONTROL CURRENT-FEEDBACK CURRENT 

In analysing the current returning from the 
rotor, after processing by the control, some 
assumptions should be made: 

The d-c link inductor is sufficiently large to 
smooth the rectified rotor voltage, so that the 
current ripple harmonics are not significant. 

The stator sub-hannonfcs will be ignored since 
they are small and secondary in nature with 
respect to power flow. 

The line source impedance of the phase 
controlled converter is small. 

For the purpose of fundamental power flow, the 
reflected converter current harmonics are 
neglected. This is a valid assumption for 
power flow because of the filtering 
action of the power factor capacitors. 

0 .l .2 .3 .4 .5 .6 .7 .i .9 1.0 
SPEED X 

FIGURE 3 - MOTOR STATOR CURRENT vs. SPEED 

For an optimized drive, the rotor voltage at 
stand still is 0.9 times the stator applied power 
supply voltage. This is in keeping with providing 
an adequate conznutation margin for the converter. 
Thus, when power is first applied. the firing 
instants of the converter are asswd to be at their 
maximum retarded position. The converter assumes a 
maximum inverter voltage which exceeds the rectified 
no load rotor voltage. As the firing instants are 
advanced in response to a speed regulator error 
calling for torque, i.e. rotor currept, current 
begins to flow as the converter link voltage equals 
and drops slightly below the rectified rotor voltage. 

v, = 3 ~ V,pbJS 0,) 

where V, = average converter d-c volts 

vlP 
= peak line voltage 

9I = converter phase firing angle (90' S 9, S 180' 
for inverter operation) 

The maximum value of 9 is a function of the 
maximum induced rotor voltahe, V, developed at 
motor stand still according to the motor 
transformation ratio "a". Again, this is normally 
chosen so that this transformation ratio, stator to 
rotor, is no greater than 0.9: 

(i.e. V, = a V, = .9 Vl). 

thus 9, max = cos "(a) 

similarly 9 min = cos -l(O) = 90' (full speed) 

for this typical set of parameters: cos 9, = 
a(1 - x). 

The fundamental current returning to the line 
at the converter supply terminals has very nearly 
the same phase as 91. If it is assumed that the 
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load follows an ideal fan or pump square law 
characteristic, then: 

*fb s *r A 

= X2 lfln pJ 
where I is the fundamental or sine component of 
rotor &rent. 
I,,,, is the rated rotor current. 

X - speed 
and; Ifb is the converter a-c current. 

There relationships are plotted in Figure 4. 
Note that at maximM speed the rotor current is 
maximus and in quadrature with the line voltage. 
This would produce a prospective adverse power factor 
if not corrected with a power factor capacitor 
current I,. The amount of correction rquired is 
dependent on the peak converter current generated. 
In most cases, this value Is equal to or slightly 
greater than rated load current. For a single 
range drive, one may consider the anrount of P.F. 
current required as l.O.P.U. or equal to the rated 
stator current. Such a correction will counter the 
effects of the lagging Power factor feedback current 
and restore the system power factor to essentially 
that of the motor operating at full speed and full 
load as a squirrel cage motor, i.e. with shorted 
slip rings. For mediua size motors, the full load 
power factors range from 0.8 to 0.9. essentially the 
sams as squirrel cage motors. 

-.5 -.4 -.3 -.2 -.l 0 

SPEED X 

FIGURE 4 - FEEDBACK CURRENT +b vs. SPEED 

LINE CURRENT !lRAW TOTAL SYSTEM CURRENT 

If the feedback current and the stator current 
are sumned with the total power factor correction 
current, a total System current can be derived. The 
results are plotted in Figure 5. It should be noted 
that over the normal operating speed range, the 
current a;-roaches a value proportional to the cube 
of the speed. This inaicates that the drive is not 
only effic.;ent by that the line current is drawn at 
a power factor approaching unity. 

The power factor asstones the motor P.F. at full 
scard and changes from lagging to leading at 
a::-sximately 70% speed. It should be noted that the 
p;.+r factor departs from unity only at relatively 
low and perhaps insignificant line currents. This is 
partly due to the low losses In the system relative 
to dissipative controls, i.e. the lower the losses 
the worse the oower factor. While the line current 
rises t*. low speeds due to the excess or unused 
power -c:tor correction current, operation in this 
range s noncally not required. However, if power 
factor at low speed IS critical the capacitors can 
be shed with contactors to bring ltne current draw 
to an absolute minimum. It should be recognized 
that the power factor capacitors serve an added 
function of inhibiting line transients and 
protecting the drive thyristors. 

gUALITY OF LINE CURRENT DRAW 

In addition to reflecting a low line current 
draw coincidental with high power factors, the slip 
energy control demonstrates a further advantage. 
Starting a motor with slip energy control does not 
involve a surge or in*i'ih of current. The contactor 
closes on an open circuited rotor, current flows 
only after a delay and only under controlled current 

.8 

.7 
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\ 
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FIGURE 5 - TOTAL SYSTEM CURRENT VS. SPEED 
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limit. This not only has the advantage of reducing 
wear on the contactor, but is extremely valuable when 
sizing diesel driven alternators for emergency run 
operation. This. of course. is a frequent 
consideration in sewage and water pumping applfcatfons 
where the servfce is absolutely vital In spite of 
power failures. 

It has been mantioned that like any phase 
controlled converter system, speciffc lfne current 
hamonfcs are generated. In most industrial 
installations, i.e. steel mills, these are tolerated 
while In some sensitfve areas, i.e. laboratories, 
lfne filters are employed to eliminate electro- 
magnetic interference. The use of power factor 
capacitors in slip energy control generally contafns 
the harmonics and interference to levels below those 
generally experienced with phase control equfpment. 

SYSTEM LOSS 

The principal losses of a slip energy drive 
system are found in the motor. It has been mentioned 
that the wound rotor motor efficiency is comparable 
to the squfrrel cage motor namely 91% to 95% 
depending on the size and particular design. The 
slip energy control introduces an additional 1% to 
2% loss dependfng on the configuration. The losses 
are normally distributed primarily between the d-c 
reactor and the semiconductors with measureable but 
small contributions from the capacitors, the control 
coils and power supplies, fans and suppressors. In 
short, adding a slip energy control to a motor 
introduces less losses than inserting an isolation 
transformer. 

PROCESS 
REFERENCE 

PROCESS REGULATOR SPEED REGULATOR CURRENT REGULATOR 

A&EL. DECEL. 
RATE RATE 

PROCESS FEEDBACK 

BASIC CONTROL FUNCTIONS 

Figure 6 depicts the overall control strategy. 
The scheme involves a nesting of three control loops, 
i.e. current, voltage/speed and process regulators. 
Such an arrangement Is coimion to most thyristor 
phase control equipment. The primary or inner most 
loop is the current regulator. Rotor current is 
sensed indfrectly, at the line voltage terminals of 
the converter which is one of the three possible 
points of measurement, i.e. including the rotor 
current and the d-c link current. The advantage of 
sensing at the converter tennfnals is that the 
frequency is high. reducing sensor filtering 
requirements and allowing the use of conventfonal 
current transformers. No noticeable disadvantage of 
this method is apparent. Nhfle direct rotor current 
measurement is possible. it is not recoasaendcd 
because of the specfal CT's required at hfgh speed 
at frequencies approaching 1 hertz. 

The parameters of the current loop are such to 
achieve cross over at approximately 4OO radians 
providing a fast closed loop current response. The 
principle time factor associated wfth the current 
loop is the inductance and resistance of the d-c 
link reactor. The current regulator operates in a 
linear mode until ft reaches a maxfmun current 
limit value as determined by an adjustable current 
limit setting, typically 10% above the rated rotor 
current. An over current trip is provided fn the 
event of an excessfve excursion from the maxfanas 
current limit setting. 

As an alternative to using a tachometer, the 
mtor voltage can be used as a maans to synthesize 

GAIN 
SPEED 

MIN MAX 

RAMP THYRISTOR 
GENERATOR GATING 

SPEED FEEDBACK CURRENT FEEDBACK 

FIGURE 6- CONTROL LOOPS - SLIP ENERGY CONTROL 
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a speed signal. The rotor voltage can be sensed by 
using a pair of transformers whose output when 
rectified and filtered provides a d-c quantity 
proportional to rotor voltage. Since the rotor 
voltage is maximum at zero speed and diminishes to 
zero at synchronous speed, a bias signal is used to 
null or offset the rotor voltage at zero speed. 
This combination of zero offset bias and rotor 
voltage produces a remarkably accurate representation 
of speed. It is this signal which can be used to 
direct the speed loop, produce a speed read out and 
in soma cases provide information reouired to 
supervise the drive, i.e. sequence contactors and 
verify operating status, etc. In rare cases, where 
extreme accuracy of speed setting and/or speed 
indication is required, a tachometer must be provided. 
For small drives the use of a tachometer should 
probably be discouraged because c' oifficulty in 
mounting and cost. Generally spearing. the process 
using the motor drive involves speed only as an 
indirect quantity, with a primary controlled 
quantity being pressure, flow. temperature or level, 
etc. In these cases a sped signal derived from 
rotor voltage is more than adequate in that it merely 
serves to stabilize the speed control loop. 
Obviously, rotor voltage sensing is similar to 
atmature voltage sensing in d-c drives. 

In order to provide a means of acceleration and 
deceleration control, a rasp generator should be 
provided to prevent machanical or system trans'onts. 
Typical values of standard ramp time adjustmenr are 
2-20 seconds, while in some instances ranges to 200 
seconds have been specified. In some applications 
a maximum speed limit is necessary. This can be 
achieved directly using a max/speed setting or 
indirectly by limiting the rotor current. A minimus 
speed setting is allnost universally required with 
fan anc sunp loads. In small fans no sigrificant 
work is accomplished below 30% speed. Ir targer 
fans and pumps minimum speeds are rarely :-: below 
60% of maximum. A minimum speed is set by a bias 
in the process regulator or a clamp in the reference 
generator. 

To add flexibility, a process regulator can be 
provided as a front end to a slip energy control 
system. Often the responsibility for control and 
stabilization of the process is accomplished 
outside the drive system, the only input being 
typically a 4-20 mR or 3-15 FSi, etc., speed 
reference. The process regu':ror, if provided with 
a gain or bias control. can r:*ll be useful in 
providing a scaling of the reference input and a 
means of providing process offsets, i.e. minimua 
speed setting offsets for minimum quiescent inputs, 
etc. 

A variety of hardware exists to convert 
pressure and current references to standard 
regulator quarr.ties, i.e. O-10 V d-c. As in any 
industrial situation any control input must be 
guarded or buffered against abuse. A prima enemy 
of reliable controls in fan or pumping applications 
is lack of integ-rty of connection In the presence 
of moisture and rorrosive atz,.?spheres. This has 
the tendency to oiscourage the use of plug-in cards 
and favors the more robust screw type connections. 

INTERWAL PROTECTION 

Most phase control electronic drives are 
equipped with an almost standard set of internal 
protective measures. These include protection for: 

-Incorrect Phase Sequence 
-Single Phasing 
-High/Low Line Voltage 
-Control Power Supply Loss 
-Current Lialt/Overcurrent Trip 
-Internal Component Overtemperature (heatsinks. etc.)- 

and perhaps serveral specialized functions pertinent 
to a particuiar control. 

These features are provided to guard against 
improper supply conditions as well as failure of 
soma portions of the drive itself. It is recognized 
that these features are or should be part of any 
electronic control. 

TYPICAL START-UP SEqUENCE 

When power is first applied to the control, a 
tilne delay is initiated to inhibit all contactors 
and all thyristor gating aarplifiers. All regulators, 
integrators, ramps. etc. are clamped to zero. The 
phase control circuits are set to maximun phase 
retard. During this delay period a logic scan is 
made of the vital signs and status of the control. 
The activation of any protective element, high/low 
line, control poner supply loss, etc., will inhiblt 
further action and annunciate the condition. 
Continued successful logic scans will, after the 
'nitial delay, allow the activation of the motor 
contactor. A run coasaand will now initiate a second 
snort time delay to confina system status after 
which gates and regulators are released. The control 
will function until it Is told to stop or until a 
continued logic scan reveals a system flaw. At this 
tine the system will attempt to execute an orderly 
logic shut-down unless faced with a system fault 
due to internal failure, i.e. motor short, thyrlstor 
failure, etc. 

The above sequence is slightly more complicated 
in dual range or multiple unit high power systems. 
Generally speaking, the amount of interlocking is 
small and uncomplicated. 

MOTORS 

Once the shaft horsepower is detennined, the 
selection of a wound rotor motor is primarily a 
function of the m:tor manufacturer's practice. 
Beyond specifying the fact that an electronic slip 
energy control system is to be used and a request 
for a particular rotor voltage, no special 
considerations are required on behalf of the control 
manufacturer. Certainly routine specifications such 
as type of winding and bearing temperature 
protection, type of bea-:*:, winding treatment and 
insulation type, special -:nishes, colour, etc., are 
defined. It is assumed tnat no conscious over- 
sizing or special design is implied in designating 
a motor for slip energy recovery. Oversizing is 
expected for constant torque and severe duty. It is 
possible to specify a Service Factor or a Class "8" 
temperature rise with Class "F" insulation, etc., 
for safety. however, slip energy units have had 
popularity and extreme success in retro-fit 
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applicatfons using existing wound rotor motors. 
lhus, while the presence of harmonics in the slip 
energy system is recognized, the effect rfth respect 
to motor consideration appears to be negligible. 

With regards to motor protection, it is felt 
that the principal and most effective means of 
guarding against motor damage in any adjustable 
speed application is in the winding temperature 
sensor. Other fonm of protectfon such as thermal 
overload relays are not effective due to the 
inherent ability of the control to limit the current 
to 100% of rating. On the other hand, a motor faced 
with a locked rotor could experience a tendency for 
overtemperaturedueto loss of fan cooling. In such 
instances, the motor temperature protection 
(thermistors, RTD'S. etc.) would automat::;:~~; 
this condition and open the contactor. 

' the type of protection is not as crftfcal as fn 
fixed speed applications since the temperature rfse 
is usually under current limit. producing a slower 
rate of temperature rise. The need to anticipate a 
hot spot is thereby lessened. 

EXTENDING THE OPERATING RANGE OF 
SLIP ENERGY RECOVERY SYSTEMS 

As prevfously stated, under normal cfrcumstances 
the maximus voltage which can be applied to the 
rotor rectifier terminals of a slip energy recovery 
system is slightly lower than the SupPlY voltage. 
Converter systems are normally optimized for a 
ma&;zt:ta;$rd supply voltage, i.e. 480 volts. 

. It is normally not practical to 
extend this range, hence the maximum applied rotor 
voltage for a slfp recovery drive is limited. 
Frquently it is fnconvenient to obtain mOt.orS at 
a particular voltage forcing the designer to accept 
a rotor voltage, either higher or lower, than the 
optimun for his control. At times, it is possible 
to use a full time rotor matching autoktransfonner. 
However, this is costly and has other undesirable 
effects. Opting for the lower voltage reflects a 
higher current for a given horsepower which in turn 
requires an oversized control since the supply 
voltage is constant. A higher than optimmn voltage 
which reflects a lower current and reduces the 
control rating can be accomnodated under certain 
circmnstances. Since the rotor voltage diminishes 
with speed, a starting resistor can be used to 
accelerate the motor to a speed at which the 
operating rotor voltage is below or within the 
maximum capability of the control (Figure 7). At 
this point, as monitored by a specd'or voltage 
sensor, the electronic drive is activated, 
controlling the speed in a continuous manner above 
this mfnfmum crftfcal speed. Restricting motor 
operation at low speeds Is not normally important 
sfnce, as mentioned before, hi 

P 
h power fans and 

Pumps are nonally operated on y above 50% speed. 

In some instances the available rotor voltage 
is only slightly higher than the control 
capability. Thfs requires acceleration to only a 
low speed. The starting resistors are thus required 
to "kfck-up" the motor to operating speed. In 
other cases the available voltage may be greater 
thdn 15Gx of the controls capabflfty whfch may 
require that the rotor be isolated from the control 
by a disconnecting contactor. The motor would have 
to be accelerated to a hfgher minimum speed of 30% 
to 40% Of the rated speed before the contactor 
could close and the control could be activated. 

The cost of the contactors and resistors is more 
than offset by the reduction in control sire 
resulting from the greatly reduced reflected 
current. Such schemes for extending the 
capabilities of a control are extremely effective at 
high horsepowers. 

ISOLATING 1 
CONTACTOR H2 

T 

- 
T 

FIGURE 7 - SLIP ENERGY RECOVERY SYSTEM USING 
STARTING RESISTORS. 

DUAL RANGE DRIVE 

If, because of high required available rotor 
voltage. it is still necessary to operate over a 
wide speed range, a dual range drfve as shown in 
Figure 8 can be employed. The dual range drive 
employs a rotor transformer to match the high rotor 
voltage to the drive capability at low speed. At 
starting and at low speeds, the transformer steps 
down the rotor voltage through contactor Ml. At 
higher speeds when the rotor voltage is reduced, 
Ml fs opened and the rotor is connected directly to 
the control through M. The control then operates 
the motor over the high speed range until such time 
as low speed is desired and the co&actors sequence 
downward, M2 opens and Ml closes, etc. If hysteresfs 
or an overlap range is buflt into this arrangement, 
transftfons up and down are relatively Infrequent 
and present no problem fn contactor wear. Thfs is 
especially true since in using logic, the transftfons 
can be made at zero rotor current. Experience has 
shown that sequencing between speed ranges is so 
smooth that the action Is virtually fmperceptfble 
wfth respect to MtOr torque and speed 
disturbances. 

The sizing of the rotor transfoncr and low 
speed contactor are a function of the point of 
transition and the particular load characteristic. 
Assuming a maxfmum relative speed point of 
transftion of K 
fan curve Ir-X s 

s K 5.1.0) and a notmal pump or 
, then the sfte of the rotor 

transformer is given by: 
Rotor Transformer KVA = K2 (Motor Horsepower). 
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ROTOR WATCHING 11 
TRANSFORMER 

FIGURE 8 - THE DUAL RANGE CONTROL 

Thus, a transition point of 60% of maximum 
speed or K = .6 on a 1000 HP drive would require 
a rotor transformer of approximately 360 KVA. 
Figure g depicts a typical dual range drive with 
respect to rotor, drive currents and voltages for 
the two distinct ranges of control. Here a 
transition to the high speed range is given as 
Kl = .6. the transition frown the high to the ;ow 
range if K2 = .E which is also the rotor autt- 
transformer ratio N. Hence, obsewing a normal 
transformer relationship in the low speed range, 
the drive sees a voltage of N . V and a current 
of I, that is half the rotor vol&ge and twice the 

I- 
rotor current. In the high ranga the control faces 
the actual rotor volts and amps. With this 
particular set of circumstances it should be noted 
that because of the particular choice of rotor 
voltage and transition points, the control used is 
one half the motor size. A:500 HP control has the 
capability of controlling a 1000 HP motor over its 
entire speed range. 

A dual range control has been employed in a 
boiler induced draft fan application where Periods 
of sustained operation in the low speed range are 
required. It has been observed that under soma 
conditions, due to changes in fuel and boiler 
conditions, transitions between speed ranges have 
been required. These are infrequent and present 
no problem with respect to system performance. 

In most fan and'pump applications where 
operation is restricted to the hlgh speed range, 
the rotor transformer size Is reduced to that of a 
starting unit. The low speed range is used only 
for smooth starting. In the high speed range, the 
combined effect o' direct connection to the rotor 
and the use of big: rotor voltage. i.e. low current. 

produce the highest efficiency. That is, since the 
current and energy handled is lower than for a full 
range drive, the losses are lower. Thus, the 
advantage of a dual or half range drive can be 
srmnarized as lower costs, smaller size and higher 
efficiency. 

.9 

.8 I\ 

/ 
CORTROL CURRENT 
RANGE 1 

D .l .2 .3 .4 .5 .6 .7 .8 .9 1.0 
SPEED X 

FIGURE I) - ROTOR QUANTITIES AS SEEN BY A DUAL 
RANGE CONTROL 

APPLICATIONS AT HIGHER HORSEPOWERS 

When motor horsepowers exceed several hundred 
horsepower, a distinct advantage is seen in 
utilizing high supply voltages. i.e. 2300, 4160. 
13 KV, etc. Certainly at 1000 HP the use of 460 
volts becomes intolerable when the masses of cables 
required are considered. In such high power areas 
the use of slip energy controls present a number of 
distinct and strategic advantages over both the d-c 
drive and the variable frequency inverter. 

Using a dual range slip energy control technique, 
a control sized at only one half of the total 
motor power needs to be used. 

High voltage can be apolied directly to the 
wound rotor motor sta?. the machine acts 
as, and replaces a trarsformer applying a lower 
more manageable voltage to the control in the 
rotor circuit. 

Phase control semiconductor devices can handle 
significantly more power for a given fusion 
diameter then those fast switch devices 
developed 
operation. 

pr forced conwutated inverter 
This also mea% that the basic 

building blocks of slip energy control are 
adaptable to hlgher voltages. 

The wound mror motor has virtually all the 
essential values of a squirrel cage motor and at 
high power approaches its cqst. The electronic 
control cost is normally less than the inverter. 
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Fiqure 10a deplays a typical high voltage/high 
power slip energy arrangement. It utilizies the 
principle of dual range control. but in addition 
incorporates a necessary feedback step-down 
transformer. The transfotmer is sized at only a 
fraction of the motor horsepower rating and is the 
only rignificant difference between a high 
voltege end a low voltage control. All of 
the remaining hardware is of a low vcltage 
nature. 

HIGH VOLTAGE STARTER 
1000 HP 

640 

FIGURE 10a - TYPICAL HIGH VOLTAGE SPEED CONTROL 

Higher power motors are accannodated by 
applying controls in parallel as shown in Figure 
lob. In this case, a feedback transfotmer using 
dual secondaries is used. Using such an 
arrangement the controls become redundant in that 
one module may be disconnected for service with 
half the original power capability intact. This, 
for the case of a centrifugal load, impli.es the 
ability to operate at 70% actor speed with one unit 
out of service. Methods have been developed which 
allow both controls to operate independently, i.e. 

2000 HP 
n 

FIGURE lob - HIGH VOLTAGE CONTROL WITH PARALLEL UNITS 

each with their own control logic protection, etc. 
However, when wired together, even the logic 
functions can act in parallel. The loss of one 
regulator, for example. is replaced, on the fly, 
by the remaining functioning logic. 

The technique can be extended to three or more 
modules, the degree of redundancy increasing with 
each addition. The prospects for zig-zagging to 
cancel the line haronics generated by each 
converter are obvious. 

LIMITATIONS OF SLIP ENERGY CONTROLS 

While most aspects of the slip energy control 
seem applicable to most adjustable speed tasks 
there are several limitations. 

Slip energy drives are capable of dynamically 
forcing torque in only the accelerating 
direction. Electric braking. although possible, 
is not as yet a normal function as in the dual 
converter d-c drive. The action is similar to 
a single converter d-c drive or perhaps a non- 
regenerating variable frequency drive. In this 
sense, a small fraction of adjustable speed 
applications such as fast position controllers 
are not candidates for the slip energy drive. 

In scme cases, hazardous areas will not permit 
the use of TEFC slip ring motors. Squirrel 
cage,motors tend to be more suited to those 
applications. In many cases however, TEFC or 
open motors using purged slip rings are 
tolerable. 

Extra high speed applications, i.e. above 3600 
RPM could be a problem with wound rotor designs. 

CONCLUSION 

The slip energy control system has been applied 
in industry and is finding more applictions with 
time. There are few limitations in the control and 
motor combinations; brushes in particular have been 
no problem. In high power and/or high voltage 
supply situations the slip energy control appears 
to have inherent advantages over the d-c drive and 
the forced conxnutated inverter drive. Although 
built on old established principles, the technology 
has been broughtupto date in the past several years 
with many benefits in cost and flexibility. Recent 
development indicates that the technology has 
further room for significant improvement and 
innovation. 

APPENDIX "A" 

DETERMINATION OF WOUND ROTOR MOTOR STATOR CURRENT 
WITH EXTERNAL RESISTANCE 

Given the equivalent circuit of Figure 11, the 
motor stator current can be determined over the 
speed range: 

where Xm is the magnetizing reactance. 

V, is stator voltage. 

a = the stator to rotor transformation ratio. 
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FIGURE 11 - HOTOR EDUIVALENT CIRCUIT 

Vr, I, = rotor parameters. 

X,, X2, R, and R2 are the nonaal quivalcnt circuit 
paramtcrs. 

V tla InI = rated values of rotor parameters 

R; is the rotor current referred to the stator. 

Rr n base rotor resistance = V, 

G 

Since, for a fan load operating at speed X: 

1 x* 
V, n rotor voltage - aVL 

R = V, = aVL 

Ti'nn 

The inserted rotor resistsnoe. 

=v 
9 

= (1 - x) v, 
=1-x 

r x? I, x2 
R 
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CO- 
cam 

P.O. Box I7248 TA DeMw. co acm 
4lco Gorkld street. oenver. co 802u l (303)  

Noveaber 24, 1982 

BUREAUOF REC??ON 
P. 0. Box 25097 
Denvar CO 80225 

Attention: D-241 
Mr. John Ogle 

Re: Piping Plants NOS. 1, 2, 3 and 4 - Founta% Valley ConbrrLt. 
Fryirypan-Arkansas :TOA ect, Zolorado - Spec. Bo. -~~-7416’ 

Subj ect : Pumping Plant #l,- hnlp units I1 - #4 
Runping Unit Electrical Failures 

GentlePen: 

VP ~G~;~DV 27'. 1982'@u+ing startjlp operations began wit&'~;~p units 
at Pumping Plant bl. Only pm$unit #'l.was available 'at this time 

Due to several'factors onI* one puq'unit at a~t~me3aS at$5pk&-to'be 
started until Novabcr 5, 1982, at‘whichtiLe.Mr. Ai'MumaugI~~Amic:Ckpurat~oq' 
kepresentative, attenpting to start a secOnd.unit W~e:tbe.f~~:Ilit--vd~.~~:-' 
operation speed bsp thi‘cirst'unit imqediat& trip-.~t;.~.~di~at~'~~l~~ 
conditions: Alth&& further ~attenpts~and:test$ wat ma&:%$ l&~T~dmm$h‘~!?! 
during the &y he w&."&able"t6 correct thii.'problen:-knd k&nina~~the t&6',. 
for revi& it t5'dr jlant.. 

2n Novenbu 9, z.982.k. Mnmaugh again IS- ~ved at f-.:+g'Fl+'fl to-coii- 
time thi test& a& was.&& to conditibnr‘::r operate --x, units ai one tin.. 
although he was again unabkto'resolve the poblgreknd Z=ft to return to thi& 
plant on Novabe 12,-1982;~:?~.+,,'tha% time directives were i&ued t&all inv&ved 
subcontractors to have qui$~e& -and personnel available .k. tieda$;, Boverber. 17, 
1982 to resolve this problem;'. 

On November 17th Mr. Don Faulkner, president of. Anvi‘i: Corpor&.on, &iv&. 
alongwithMr.Mumaughan3 a consultant,&;'HansMuKLlff. -Theyw&ealsa 
accapanied by Mr. Kent Knight, a representativ; of,Goulds Pumps szdrepm 
sentatives of Cobb Plumbing ard Heating. .Houard Electric.representatives a&. 
Square D representative, Joe Tucker. were also present. 

Tests were run andtheresults rwiewed~throughNovasberl~huithout being 
able to correct the problen in startup of the multiple units. W. Paulkner 
advised th_eyfelt they had isolated the problem and would issue a full report. 
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Bnesu of Reclamation 
Letter (Cootiwed) 

-2- Iiovenber 24, 1982 

We have now received the report from AD-.-:c Corporation. TNs report 
identifies they have found their equipaent to be correct.and that the problm 
evolves within the 2400 Volt power supply syste. 

We ere therefor transmitting this infonstion for review by your desiga 
l persomel and are requesting a meeting be established wherapon all amilablc 

information can be discuss& and a solution to the problm hopefUly being 
nade. 

Your prorcpt review of this data, togethce with the COattraCt design data, 
will be sincerely appreciated. 

vcrytrulyyQurr, 

RC392TS COXSTRUCTIOI? COMPAlVY 

i&&Ah f3A.A 
Richard 0. Rerrick 
Project Mane&er 

ROR/mt 
cc: 'SofR, Salida 

Cobb klumbing and Heating 
file 
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E’VE MOVED 

\ I%‘\/!C INTERNATIONAL 
SOD NEW McEVER ROAD 
CWORTH. GA. 30101 
EL:404/974-7182 

ANVIC INTERNATIONAL 
1270 WINCHESTER PKWY., SUITE 200, 
SMY RNA, GEORGlA 30080 (404) 435-3888 

November 22, 1982. 

Mr. Frank Steele, 
Cobb Plumbing & Heating, 
2906 West Morrison, 
Colorado Springs, Col. 
80904 

Subject: Fountain Valley Project 

Dear Mr. Steele: 

Attached please find our report on the tests carried out 
at the job site over the last two weeks. 

We will not have our Consultants Report available for 
another week but per your request are forwarding the preliminary 
report. 

We must point out that the conditions we have seen and 
operated under have provided electrical and mechanical stresses on 
the ECONODRIVB, notably the Contactors, Breakers, SCR's and those 
elements connected with the commutation circuitry. Shortened equip- 
ment life with premature failures may well be the results of these 
conditions. Consideration should be given to inspection of the 
Drives and refurbishment of those portions with obvious degradation 
carried out. 

There is no way that such inspection will discover problems 
with SCR's, commutation circuitry, etc. and we will have to wait and 
see what problems, if any, occur. 

Unless otherwise informed, we will plan to attend a meeting 
on December 3, 1982 at the Bureau offices in Denver. 

Yours truly, 

Don Faulkner. 

Encl. 
cc: Goulds Pumps 

Denver, Col. 

OFFICES IN: ATLANTA, GA. l PENSACOLA, FLA. . TORONTO, CANADA 
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PRELIMINARY TEST REPORT 

November 22, 1982 

Introduction 

During attempts to run two ECONODRIVES on line simultaneously 
it was found that the first drive on-line would trip off instantly upon 
starting the second drive. 

This trip-off was found to be independent of which two drives 
were involved. - 

Testing was then conducted over a two 
to determine the cause of this problem. 

Procedure 

The first week of testing was carried 
drives, i.e. under operating loads, in order to 
of shut-down. 

week period in order 

out with operational 
determine the mode 

Consultants were hired by ANVIC and each test was analyzed 
at ANVIC's facility, 
next series of tests. 

and by our consultants prior to running the 

The drive system was tested sub-system by sub-system by 
isolating its effect on the shut-down and thereafter eliminating 
that sub-system as the cause should the shutdown still be experienced. 

The results of the first we&k's tests were analyzed and our 
Consultant, along with ANVIC developed a second series of tests 
which were carried out during week two. 

These tests were carried out under the 'supervision of our 
Consultant, Mr. Hans Mueller, and were based upon the preliminary 
conclusions that the shut-downs were due to interaction between drive 
systems across the 2300V lines. 

Observations 

The mode of shutdown of the on-line drive was determined to 
be misfiring of the SCR's due to voltage distortions on the 600V lines 
inside the ECONODRIVE. 

The misfiring resulted In effective bridge-shorting such 
that overcurrents and voltage collapse occurred within the on-line 
drive system. As the drive reaction time Gin monitoring system out 
of specification conditions) is much faster than Starter, shut down 
would occur prior to the Starter dropping out. 
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These failures were extremely hard on the ECONODRIVE's as 
voltage and current overloads were being experienced with regularity. 

The second series of tests were thus carried out with gating 
inhibited as by that time the problems were isolated to "upstream" of 
the commutation circuitry. 

This second series of tests showed that the immediate static 
connection of the first motor and ECONODRIVE to the 2300V lines 
resulted in voltage 'dip on the 2300V lines and 600V line distortion, 
both of which would be ridden out by the Drive System. 

Connection of the second ECONODRIVE to the 2300V lines 
caused a similar distortion which would be ridden out by the second 
system, but would cause failure of the on-line system if it were 
actively gating. 

This voltage distortion was due to higher than expected 
current drawn from the first system feedback transformer thereby 
upsetting the voltage stability in that ECONODRIVE. 

Conclusions 

Shutdowns as experienced are not due to ECONODRIVE failures 
per se. 

The drive system is misfiring due to distortion of the 
600V lines which is in turn caused by cross talk between the two 
Drives over the interconnecting 2300V lines. 

This cross talk, more commonly called Power Line Pollution 
is due to the inability of the 2300V lines to maintain stability when 
called upon to provide the 'inrush current required upon immediate 
static connection of a complete Drive System. 

This 'lack of stability or stiffness is not due to excessive 
current requirements by the ECONODRTVE. 

Unless the 2300V disc 
per specification, i.e. 

zibution system is stiffened, operation 
more than one system on-line 'with sequential 

starting separated by 25 minutes is impossible. 

Supplementary Notes 

In order to investigate the degree of 23OOV line stiffness 
required, three additional.tests were carriedout utilizing 2300V 
capacitors on the power bus. 
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With 500 KVAR connected to the power bus in the Starters, 
the voltage distortions were nearly eliminated and it is probable 
that the Drive Systems would have operated properly. 

This possible solution was not load rested for three 
reasons: 

1. Installation of the HV Capacitors was not done in a manner which 
would be safe for load operation. 

2. Without a complete Power System Analysis, the full effect of 
of W Capacitors could not be predicted, ie. System Resonances, 
etc. 

3. The ECONODRIVE had been subjected to severe usage due to problems 
outside their control. and should theiy have failed due to 
unapproved test modifications, ANVIC might have been held liable. 
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When the drive system is first connected, i.e. the motor 
starter is brought in, the motor stator or primary is connected, 
2400 V side of the regenerated power transformer in the ECONODRIVE the 
is connected but the secondary of the motor is not connected at the 
same instant. 

through the 
The next step is to connect the secondary'of the motor 

secondary contactors. This action is accomplished 
within one second of the primary closure. 

Thereafter (approximately 20 seconds), the gating of the 
thyristors commences and the motor begins to accelerate. 

Once the gating begins the system is under the control 
of the ECONODRIVE in terms specifically of speed and torque (or 
secondary current). 

starting of 
From the oscillographs it has been determined that during 

a first drive, prior to the beginning of gating control, 
the 3pl AC supplies. to the System Logic Board are experiencing both 
shape distortion and voltage variation which, although severe, does 
not prevent the starting sequence from taking place properly since 
the disturbance is over before gating begins. 

Subsequently, after the first drive system is operating, 
and a second drive is started, the first drive, within about one 
cycle of the second drives starting, trips off. 

The 3 8, 18 VAC this time bo 
This voltage distortion, with the first 

tk distorts and changes level. 

the voltage, 
drives logic control monitoring 

results in miscuing of the SCR's. The result is that 
the system goes overcurrent, causing the drive to trip off. 

Because the second drive has not yet begun its gating 
control, i.e. started to accelerate the drive, its requirement for 
torque production has not yet begun. Accordingly, it sees no 
monitored disturbance since gating hasn't started and continues oper- 
ation as normal, accelerating up to speed and then operating within 
its regulated speed settings. 

"SIMULTANEOUS" START 

During the tests conducted, two drives were started within 
approximately twelve seconds of each other. 

When this was done, both drives accelerated up to speed, 
and ran normally. The line disturbances were still existent, but 
neither system had started gating before line disturbance disappeared 
and were thus able to start normally. 
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3 $f AC LINES 

The lines which were monitored during these tests were 
3 phase, 18 VAC lines inside the first drive. These lines are 
supplied by the 600 VAC line and used by the SCR's as a reference 
for line commutation, .and ultimately, through the feedback transformer 
connected to the 2400 V lines in the motor starters. 

Thus it is believed that the 2400 VAC lines see the same 
disturbance and do not seem to be able to provide the necessary 
stability or "stiffness" in holding the sine wave. 

PRELIMINARY CONCLUSTONS 

The sequence of tests which were conducted over the last 
week have resulted in the following observations: 

The problem of multiple drive tripping is not within 
Controller. The Drive is responding to what is sees 
line problems. 

the Secondary 
as supply 

The immediate connection of the drive system to the power lines 
results in line disturbances. 

RECOMMENDATIONS 

1. 

2. 

3. 

The 2400V lines should be monitored in order to determine if, as 
is thought, there is a parallel disturbance to that seen by the 
Drive circuitry. 

If the 230077 lines are distorting a distribution system analysis 
should be carried out to determine the necessary line stiffness 
required. 

The 13.8KV - 2.4 KV transformer should be checked to determine 
that it is okay. 
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BUREAU ANALYSIS OF 
MANUFACTURER’S TEST DATA AND 

OSCILLOGRAMS 
(OBTAINED ON 

NOVEMBER 16-l 7,1982) 

INTRODUCTION 

The second half of this appendix consists of several 
copies of the actual test records and oscillograms 
that the manufacturer submitted to the Bureau. Each 
oscillogram had to be touched up to provide legible 
copies because the manufacturer retained the origi- 
nals. With each oscillogram, the manufacturer also 
submitted the particular circuit configuration, pur- 
pose of the test, and observations. 

DESCRIPTION OF TESTS 

In all of the tests, the drives were inhibited. Each test 
consisted of first energizing unit A and then shortly 
thereafter energizing unit B. Tests 1 and 4, 2 and 5, 
and 3 and 6 were considered and analyzed in pairs 
because the test configuration for each pair was iden- 
tical, with the exception that plant voltages were 
monitored on odd numbered tests and plant currents 
monitored on even numbered tests. Only the oscil- 
lograms showing the second unit energization are 
presented in this appendix. 

ANALYSIS 

This section covers the analysis of the manufactur- 
er’s test data. In reviewing the analysis, please refer 
to the test data and oscillograms at the end of this 
appendix. 

Tests 1 and 4 

Tests 1 and 4 essentially consisted of energizing the 
transformer, stator, and tuned circuit together. En- 
ergizing the second tuned circuit with the first circuit 
preenergized resulted in a cross excitation that 
caused the first tuned circuit to oscillate. Sustained 
harmonic oscillations seemed to occur in both tuned 
circuits. The cross coupling was very evident in both 
the’current and voltage waveforms. 

The A unit current was severely distorted prior to 
energization of the second unit. This distortion can 
be seen in both the 2300- and 600-V bus wave- 
forms. Energizing only the second unit contributes to 
the current and voltage -waveform distortions. Sus- 
tained harmonic oscillations occurred in each unit and 
were possibly in synchronism or, if not, were at least 

additive, as evidenced by an increase in the sustained 
current harmonics in the first unit whenever the sec- 
ond unit was energized. It appeared that a portion of 
the circuit was in resonance, which produced large 
harmonic currents. These currents were largest 
when the oscillating circuit was first energized, and 
may be due to either transformer inrush, transformer 
saturation (ferroresonance), the large switching off- 
set, or any combination thereof. 

In test 1, there was a large overvoltage that occurred 
on the 600-V bus of the unit being started. This is 
characteristic of a resonant circuit and further sup- 
ports the contention that the problems at Fountain 
Valley are related to resonance. 

Tests 2 and 5 

Tests 2 and 5 consisted of energizing the transformer 
and stator at the same time; the filter circuit was 
never energized. Feedback transformer inrush cur- 
rents and saturation of either the current or feedback 
transformer occurred. There was no generation of 
harmonics or cross coupling of the saturation effects. 

It is interesting to note that the transformer inrush 
current peaks obtained in test 5 were larger than 
those of test 4. However, the corresponding voltage 
distortion due to the larger inrush current was not 
larger in test 5 as would be expected, but was ac- 
tually smaller. This strongly suggests the problem to 
be other than inadequate system impedance, and is 
probably related to the sustained oscillations that oc- 
cur when the filter is in the circuit. 

Tests 3 and 6 

During tests 3 and 6, both unit transformers and sta- 
tors were energized, then the tuned circuits were 
individually energized. When the first tuned circuit 
was energized, waveform distortions occurred but 
were essentially damped out in three to four cycles. 
Energizing the second tuned circuit resulted in the 
same three- to four-cycle distortion; however, this 
distortion was cross coupled into the previously en- 
ergized tuned circuit and created current oscillations 
in the circuit. Only minor voltage distortions were 
induced into the other previously energized tuned cir- 
cuit. 

Preenergization of the unit stator and transformer 
minimizes the disturbance. There is still a large cur- 
rent oscillation, but it decays rather quickly. The cur- 
rent distortion prior to energization of the second unit 
was also less than in test 4. Obviously, eliminating 
the magnetic inrush greatly reduces the problem. 
This may be due to elimination of the inrush current 
effects, transformer saturation (ferroresonance), the 
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large transformer switching offset, or any combina- 
tion thereof. The results of these tests indicate the 
problem is resonance related, and not related to in- 
adequate system strength. 

As in test 1, there was a large overvoltage that oc- 
curred on the 600-V bus of the unit being energized, 
which further supports the contention that the prob- 
lem is related to resonance in the tuned circuit. 

CONCLUSIONS 

Energizing the tuned circuit, transformer, and stator 
together results in sustained harmonic oscillations. 
Obviously, the near 180-Hz oscillations were gen- 
erated from the harmonic filter, which was designed 
to filter bridge harmonics. The oscillations decayed 
in three to four cycles when the tuned circuit was 
energized separately from the transformer and sta- 
tor. Based on these facts, two observations can be 
made: (1) oscillations in the first case are very un- 
derdamped as compared to the overdamped second 
case, and (2) as observed from tests 2 and 5, the 
transformers have large inrush currents and possibly 
a high degree of saturation. These two observations 
result in either of the two following conclusions: 

1. Energizing the entire circuit simultaneously re- 
sults in a tuned circuit with an extremely large res- 
onance peak centered near 180 Hz, the third 
harmonic frequency. 

2. The saturation and inrush current of the trans- 
formers combined with the resonance problem of 
the near third harmonic filter may result in sus- 
tained harmonic oscillations due to transformer 
ferroresonance effects. 

The ferroresonance effect should be investigated fur- 
ther. It seems unlikely that the circuit resonance, 

which is already high since it is a low resistance cir- 
cuit, can increase so much when being energized 
with the transformer. 

One possible solution to the problem may be to en- 
ergize the transformer and stator separately from the 
tuned circuit and then wait about 10 to 50 cycles 
before energizing the tuned circuit. This would still 
result in three to four cycles of induced current har- 
monics, but at a reduced level. The 60-cycle voltage 
waveform distortions due to the third harmonic re- 
quirements of the transformer would then be greatly 
reduced and may be sufficiently low enough to allow 
proper system operation. Also, if ferroresonance is 
occurring, it may be fairly easy to damp it out with 
a transformer damping resistance. 

Investigate the transformer configuration (i.e., is it 
y-y and would y-A help reduce the harmonic distor- 
tions). 

Stiffness of the 2300-V system is not the problem. 
The problem is that there are two tuned circuits that 
are tied together through a very low impedance (i.e., 
transformer impedance). If ferroresonance is in- 
volved, or if the transformer inductance plays a part 
in tuning the circuit, there is very little impedance 
between circuits and the cross coupling effect is pre- 
dictable. In any event, there are two tuned circuits 
coupled through two transformers with very little 
loss in the circuit. Large current magnitude oscilla- 
tions in one tuned circuit will produce slight voltage 
disturbances that will be transferred to the other 
tuned circuit and will induce large current oscillations 
(i.e., swapping of vars) between the two circuits. In 
this case, as is typical in power systems, this is very 
sensitive to the impedance between the tuned cir- 
cuits. Trying to eliminate the effect by trying to create 
an infinite bus at the 2300-V system level is simply 
a brute force method of solving the problem. 
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TEST DATA AND OSCILLOGRAMS 
SUBMITTED TO BUREAU 

OF RECLAMATION 

(NOTE: The edited text extractions shown in this portion of appendix C were obtained from the 
consultant’s report.) 
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TEST 1 - NOVEMBER 16,1982 

Purpose 

The purpose of test 1 was to determine the voltage 
disturbance on the 600-V lines inside the drive due 
to transient inrush upon the starter connection of 
drive A initially, and then while drive A was con- 
nected, the connection of drive B. 

Observations 

Five tests were run, and in each test upon connection 
of drive B, the 600-V lines were distorted to such a 
degree that the converter of drive A could not have 
commutated,jproperly. It was also noted that upon 
immediate connection of drive A, the building lights 
dimmed or “flickered” indicating system (2300-V) 
voltage variation. The magnitude of the voltage var- 
iation was not measured accurately but appeared 
from the oscillograph traces to be about 10 to 20 
percent. 

TEST 2 - NOVEMBER 16,1982 

Purpose 

The purpose of test 2 was similar to that of test 1 
except that the effect of the power factor capacitors 
in the a-c reactor filter circuit was removed. 

Observations 

Three tests were run and, although the 2300-V var- 
iation (dip) and the 600- and 2300-V line harmonics 
were observed in each test, the distortion caused by 
connection of the second drive was not significant. 
This indicated that through the removal of all power 
factor capacitors and a-c reactors, the transient in- 
rush current could be reduced to a level which would, 
in all probability, allow the first drive on-line to con- 
tinue operating; or that the filter network was itself 
creating the disturbance, thereby distorting the sys- 
tem voltages to the point of commutation failure. Ob- 
viously, we cannot run a drive in such a configuration; 
i.e., without a filter network, because the harmonics 
would be too high and the power factor would be 
too low. 

TEST 3 - NOVEMBER 17,1982 

Purpose 

The purpose of test 3 was to determine the effect 
of the filter network by itself on the 600-V lines in 
terms of voltage distortion. 

Observations 

Four tests were run and, in each test, the result of 
switching the networks showed no significant effect, 
which indicated that the filter network was (in itself) 
not creating the line disturbance. 

TEST 4 - NOVEMBER 17,1982 

Purpose 

The purpose of test 4 was to determine the level of 
current inrush on the 2300-V side of the feedback 
transformer upon starter connection of initially drive 
A, and then drive B. 

Observations 

This test showed that much of the required transient 
or inrush current of the second system was supplied 
by the transformer of drive A. Although it was ex- 
pected that the current would be approximately in 
proportion to the kilovolt-ampere ratio of the feed- 
back transformer to the distribution plus feedback 
transformers; i.e., 200/2700 or 7.5 percent would 
be drawn from drive A. It appears that the current 
draw was significantly higher than this. 

It was also observed that the kilovolt-ampere inrush 
to the system was about 175 A at 2300 V, or 400 
kV. A. This was well below inrush levels that would 
be considered excessive; e.g., indicating feedback 
transformer problems. Steady-state current was 
about 50 A, as measured by the instrumentation on 
the 2300-V starter. The preliminary interpretation 
was that the 2300-V line was not “stiff” enough to 
provide the current inrush required by the second 
system coming on line. 

TEST 5 - NOVEMBER 17,1982 

Purpose 

The purpose of test 5 was to measure the magnitude 
of only the transformer inrush. 

Observations 

The level of inrush to the feedback transformers was 
not excessive, nor was the time taken for the core 
to be magnetized (about 0.5 second). Both of these 
parameters were well within acceptable limits, and 
showed no transformer problems. 
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TEST 6 - NOVEMBER 17,198Z the a-c reactor filter network was switched in sep- 
arately. 

Purpose 

The purpose of test 6 was to observe the trans- 
former currents when the power factor capacitor in 

Observations 

From the results of test 4, switching the second filter 
network in draws more of the inrush current from the 
transformer on line than expected, causing disturb- 
ante within the on-line system. 
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Figure C-3. - Test No. 2 system configuration. 
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Figure C-7. - Test No. 4 system configuration. 

43 



P 
P 

-  ____m - - - .  - . . .  TV. . -  - . -  - .  .--_------ -  - -  _.___ ..__ _ ____ __- . . -  - - . . . - - . - -  . -  . -  
- . .  

_______-. __ , .  __ 
.  __ - -  _-- . . - . - - -  _. __ .__ ..__ 

. __ 
Figure C-8. - Test 48 oscillogram. 

.-- - . - - --T.b.. . .- -..-.. - - 



I- 
II 

OPEN 
II II 

OPEN 
II II 

NOTES: I. CBA AND CBB ALWAYS OPEN AND GATES OFF 
2. TEST NO. 5a - CLOSE MA 
3. TEST NO. 5b - CLOSE MB AFTER MA ALREADY CLOSED 

A 
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Figure C-l 1. - Test No. 6 system configuration. 
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APPENDIX D 

NOTES ON ANALYSIS OF 
TEST OSCILLOGRAMS 
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INTRODUCTION 

This appendix is an analysis of the Fountain Valley 
tests performed on February 22 and 23, 1983. The 
text is in note form and was written as commentary 
for use in conjunction with or after reading the con- 
sultant’s report entitled, “Variable Speed Drive Sys- 
tem Analysis and Test Report,” dated March 18, 
1983. 

TEST 1 

Initial Conditions 

The drive No. 4 filter was set at 170 kQ and 320pH 
(251 Hz). 

Intent 

To energize the starter, feedback transformer, and 
filter of circuit No. 4, and observe the cross excitation 
of circuit No. 3. 

Consultant’s Conclusion 

Four out of five tests appeared satisfactory. 

Bureau Comments 

1. Not all three phases of the 600-V circuit were 
monitored; therefore, depending on the point-on- 
cycle time of energization, it cannot be fully deter- 
mined if energization of all three phases was ac- 
ceptable. 

2. Test data observations were: 

Test A. - Extensive distortion in the 600-V No. 4 
circuit and extensive cross excitation of circuit No. 
3 occurred. This energization was unacceptable. 

Test 6. - An acceptable energization of circuit No. 
4 for the phase that was monitored; however, the 
other two phases were not monitored. The fact 
that some distortion occurred in the circuit No. 3 
voltage trace leaves a question as to the success 
of this attempt. 

Test C. - The No. 4 circuit 600-V trace was some- 
what distorted initially. Circuit No. 3 was accept- 
able; however, the other two phases were 
questionable. 

Test D. - Same at test C. 

Test E. - Extensive distortion of circuit No. 4 volt- 
ages and extensive cross excitation of circuit No. 
3 occurred. This attempt was judged unsuccess- 
ful. 

Bureau Conclusions 

We agree with the consultant that the lower the kil- 
ovolt-ampere reactive rating is, the lower the charg- 
ing requirements will be. However, we believe 
(without observing the other phases) that only two 
or three of-the tests appeared satisfactory from a 
cross excitation point of view. 

What has not been mentioned is the magnitude of 
the harmonic current observed when the trans- 
formers and filters are energized. This harmonic cur- 
rent is present in the 2300-V line currents (i.e., the 
system side of the feedback transformer). We be- 
lieve that the filter on the inverter side of the trans- 
former was tuned to about 250 Hz; this does not 
include the effect of the stator core. The fact that 
there is a large, harmonic current in the 2300-V lines 
of the delta-connected feedback transformer bank 
that is obviously capable of producing sustained 
cross excitation does in fact indicate an unusual 
mode of oscillation, perhaps due to either a detuning 
of the filter or as a result of ferroresonance. Normally, 
inrush currents are about 8 to 12 times the rated 
current, and decay in three to five cycles. This is not 
what is occurring here. The following observations 
should also be noted: 

1. The size of the filter capacitors will always, be 
of sufficiently low reactance to induce a swapping 
of vars between different motor circuits regardless 
of the external system strength. The swapping of 
vars is more or less determined by the impedance 
separating the individual var banks. 

2. During these tests, the transformers were 
loaded with the large capacitive var load. 

3. The 2300-V bus voltages are essentially un- 
affected by what is happening in the 600-V circuits 
both with respect to waveform and magnitude; 
i.e., vars are being swapped and there is sufficient 
system strength to maintain system voltage and 
waveform. 

4. There are sustained, harmonic components in 
the line currents of the delta-star connected feed- 
back transformer bank. The delta is on the 
2300-V side of the bank. Therefore, we conclude 
that the observed harmonic components in the 
lines may be very small compared to the circulating 
third harmonic current in the delta. 

Additional Information Required 

Current magnitude scales and stator winding infor- 
mation with respect to the effect on the filter fre- 
quency. 
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TEST 2 

Initial Conditions 

The drive No. 4 filter was set at 160 kQ and 320 PH 
(259 Hz). 

Intent 

The objectives and procedures are the same as for 
test 1, only at reduced charging current levels. 

Consultant’s Conclusions 

Less charging current is required due to the reduced 
capacitance. Of the 10 tests run, 9 were acceptable 
and 1 was marginal. 

Bureau Comments 

1. As in test 1, only one phase was monitored, 
which makes it difficult to comment on the other two 
phases. 

2. Test data observations were: 

Tests A, C and I. - No cross excitation in phases 
monitored. 

Tests B, E, F, G, H, and J. - Questionable degree 
of cross excitation. 

Test D. - Extensive cross excitation occurred. 

Bureau Conclusions 

We agree that the charging current has been re- 
duced, but our conclusions on test 1 regarding the 
harmonic line currents are still valid for test 2. 

TEST 3 

Initial Conditions 

The drive No. 4 filter was set at 220 kQ and 250 PH 
(249 Hz). 

Intent 

The objectives and procedures are the same as for 
tests 1 and 2, only at specified charging current 
levels. 

Consultant’s Conclusion 

Of the five tests run, two were acceptable, one was 
marginal, and two were unacceptable. 

Bureau Comments 

1. As in tests 1 and 2, only one phase was moni- 
tored, which makes it difficult to comment on the 
other two phases. 

2. Test data observations were: 

Test A. - Extensive distortion in the 600-V No. 4 
circuit and extensive cross excitation of circuit No. 
3 occurred. This energization was unacceptable. 

Test B. - Extensive distortion occurred in the 
600-V No. 4 circuit. The record submitted ended 
shortly after energization of circuit No. 4 and, as 
a result, we could not tell if cross excitation oc- 
curred; it sometimes takes several cycles for cross 
excitation to develop. 

Tests C, D, and E. - Same comments as given for 
test A. 

Bureau Conclusions 

Four of the five tests were unacceptable and one was 
marginal. In reviewing tests 1, 2, and 3, the series 
of tests in test 3 generally had a predominate third 
harmonic component significantly larger than that ob- 
served in tests 1 and 2. It almost appears as if the 
220-kQ filter is the critical or threshold level at which 
the performance of the circuit quickly degenerates. 

TEST 4 
Initial Conditions 

The drive No. 4 filter was set at 220 kQ and 250 PH 
(249 Hz). The feedback transformer was connected 
directly across the 2300-V bus. 

Intent 

To determine the effect of startup when the No. 4 
transformer inrush is eliminated from the energization 
process. 

Consultant’s Conclusion 

All five tests were acceptable. 

Bureau Comments 

1. As in previous tests, all phases were not moni- 
tored. 

2. Test data observations were: 

Tests A, B, C,. D, and E. - In general, the harmonic 
line current was small in comparison to that ob- 
served in tests 1, 2, and 3. In addition, the 
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600-V circuit voltage waveforms were not af- 
fected. No significant distortion could be seen in 
the No. 3 or No. 4 600-V waveforms. 

Bureau Conclusions 

The information given under “Bureau Comments” 
supports our contention that transformer inrush is 
exciting and/or cross exciting the circuits. 

SECOND DAY OF TESTING (OPTION 2) 

Initial Conditions 

The drive No. 4 filter was set at 160 kQ and 320 PH 
(259 Hz). 

Option 2, Tests 1 through 4 

The No. 4 motor was on-line and running, then circuit 
No. 3 was energized and followed by bringing No. 3 
drive and motor on-line. Tests 1 and 3 were suc- 
cessful, but 2 and 4 were not. 

Observations 

Option 2, Test 1. -The 600-V unit No. 3 and No. 4 
voltages were distorted. The 2300-V circuit had 
one small distortion that lasted from one-half to 
one cycle on one phase only. This occurred during 
the initial transformer current inrush period. 

Option 2, Test 3. - The 600-V No. 3 and No. 4 
voltages were distorted considerably more than 
during test 1. The 2300-V third harmonic line cur- 
rents were also considerably larger (nine divisions 
in test 3 versus six in test 1). In addition, the 
2300-V bus voltages were somewhat more dis- 
torted than in test 1. Please note that we refer to 
the voltage change as a distortion and not as a 
dip. On examining the records, it can be seen that 
the positive going portion of the waveform is not 
affected. The distortion occurs only during the 
negative portion of the waveform and at the same 
time that the third harmonic line currents peak. 
This indicates that the rather large third harmonic 
currents are the cause of the 2300-V distortions, 
refer to the oscillogram shown on figure D-l for 
details. This copy of the oscillogram had to be 
touched up for purposes of reproduction because 
we did not receive the original from the consultant. 

Option 2, Test 2. - The consultant’s report indi- 
cates this attempt was unsuccessful, but we were 
unable to determine any result from the record. 
There was cross excitation and distortion in the 
No. 3 and No. 4 600-V circuits. The third harmonic 
currents caused a slight distortion in the 2300-V 
system similar to the results of test 3. 

Option 2, Test 4. - This attempt was also unsuc- 
cessful. There was cross excitation in the 600-V 
circuits, some distortion in the 2300-V system 
due to harmonic influences, and a collapse of volt- 
age in both the 2300- and 600-V circuits due to 
cross firing of the silicon-controlled rectifiers (line- 
to-line faults due to inadvertent firing of inverter 
silicon-controlled rectifiers). 

The consultant indicates the attempts in tests 2 and 
4 failed due to distortion in the 600-V circuits and 
as a result of a significant voltage drop on the 
2300-V line. We believe the disturbance in the 
2300-V circuit was induced by the third harmonics 
and as a result of line-to-line faults due to improper 
inverter operation. 

TEST 3A - OPTION 2 
Initial Conditions 

The filter was set to 160-kQ capacitance and 320 
,uH (259 Hz). Unit 4 was on-line and running when 
the unit 3 ‘transformer only (no filter) was energized. 
This energization was repeated six times; the sixth 
attempt was unsuccessful. 

Bureau Comments 

Only record No. 6 was submitted to the Bureau. In 
this test, it was obvious there was cross coupling 
between the 600-V circuits. There was also a short 
duration distortion in the 2300-V supply due to the 
large transformer inrush current. Note that within one 
cycle the inrush damped out and there was no sus- 
tained harmonic oscillation. 

TEST 4 - OPTION 2B 

This test was changed to test 5 - option 28 after 
technical problems occurred in the operation of the 
control circuits. 

TEST 5 - OPTION 2B 

Initial Conditions 

The drive No. 4 filter was set at 220 kQ and 250 PH 
(249 Hz). All of the feedback transformers were tied 
directly across the 2300-V bus. Unit 4 was put on- 
line successfully, then unit 3 was put on-line, also 
successfully. Finally, unit 2 was started, at which time 
unit 3 tripped off. 

Consultant’s Conclusions 

It was concluded that this failure was due to a severe 
voltage drop on the 2300-V line of about 10 percent 
or more. 
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Bureau Comments 

Refer to the oscillogram shown on figure D-2. 

Start of Unir 4. - No record of start provided. 

Start of Unit 3. - No record of start provided. 

It appears that only steady state records were pro- 
vided for the starts of units 3 and 4. 

Start of Unit 2. - Distortion was observed in both 
the No. 3 and No. 4 600-V circuit waveforms. It was 
obvious that a huge current in the line to the No. 3 
drive occurred shortly after unit 2 was energized. 
This current distorted the 2300-V waveforms, sat- 
urated the current transformer, and was actually the 
result of a line-to-line fault in drive no. 3. The fault 
collapsed the 600-V system voltage and induced a 
drop in the 2300-V system voltage. For details, refer 
to the oscillogram on figure D-2. This copy of the 
oscillogram had to be touched up to provide a legible 
copy for this report. 

Bureau Conclusions 

It appears that the consultant overlooked several de- 
tails. If all transformer banks were wired directly to 
the 2300-V bus, then we could probably (but not 
conclusively) rule out ferroresonance, but not tuned 
circuit oscillations or, as the consultant suggests, 
high frequency transients causing the silicon- 
controlled rectifier drives to misfire. 

BUREAU COMMENTS ON 
CONSULTANT’S RECOMMENDATIONS 

Consultant’s Recommendation A 

This recommendation consisted of isolating the 
power equipment from the electronic equipment. 

This seems reasonable and is in line with standard 
practices involving power electronic equipment; 
however, we are not sure this is a solution to all of 
the problems. 

Consultant’s Recommendation B 

This recommendation was for Southern Colorado 
Power to provide an accurate assessment of the 
short circuit capability. The consultant also stated 
they enclosed their analysis of the system fault ca- 
pability, but made no comments on their findings. 

Bureau Conclusions and Comments 

We will not make any recommendations or conclu- 
sions for two reasons: 

1. It is not our place to do so. 

2. There are too many unknowns pertaining to 
the data presented and how it was obtained. 

However, we will comment that it appears that the 
silicon-controlled rectifier drives misfire, causing 
phase-to-phase faults more often than not when 
starting other units. This may be due to: 
(1) transients that are directly or indirectly coupled 
through the interconnecting circuits, (2) ferro- 
resonance, (3) tuned circuit oscillations induced dur- 
ing switching, (4) improperly placed power factor 
correction capacitors, (5) improperly selected feed- 
back transformers (i.e., the large inrush alone may 
distort the voltages enough to misfire the silicon-con- 
trolled rectifiers, and (6) improper feedback circuit 
design (i.e., a delta on the filter side may help improve 
the 600-V system waveform, and eliminate the prob- 
lem, more than the delta on the line side). 
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APPENDIX E 

TRANSACTIONS BY IEEE ON POWER APPARATUS AND SYSTEMS 

(Courtesy of IEEE) 
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NELSON RIVER HVdc BIPOLE-TWO 
PART I-SYSTEM ASPECTS 

C.V. Thio. Senior Member, IEEE 
Manrtoba Hydra 

Wmnipeg. Canada 

Abstract: The system aspects of the Nelson River HVdc bipole- 
two tran~m~s~~~n is described Extension of Manitoba’s HVdc system is 
generally discussed and the paper covers in some detail the system 
studies, results. criteria, and philosophies related to the planning and 
oversll specifrcatron of bipole-two. Frequent reference is made to 
bipole-one desrgn and experrence which effected the bipole-two 
requrrements and design. The mformatron presented is valuable to utility 
planners considering feasibility and specificatron of HVdc transmission. 

GENERAL ASPECTS OF MANITOBA SYSTEM AND BIPOLE-TWO 

Manitoba Electric Power System 

Ftgure 1 shows a map of Manrtoba wrth the major generatron and 
transmission. 

Manitoba Hydra’s total generating capacity is approximately 2800 
MW, including about 2400 MW hydra!& and 370 MW coal-fired thermal. 
Two additional generating stations (Jenpeg and Long Spruce) on the 
Nelson Rover wll come into servrce by 1979 addmg about 1000 MW. 

The major ac network m the southern and northern systems is 

230 kV Present plans call for srgnrficant 500 kV ac lines to be operated in 
the southern system by about 1990. 230 kV lures parallel the HVdc lutes 
from southern Manrtoba to the Nelson Rover but they are operated in 
rsolatron from the dc system at Radrsson and Kettle Generating Station. 
Two Kettle untts can be isolated onto the ac system instead of feeding the 
dc system. 

With the hydraulrc based system. srgnifrcant dwersity end energy 
interchange benefns.are obtamed from tres with nerghbouring utrlities. 
There are four 230 kV and one 115 kV tees wrth east and west nerghbour 
utihtres m Canada, and two 230 kV ties with United States utilitres to the 
south. An additional 500 kV ac U.S. tre vwll come mto serwce m 1980 and 
other EYV tres are being rnvestigated. 

Nelson River Hydroelectric System 

The total hydroelectric potential of the upper and lower Nelson Rover 
system IS about 8OOC MW, including 700 MW on the Burntwood River 
mamly crea!ed by dwertmg the water from the Churchrll Rwer into the 
Nelson. Churchill Rwerdiversronwascompletedm 1977.ALakeWinnrpeg 
regulation structure controls the mflow of water to the Nelson for 
optimum seasonal water utilization wth system load demands. 

On the upper Nelson. Kelsey (224 MW) is m operation and Jenpeg 
(125 MW associated wrth Lake Winnipeg regulatron) wiltbe completed in 
1973. 

The major generatron IS on the lower Nelson with fwe sites- Kettle. 
Long Spruce. Limestone, Conawapa. and Gtllam Island - for a total of 
about 5500 MW. Kettle (li72 MW) IS in operation and Long Spruce 
1980 MW) will be completed in 1979. The lower Nelson power. at least, will 
bc transmuted to southern Mamtoba by HVdc transmrssmn 

Frgure 2 shows graphrcallv the lower Nelson River development. 

Nelson River HVdc Transmission System 

Erpole-one, with mercury arc valves. is now complete and 
prevmusly operated with twodc transmission lmesconnected in parallel to 
reduce losses The sendmg end rectifier capacity is 1867 MW f ~463 kV. 
1800 A). wth an overload capabrlny of 1833 MW (1980 A). The 2 450 kV 
ratrng commmonly referred to 1s the nommal mid-pornt lrne voltage. 
Voltage control will be compounded for maxrrnum voltage at the rectifier 
and all ratings of bipoles-one and two will be referred to the sendmg end 
for clarity of comparrson to the Nelson generatron. 

Ftg. 1 

D.S... r 

The Province of Manrtoba power sources and high voltage 
transmrssion. 

&pole-one can transmrt all of Kettle power and part of Long Spruce. 
The remainder of Long Spruce power will be cawed by the frrst 1000 MW 
stage of brpole-two scheduled for m-servrce m the fall of 1978. The second 
lOt% MW of bipole-two will carry Limestone power and present plans call 
for a third 2000 MW broole to accommodate Conawaoa and Gillam Island _~ arcs ~~ 

&poles-one and two are terminated in the south at Dorsey Station. 
approxunately 32 km northwest of Winrupeg. Present plans are to 
terminate bipole-three at Rrel Station roughly 16 km soulhess of 
Winnrpeg. to give optimum loadflowandtransmission requrrements in the 
receiving ac system and to minirruze the power concentratron al one site 
for system securrty. Also. for system securrty. the thud dc transmrssion line 
may be located east of Lake Wmnrpeg roughly as shown m Frgure 1. 

It wasorrginally envisaged that all rectifier stations would ba located 
at Radrsson wrth 138 kV ac collector lures to all the river olants. Thus 
scheme required a large number of ac lines. contamed hrghlosses. and 
minrmized the use of reactivepowerfrom thegenerating unrts.There were 
also problems of rectrfrer station voltage control. var supply. and machine 
self-excitatron. Location of bipole-two. and possibly brpole-three. at 
Henday near Limestone Generating Statron solved the above problems 
and also, along with a changr to a 230 kV collector voltage, led to a 
development with significant capital savmgs. It was concluded that these 
savings would easily outwergh any mcrease in maintenance andoperatmg 
costs due to separated statron sites 

The orrgmal transmrssion concept mcluded plans to have all the 
bipole rectihers electrically rsolated from each other and lo have Specrfrc 
generatmg stations connected to each brpole Thus has now been changed 
in favour of a ‘closed’ collector system wherebv all the statrons are 
synchronously tred. This gwes a more economrc and frexrble system 
rnvolving op:rrnum river operatron. reactwe power supply. and power 
mamtamabrlny for collector lme and dc system outages Studres have 
mdrcated tha! the collector lines and the 230 ‘138 kV autotransformers at 
Radrsson prcvtde suffrcrent electrrcal lsolatton to prevent complete dc 
system collapse durmg rectifier end ac system faults The sendmg svstem 
IS designed to mamtam full generatao” capabr!rtv wth any one ac collector 
lme out of strvrce 
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Fig. 2 Nelson River HVdc development - sending end converter and 
generation capacity. 

Figure 3 shows the collector system single-line-diagram as well as 
other system data. 

Future studies for bipole-three, and perhaps other stations, will 
include the possibility of departing again from the present collector 
concept in favour of an integrated dc station-generating station complex 
and with unit machine-converter connecticne. 

General Bipole-Two System Aspects and Specifications 
Since the early planning stages of the Nelson River. the power 

capacity of the lower Nelson has been generally revised upwards, leading 
to a higher rating requirement for bipoles-two and three as compared to 
brpole-one. 

For bipole-one. the system design and installation schedule was 
determined on the basis of a valve group spare dc capability. For bipole- 
hvo. system reliability studies were conducted using dc outage rates based 
on estimated values and based on statistics and exoerience from bioole- 
one. These studies indicated that pole rather than.valve group outages 
were the limiting factor in meeting the loss-of-load criterion for reliabdity. 
and that valve grdbp ratings could be increased to 500 MW. It wasdecided 
that the system desrgn and schedule for bipole-two shouid include spare 
dc capability equivalent to roughly one pole with two bipolar. 

The pole resarve concept and allowance for increases in the Nelson 
River capacity dictated a bipole-two rating of 2OOD MW in the wmter 
during peak load. Further increases in river capacity will again reduce the 
dc resarw to about one valve group in the ultimate development as 
depicted in Figure 2. 

As. long as roughly one pole spare is maintained it was 
recommended that nomajoraquipmentsparesbapurchasad.Thereareno 
existing, or plans for, spare convener transformers on bipoles-one and 
two. If increasing generation capacity infringes upon the pole reserve, 
spare smoothing reactors may have to be considered for bipole-two. 
Sipole-one can operate with one out of two reactors out of service. 

lhemaximumdclinevoltagewassetatt5OOkVattheractifier.The 
maximum bipole-two rating of 2ODO MW (2000 A) was specified for ‘low 
ambient’ or ‘winter’ ambient temperatures below 2BaC dry bulb or 14.5’X 
wet bulb. The nominal continuous rating of 1800 MW was also specified 
for ambiant temperatures up to 4O“C dry bulb or 2B°C wet bulb. This 
means that for most daysof the year. even in summer. bipole-two will have 
a 2OOD MW capability. In the system. maximum rating will normally only 
be utilized during valve group or pole outage conditions and for full 
generation connected. 

The bipole-one and dc line designs, and thebipole-two specification 
allowd for the possrbilitv of parallel o-paration of tvvo bipoles on a common 
dc line. The dc lines can carry up to 3600 A. Parallel operation can be 
utilized in the ewnt of a dc line or tower loss. Provision is made for the 
possible paralleling of bipolar-one and Iwo and forbipoles-two and three. 

The present concept of paralleling WIII utilize high speed switches 
which will not be required to break or commutate significant dc current. 
Followmq a line fault. the faulted oole can be isolated from its line and the 
COnverta& paralleled onto the healthy bipole Ime without shutting down 
the healthy pole. Parallelmg will be mittatedenher manuallybyanoperator 
Qr automatically by dc lme protectlon and it will be accomplished by an 
WJtOmatiC seauence at hiah soeed. Pnrallelina will onlv be reauired when 
the poles are capable of operating at full voitage, that is with no valve 
groups out; otherwise, at reduced voltage there is insignificant benefit to 
parallelmg During parallel operation bipole-two voltage wll be reduced to 
that of bipole-one and transformer tap ranges were specified accordingly. 

Deparallelmg wll also be accompltshed by an automatrc sequence 
following mitiatron by an operator or by fault protection 

It was specrfied that dc line fault clearing followed by automatrc 
paralleling should be accomplished in approximately 700 ms mcluding one 
line restart attempt and a fault deionirauon time of 150 ms. The present 

Fig. 3 Nelson River 230 kV ac collector system. 

cautious anitude toward parallel operation. however, is that automatx 
initiation will not be used in attemptstomaintain system stabilityforfaults 
but rather will be initiated under carefully controlled conditrons and used 
to continue total power generation during severe outages such as dc tower 
failures. 

System Featums Of The Sipoklwo Singl~Lfne-Diagmm 
Figure 4 shows thedc line switching schematic for three bipoles and 

for oarallel ooeration. For biwles-one and twoatotal of sixteen high speed 
line switches are required. With these switches each pole converter can be 
connected to either dc line pole for that polarity. 

For parallel operation of bipolar-two and three it was originally 
accepted that a dc line would be built between Dorsey Station and Rie: 
Station. The cost of this line was estimated st 512 million and it could only 
be used during parallel operation. Due to the unproven nature of the 
paralleling concept and depending on when this technique allows full 
operation confidence, this high capital cost was difficult to justify. A 
tentative scheme has therefore been conceived whereby one of the 
planned 500 kV ac lines between Dorsey and Riel could be released for 
emergency operation at t 500 kV dc on the outside phase conductors. 

Since most radio interference in dc is caused by the positrve pole: 
these poles are located on the inside of the adjacent dc lines for bipoles- 
one and two. 

With the high speed paralleling switches providing alternative pole 
connections, there is no reason why each dc tower line must be assrgned 
to one bi-pole. For normal operation of bipoles-one and two each dc tower 
line will hold a positive pole of one bipole and a negative pole of the other 
bipole. This scheme has been termed ‘bipole crossover connection’ for 
convenience. Since the two bipoles have different voltage and power 
ratings this scheme reduces the maximum possible power loss for a tower 
failure, reduces switching surge overvoltages for de line faults, results m a 
more balanced sending end load rejection for line faults. and allows 
maximum master power control correction for tower faults without inter- 
bipole power order transfer. 

Figure 5 is a simplified single line diagram of bipoles-one and two. 
The Long SpruceSFS230 kVStation is the firstgasinsulated statron 

m Manit+a at that voltage level. The only other SF6 statron m the system 
IS a small station at 110 kV. 

The basic ac switching arrangement at the converter stauons IS of 
double bus design with four breakers per ‘bay’ in a breaker-and-a-:ntrd 
scheme. The corresponding ‘element’ positions apply to all the elements 
associated with bipole-two. At Dorsey. bus breakers are located between 
the bipole-one and brpole-two portions of the statron. The ac filters and 
station service transformers for bipole-one at Dorsevare connected off the 
mam busses and rely on bus breakers for swttching. This practice was not 
contmued for bipole-two to mcrease relisbility and ease of operauon. Alsc, 
as opposed to the tertiary connection in bipole-one. the synchronous 
condensers or static compensators associated with blpole-two wll have 
their own ‘element’ positrons. 

The ac breakers for bipde-two at Hendayand Dorsevare mmmum. 
oil type. The bipole-one associated breakers are 811 au.blast 

&pole-two is made up of four t 2.pulse valve groupseach rated 250 
kV dc and 2COD A maximum (1800 A nominal) to gave 500 MW maximum 
(450 MW nommal) per group. B~pola-two has a separate elaclrode I,I!z at 
Dorsev. approximalely 22 km long, but connects to the erlstmg grouna 
electrode for bipole-one This electrode has been extended for 4COg a 
OParStiOn capabrlitv for about one month. COrraSpondtng to comcdent 
mOnOpOlar operation of bipoles-one and Iwo. The Henday electrode IS 
located approximately 11 km southwest of the stauon. 
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Fig. 4 Prehminary dc line switching schematic for three bipoles and 
for parallel operation. 

Present plans allow for 11-230 kV and 4-500 kV ac lines out of 
Dorsey station. 

Bipoles-one and two will be basically operated in constant power 
control through their individual master power controllers. Each bipole 
rectifier controls current and the inverter controls the dc line voltage 
compounded to the rectifier end. The convener stations can be controlled 
remotely from the Load Dispatch Office in Wmntpeg. Fast 
telecdmmunications are required mainly for the at system damping 
controls and for fast fault clearing and dc line switching sequences. Some 
problems have been experienced with the present telecommunications 
system injecting false current order and power capability slgnsls into the 
dc. A new PCM (pulse code modulation) microwave link along the present 
analog (frequency division multiplexingJ route on the west side of Lake 
Wmnipeg and a new microwave link to the Nelson River east of the Lake 
will be installed with bipole-two. Eventually, two digital systems (P&l). 
one on each side of the Lake, will cure the problems and give reliable 
telecommunications. 

SYSTEM STUDIES AND SPECIFICATION ASPECTS 
OF SIPOLE-TWO 

Nelson River dc Line Design and Parameters 

The existing two bipolar lmes from the Nelson Rover are paralleled 
on the same rrght-of-way at a mimmum spacing of 65 m (212 11). The total 
right-of-way width is 112 to 127 m (369 to 417 11). 

The tangent suspension towers are of the guyed single mast type 
with conductor height of 31 m (103 ft) to 37 m (123 ft) for spans of 427 m 
(1400 ft) to 488 m (1600 ft). The pole spacing is 13.4 m (44 ftl and the 
-height of the single groundwire above the conductors is 9.84 m (32.6 ft) 
giving a shmldmg protection angle of 35O (41. 

The conductors are duplex bundle. ACSR 4.06 cm (1.6 in) diameter. 
72/7 stiand. 1843.2 mcm. with45.7 cm(18 in)subconductorspacmg.The 
dc resistance per pole (890 km or 556 mi) at 203C IS 14 ohms. The 
maximum conductor temperature for emergency loadmg of 3600 A. 4oOC 
ambient. and 0.61m/s (2 ft,‘s) wmd is 123’C 1131 

The mmlmum tower t,ead clearance, as built with 13.4 m pole 
spacing, IS 3.5 m (138 m) givmg a wet CFO of about 1240 kV and s 3-sigma 
critical withstand (5% standard devlatlon) of 1050 kV. This clearance is 
tharfore not limitmg even for maximum switching surge overvoltages in 
excess o! 1.7 p.u The 13 4 m pole spacing was based on corona losses 

The suspension rnsuletor strrngs contam 21 umts, each 17 15 x 32 
cn (6G x 12’8 II-I) and 50.8 cm 120 m) creepage distance. for a total 
msulator strmg length of 3 6 m (142 m)and a total creepage of 10.7 m(420 
in) This gives a specific creep 012 13cmikV (0 84 m.‘kVI at 500 kV dc For 

Fig. 5 Basic bipole-one and bipolc-two Nelson River transmission 
svstem. 

this insulation the withstand under contamination is the limiting criterion 
rather than switching surge ovenioltaQes. The insulators were specified 
for a 2-sigma critical wIthstand (5% standard deviation) of about 500 kV dc 
when tested with cement contamination ma fog chamber. This was felt to 
be Qcceptable for such a severe contamination since it was foind from 
tests conducted at 8PA that worst Manitoba natural contammatlon was 
less than 85% as severe as the cement contamination. 

The lines were designed for a minimum ground clearance of 8.84 m 
(29 11) corresponding to the cdndltion of maximum sag at a maxtmum 
conductor temperature of 1230%. The clearance was established from a 
vehicle clearance of 4.57 m plus an electrical clearance (insulator string 
length) of 3.86 m plus a 0.61 m margin of safety. The normal clearance wdl 
be about 12.2m (40 ft). The minimum clearance more than met all the 
electric safety codes and standards that were interpreted or exlsted at that 
time for dr. 

From the test program carried out at the National Research Council 
[S] thefairweather corona lossesareestimatedatlessthat6.2 kW/km(lO 
kW/mi)at500 kVdc.Thefoul weather(rainlcorona losses are about 14.3 
kW/km (23 kW/mi). 

The average fair weather radio interference was estimated at 44 d8 
(1 MHz) above 1 @/m,. or 160pV/m. et 30.5 m (100 ft) from posmve 
conduct.or at 500 kV. RI levels of from 35 to 50 d8 are generally quoted for 
EHV ac lines and therefore 44 d8 should give good RI performance on dc 
especially when considering that foul weather RI ismuch lowerfordc than 
for ac and that lower signal-to-noise ratios may be tolerated from dc than 
ac lines. It was suggested that 10 d8 should be subtracted from the dc RI to 
obtain the equivalent nbisance value to ac. 

The calculated maximum conductor surface gradient at 500 kV IS 
27.7 kV/cm and the maximum gradtent at ground level IS 10 kV/m shghtly 
outboard(2 44 mor8ft)ofoutsidephaseconductorandw#th 12.2 m(40ft) 
ground clearance 

dc Side Filtering 
Harmonics not ffltered are mfected mto the dc lme and by 

electromagnetic Induction. noise is generated In adjacent 
telecommumcat+on wires. normally telephone circuits usmg the voice 
frequency range of 100 Hz to 5 klir. 

Transverse or metalllc voltage causes the noise which IS heard by 
the subscribers. In both shlelded and open wtre circu#ts. the harmomc 
curren!s m the dc line. tnducmg a telephone clrcult noise voltage by 
magnetx couplmg. largely determmes the degree of fdrermg required 

For tne average open.w#re commumcatlon pa!,. the unbalance has 
been estimated at 50 d8 (7) The balance of a lme IS expressed as the 
difference between the noise-ground and the noise-metallic Therefore, 
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I 720 k” 

Fig. 6 Frequency response of HVdc lines and terminations 

d6rnc (noise-‘metallic) = d6rnc (noise-ground) - 50. The term d0rnc is the 
induced noise above zero d6 level in conventional North American 
telephone circuits wnh reference power level for noise of 10-l’ watts, 
terminal impedance of 600 ohms resistive, and with the standardized “C 
message” weighbng factor applied for the relative response of the human 
ear and telephone system equipment for different frequencies. This factor 
is a maximum at about lOOtI Hz. 

A considerable number of computer programs were developed to 
determine the telephone circuit noise and dc filtering requirements in 
bipoles-one and two. The main oroorams are: 

A program to calculate ihe harmonic generation from the dc 
conveiters. 
Program representing multiconductor transmission lines to 
calculate harmonic voltaoe and current orofiles alone the lines 
using Carson’s earth reiurn equations (J. Goodman’s IVAC 
program). 
Induced noise program (Stumph’s program) determines the 
noise toground from the induced harmonicvoltageswith input 
data of harmonic current, earth resistivity, and separation. 
A number of sub-programs were developed to give a reason- 
ably accurate representation of the multiconductor system in 
(2) above and provide a good method for bipole-two filter 
specification or to iudoe relative filter alternatives before 
noise was actually calculated to refine the filter performance. 

The commumcation circuit longitudinal interference is largely 
dependent on the separation, length of parallel runof the exposure. and on 
total current unbslance (zero seouencet or effective mound current in the 

11) 

12) 

(3) 

(4) 

power circuit conductors. . 
In a balanced 12.pulse bipolar system as m bipole-two, the effective 

harmonic ground current is normally zero and the only noise induction is 
due to pole separation of the dc conductors. In a balanced B-pulse bipolar 
system as in bipole-one. where 12-pulse is achieved only by connection 
across poles, there will normally exist an effective harmonic ground 
current for the unique B-pulse harmonics. Btpole-twowill therefore exhibit 
superior noise performance becsuse of the virtual zero noisegeneration in 
normal bipolar operation assuming pole current unbelances due to 
component tolerances are small. The frltenng requirement is then 
determined by the abnormal monopolar earth return operating mode 
where an effective harmonic ground current exists. 

The Manitoba Telephone System (M.T.S.) and Canadian National 
Telecommunicabons (C.N.T.) have indicated their target levels for a 
desired maximum interference level from the dc system (or any one 
source) under normal, steady-state operabon as follows (71. 

M.T.S.: 17 d6rnc noise-metalbc (67 dErnc noise-ground) 
C.N.T.: 26 d6rnc noise-metalbc (76 dErnc noise-ground) 
Along the south 240 km of dc line route. there are about 300 M T S. 

rural subscriber lines (varying from 1 to 30 km in length) which use voice 
frequency transmission. These crrcuits are open wire, buried cable. and 

Fig. 7 Typical calculated line voltage due to midpoint ground fault on 
adjacent pole (line fault at the midpomt on the nagacne pole of 
bipole-two with bipole crossover connection and wnh distrr- 
buted parameter, lossless line representatron). 

b +150 kV PO* Fault 

0 
MSEC 

0 

450 kV PO!, 

Fig. 6 &pole-one Hathogram results of two line faults. 

partially buried cable but all were considered as open wire for noise. Each 
line has an average of six subscribers. About 200 of these circuits come 
within a 6.5 km corridor on each side of the dc lines. 

At the north end for about 320 km. a number of open wire C.N.T. 
lines exist, one of which is a trein dispatchers circuit with voicefreauencv 
trensmission. 

With bipole-one in 3-valve group operation (-300. l 150 kV, 640 
MWI noise levels on the everaoe M.T.S. circuit were measured from a 
pessimistic sample of 44 circuit; DC harmonic driving voltages werealso 
meesured from which could be calculated the de line currents and 
theoretical noise levels. Noise due to de side harmonics increased an 
averege of 12 d6 and noise due to se side harmonics increased 6 d6 There 
has been a noticable shift in the ac side noise from lower order harmonics 
5. 7. 11,13th to the 23rd and 25th harmonics. About 73% of the cmxns 
measured were found to be below thetarget level of 67 d6rnc. About 60% 
of the calculated theoreticel noise levels were within i 20 d6 of measured 
values. For the final 6-valve group stage of bipole.one. noise levels at !he 
6th and 16th harmomc will increasa about 6 dE and 12th and 24th 
harmonics will decrease about 10 d6 from the measured levels. The 
measured levels in the average circuit were 46.49.60 and 52 dErnc noose- 
ground for the 6. 12. 16. and 24th harmonic. respectively. 

Ageneral filter requirement was defined asthat requued toachleve 
an approximate noise level limit of 60 dErnc on the worst telephone 
exposure. or about 60 t 5 d6rnc to allow for the maccuracres m the 
prediction of noise. This filtering would also meet thegeneral target norse 
level on the average circuit and M T S would in most mstances be able to 
bring the worst exposures down to acceptable levels if necessary. 

The brpole-two filters were specrfied on rhe basis of dc lone 
harmonic current limits derived from the above system noesa 
measurements. The permnted line currents were based on the average 
noise in the M.T.S. circuit and the restdual lme current or ground current 
that causes that norse. taking mto account the noose from brpolesono and 
two. The noise level should be less than 67 d6rnc st any one frequency. 
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Fig. 9 Field test of transformercurrentsand busvoltagesat Radisso” 
for converter transformer energizmg. 

The current limits and noise levels for the 6th and 16th were based on six 
valve groups in bipole-one plus a” assumed pessimistic unbalance in 
btpole-two. The 12th and 24th limits were based on fwe (or three) valve 
groups in bipole-one and one (or three) 12-pulse group monopolar in 
blpole-two. For two group monopolar in bipole-two the noise would ba 
about 6 d6 more but this configuration was assumed to be too pessimistic 
for infrequent occurances. The expected “otse in the average circuit from 
bipole-one and from blpole-two one valve group IS 64.62,71. and 60 d6rnc 
notse-ground for the 6. 12. 16. and 24th harmonic, respecttvely. Noise 
from bipole-one 19th is the largest component of the two bipoles. and this 
IS also during normal blpole operation. 

The chosen filter is a fixed-tuned (no adjustment for seasonal 
variation) 12tharmenda highpassarmtunedtothe24th. NOM T.S.circuit 
relocation is expected to be necessary due to noise ftom bipole.two. 

Bipole-one operated for three days during a 6th and 12th filter 
outage and no complamts ware received. The measured noise on a bad 
cucuit was 62. 94. 76. and 74 d6rnc noise-around for the 6. 12. 16 and 
24th harmonic respec&ely. The corresponding calculated notse was 63 
and 94 d9rnc for the 6 and 12th harmonic. It IS antcclpated that blpole-two 
filter outages can also be tolerated for short periods. The highest 
calculated noise for any filter outage and any harmonic IS 96 d6rnc “o~se. 
ground in the average circuit. 

dc Line Resonance 
Selection of dc filters was also based on dc line resonance and dc 

lme overvoltages. 
In bipole-one Manitoba Hydra added an addmortal lme side 

smoothmg reactor Urom 0 5 to 1 henry) to gwe Improved dc filtering. With 
one dc line only connected, however, this gave rose to a clrcult resonant 
close to the 60 Hz fundamental which has caused some problems in 
operation Specral care was taken to avoId bad resonance conditions I” 
blpole-two. even though resonance excltatlo” sources should be less I” 
thynstor co”“erters 

If the dc ltne 1s relaflvely long. the hne wdl have a natural resonance 
at a low frequency dependent on length and termmaho” At frequencies 
below about 360 Hz. the smoothmg reactors are the most stgmflcant 
terminal Impedance so that the lme appears to be almost open cwcwted 
and results in a cvcuflt with very little dampmg The smoothmg reactor size 
and oc filters should be chosen to avoId a resonance at 60 Hz or a 
harmomc The smoothmg reactor m btpole-two IS 0 75 H 

Enpole-one IS resonant at 45 Hz wne” connected to two dc lanes m 
parallel. and 1sresonantar60Hzwhenconnectedtoone lme Blpole.two8s 
resonant at 70 a”: abou: 160 Hz as show” I” Flgure 6 

dc Line Overvoltages 
For the se&red dc filters and smoothmg reactors I” blpole-two the 

Fig. 10 Positive sequence impedance curves of Henday and Dorsey 
Systems. 

dc line overvoltages were studied using 6PA’sElectromag”eticTransients 
Program 112). 

For two identical linesland termlnatioos) in parallel a lone to earth 
fault at the midvomt of the dc line oroduces the laraest transient 
overvoltage on the adjacent’ pole. With the bipole tower crossover 
connection. however, the two poles on the same tower have neither the 
same termtnattons or the same length. The bipole-two line is 
approximately40 km longer than bipole-one The minimum advantage of 
b&pole crossover connection for line overvoltages is at least the ratio of the 
operating voltages of the two bipoles. that IS, 4631500 or0.93. This would 
reduce a maximum 500 kV lme overvoltage. for example, from 1.7 p.u, to 
about 1.56 p.u. which could save some lme flashovers. 

From studies‘ done to date with midpoint faults, d!strtbuted line 
parameters. lossless lines, and blpole crossover connection the maximum 
line overvoltages obtained were about 733 kV (1.56 p.u. on 463 kVI on 
bipole-one and 750 kV (1.5 p.u. on 500 kV) on bipole-two. The CorreS- 
ponding maximum terminal overvoltages were 666 kV (1.46 p.u.)o” 
bipole-one and 730 kV (1 46 p.u.1 on bipole-two. 

For equal lines. the maximum lme overvoltages occur when wave 
reflections from the terminals add at the midpoint and when the midpoint 
is also the location of the fault discontmuity. For blpole crosso~ar 
connectto”, one would iotuitwely expect the maximum overvoltages to 
occur 20 km from the line mldpomts when the faults are also located at 
these points. Further transient studies are necessary to determfme more 
completely the extent of the crossover connection advantage 

Flgure 7 shows a typlcal calculated line voltage due to a mldpomt 
ground fault on an adjacent pole The midpoint line voltage on blpole-one 
shows a” lnltial overvoltage up to about 3 ms due to the zero sequence 
wave (ground mode) At about 3.2 ms the maxmwm overvoltage results 
when the posttwe sequence wave (metallic mode) arwes back after bemg 
reflected from the lme termmatlons This mdlcates that the lme travel twne 
IS about 3 ms 

FIgwe 9 shows btpole.one hathogram results from two lma faults 
on the exlsttng system The -450 kV monopolar fault shows the postive 
sequence wave arrwng and then the zero sequence wave. swmlar to the 
faulted terminal voltage m Flgure 7 For the &150 kV faull the termmal 
voltage on the -300 kV unfablted pole has a” lmtlal decrease followed by 
an overvoltage lust as I” Fogwe 7 The faulted ltne terminal voltage ~senher 
too small to see the difference between the posItwe and zero sequence 
wave or the fault occurred near the lnverter termmal and the dltference 
between powwe and zero sequence wave arrivals IS very Small If we 
extrapolate the unfaulted pole overvoltage to the case 01 a full voltage fault 
the apprownate Ime overvoltage would be 630 kV (1 4 p u I 
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Fig. 11 Functional block diagram of bipole-one and bipole-two power 
corltrols. 

w Side Filterby 
The degree of filtering required on the ac side of the converter 

stations to reduce the harmonic currents injected into the connected ac 
system is generally defined by the three parameters of voftage distortion 
fector fD), the tefephone influence factor fTfF). and the IT faotor UT). The 
voltage distortion factor D is a measure of distortion of the fundamental 
bus voltaoe waveshaoes due to all harmonicsfnormallv UD to the 50th) and 
is usually more influenced by lower order harmonics: This factor is most 
significant for the operation of the power system equipment such as the 
converters and machines. The telephone interference factor TIF evaluates 
the voltage waveshape in terms of the inductive influence on exposed 
telephone circuits. The IT factor is a measure of the interference caused bv 
harmonic currents flowing into the ac system. 

The design parameters for the bipolesne filters were an IT of 
39 000, a TIF increaseof 25. anda Dof 4%forDorsyand aDonlyof 7%for 
Radisson. 

A number of measurements have been taken on the existing system 
for an incompleted bipole-one. Noise on M.T.S. circuits has not been a 
oroblem at the 5. 7. 11. and 13th harmonics. Calculations extrapolated 
from the measurembnts at Dorsev show that the dc link noise level may 
exceed the design limitations in the ultimate dewlopment. 

Measurements taken with 3 valve groups (1 x 12. 1 x 8) yielded a 
voltage TIF of 10. a D of 1.3%, an algebraic total If for ell 230 kV line 
currents of 34 268. and a vector sum IT of 22 858. An extrapolation of 
these results to 6 valve groups (2 x 12, 1 x 6) gives an elgebrric total IT of 
65 961 and a vector sum IT of 43 437, which are above the 39 000 design 
level. Our computer calculated distortion and If levels for 5 valve groupsl2 
x 12.1 x 6). 100% load, are 0 : 1.6%. IT i 43 OOOf actor); and the IevelS for 
6 valve groups (3 x 12). 100% load. are 0 2 1.9 5 , IT : 45 750. 

M.T.S. circuit measurements reveal that noiw due IO ac srde 
harmonrcr has mcreased about 6 d9 wdh the 23 and 25th being the most 
bothersome. 

IT meters are presently being installed at Dorsey to montlor the ac 
line currents snd to gain experience on the correlation of IT fector to M.T.9. 
circuit norse. - 

The measured 0 at Radisson wrth 3 valve groups was 2.1%. The 
calculated 0 1s 3 2%. There has been no known undue harmontc SWOSSSS 
on the Ksttle gsnerrtors. Tests have been conducted wuh various frlters 
out of rervrcegivmg high bus voltage drstorhon and convortnr operation 
remamed stable wnh no known problems. Wrth no 11 .md 13th hlurrs 
connected m one case the distortron was about 15%. 

Thr ac filter measursments and experience on brpole.one has 
influenced tho brpoletwo falter desrgn m three ways. Improved fdtermg at 
the 23 and 25th harmonrcs was targeted. the Dorrev frltors were made 
seasonally tunsd for mrproved mamtenance andralrabrl~ly. and the Dorsav 

filter 0 was raised to prevent overloading of bipole-one filters. Thus is 
required when bipole-one filters are on tune and bipole-two filters are 
detuned due to temperature changes in capacitance which forces the 
current to shift into the bipole-one filters unless the bipole-two filters have 
a sufficiently low impedance. This low impedance is achieved by lowering 
the filter resistance. 

The bipole-two filter specification of D and TIF was made the same 
as for bipole-one at both ends and assuming an open circuit system on the 
ac bus at Dorsev. At Henday, the ac system was defined by all conditions 
between the minimum and maximum short circuit levels. Previous 
calculations have shown that the open circuit condition gives roughly the 
same D and TIF as compared to when the ac system impedance is 
represented while allowing a harmonic in resonance. Even though the IT 
level may be the best indication for potential telephone interference. it was 
not specified bacausa of its complex dependency on the ac system 
harmonic impedances which vary greatly with frequency and system 
buildup. Also, resonances can occur at a specific frequency anywhere in 
the ac system and cause interference even for low IT levels. A reasonable 
filter is therefore expected from the TIF level specified and future reson- 
ance and interference problems can be solved if and when they arise. 

A TIF was not mified for Hendav because of the isolated ac sWtem 
and the absence of telephone circuits. 

At Dorsey, two 11 and 13th arms and one high pass filter were 
specified each rated to handle the currents fromcomplete bipole-two at all 
loads up to nominel rating plus 10% harmonics from the ac system. This 
scheme gives high filter redundancy for contingencies. In total, there will 
betwospare 11 and 13th filters, that is. one spare of each associated with 
each bipole, and one spare high pass arm for the two bipoles. To prevent 
the distortion and IT from becoming any larger than has been desrgnad for 
with bipole-one. the bipole-two filters had to be designed to operate in 
parallel with, share harmonic currents, end not overload the existing 
bipok-one filters. The high pass filter has been designed to decrease the 
TIF to about 23 for rated conditions and with all filters connected. 

At Henday. three high pass filters ware proposed each rated to 
handle the currents from complete bipole-two at all loads.up to nominal 
rating plus 5% harmonics from the system. This scheme provides ultimate 
filtering for bipole-two and three with one spare. Space has been allowed 
in the switchyard to add a possible fourth bank as a second spare in future. 
These damped filters are tuned to the 12th harmonic to give as low an 
impedance as possible at the 11 and 13th and also provide filtering for the 
higher harmonics. The ac system impedance was specified as that 
corresponding to tb short circuit levels of 2500 MVA minimum and 
12 500 MVA maximum and with an impedance angle of 83O. The sharing 
of harmonics with bipole-one filters at Radisson should not be a problem 
due to the isolation effect of the 1381230 kV transformation. 

System Insulation Coordination 
The insulation design of all equipment requires an overall system 

insulation coordination philosophy and specrfication to establish criteria 
for insulation levels, margins, arrester applications. system damping, 
switching operations, system expansion, reliability, and (Ype. magnitude 
and duration of overvoltages. 

For a dc link the insulation coordination can be considered in two 
pens - the ac side and the dc side. 

(a) ac Side: Over an approximate one year period in 1975 at 
Domev. one-counter reading was recorded on 66 arresters on the 
ac side and 3 readings were recorded on 10 arresters on the dc side. At 
Radisson. 35 reedings were recorded on SO arresters on the ac side and 
none on 10 dc side arresters. 

The presence of large energy storing capacitors in the ac filters 
imposes abnormal energy discharge and rate of rise of current al sparkover 
duties on the ac side arresters protecting the converter transformers. 
filters, and other equipment on the ac bus. To handle these duties special 
arresters with modrfied characteristics are applied to blpoles-one and two. 

Manitoba Hydra normally installs 192 kV rated arresters on me 230 
kV system to protect a tradihonally rpec~hed 900 kV EIL. The modrfrrd 
arresters have spacrally designed valve blocks for the discharge duly but 
retain about 44% protective margm for 900 kV 8IL snd 20°b for 750 kV SIL 
assuming worst case impulsedischnrgeof 20 kA. The mnximum swrtchmg 
surge sparkover IS about 2.2 p,u A 750 kV 9IL was not rmpleorented 
because of the departure from prevrour practice and because of the fear of 
possible relrabrhtv reduction. 

The arresters at Dorsev may be requued in future to discharge its 
much as 1700 Mvar of capacrtors In nc hlters plus stauc c.ur.tcrtors The 
large capacuance wll have the effect of rlopmg off last rurgds .md WIII 
requure hrgh surge energres lo charge the svstum to slgnlflranl 
overvoltuger. fhu mitlor conrrderahon therafore on the convurler huaner 
ore slow swrtchmg surges 

The mnxrmum temporary pownr lrequuncv uvu,rvoll,~gtt PII llw 
Dorsay bus was spucd~nd ;ts 1 3 p u ;rbove nomuM caurad by ,I complete 
block of brpola.one and two (100”~~ clc lonct rojachon) tar :I m,~x~mum 01 
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2900 MW of generation (about 80% of dc capability). These overvoltages 
were specified as sustained for at least 200 ms before being controlled by 
eight synchronous condensers (2 out of service). An X’d of 30% maximum 
for the cor.densers was used in the digital studies which exclude the 
effects of transformer saturation and harmonics. 

The corresponding maximum power frequency overboltage on the 
Henday bus was also specified as 1.3 p.u.. sustained for at least 160 ms. 

ac falter switchmg can cause high overvoltages. about 2 p.u.. but 
these are generally smgle or double spike transients that can be easily 
handled by the arresters. 

Ferrcresonant type overvoltages at Henday caused by transformer 
switching. !cad rejectIon and ac system fault clearing have evolved as the 
most Important overvoltages on the ac and dc sides of the stations. They 
are dealt with under a separate heading below. 

fb) dc Side: dc side insulation levels and voltage 
dlmensmmno of oresent thvristor valves are based mainly on switchina 
surge ove&ltag&, on the’surge diverter characteristici for switchi@ 
surges, and on the design margins. 

The maximum temporary power frequency voltages which areseen 
as the maxlmum commutating voltages when at least some valves are 
conducting current (not blocked) provide the basic parameter for the dc 
side equipment operating and withstand requirements. 

The maximum temporary power frequency overvoltage at Henday 
which leaves valves conducting was specified as 1.2 p.u. above nominal 
caused bv a comolete block of one Dole on bipole-one DIUS one pole on 
bipole-two from overload rating withbne pole &I bipole-dneout of &vice. 
This represents an approximate 66% load rejection for connected 
generators. 

The maximum overvoltage 5t Dorsey which leaves valves 
conducting was specified as 1.25 p.u. above nominal caused by a complete 
block of blpole-one from overload rating with one pole on bipole-twooutof 
service (approximate 66% load rejection). 

The wwer freauencv overvoltaaes are caused bv the sudden 
rejection of’vars from ihe cinverter station when the valv& sre blocked. 

It was specified that for impulse voltages the margin between 
equipment Insulation level and divertef protective level must not beless 
than 20% and the corresponding margmforswitching surgevoltages must 
not be less then 15%. 

Switching Overvoltsges Caused by Trenrformer Saturation 
Transformer magnetizing inrush currents caused, for example. by 

transformer energization or by clearing ac system faults, can excite 
resonances under certain configurationsof generatorsandacfiltersinthe 
sending end system. If the system is resonant at the correct harmonic such 
as the 3rd or 4th then the excitation can produce highly distorted ac 
overvoltages. These overvoltagesaredynamic in that the harmonicvoltage 
oeaks suoenmoose on the 60 Hz wave until thev are damped out. The r - -  --7- 

sending end s&ems at Radisron andf-lendayere ;ery lightlidamped and 
the resulting long duration overvoltages can be damaging to arresters if 
they must repeatedly sparkover. 

There has been no known insulation problems with respecttothese 
ovarvoltages in bipole-one but they may abcount for the hieher arrester 
counter-readings mentioned previously on the ac side at Radieson. The 
converter transformers have been switched many times. On the other 
hand. these overvoltaoes have caused operating problems and 
restrictions. Transforme; switching is not r&omme&ded with certain 
machine-filter combinations and they must be switched attheir lowesttap 
position to effectively raise the saturation knee and reduce Inrush. TheSe 
restrictions mcrease operating duty on the falter breakers and on the tap 
changers. On a number of occasions transformer switching has resulted in 
dc system shutdowns when the long duration ac voltage dlstortionexcited 
a 4th and 8th harmonic resonance between the dc filter and smoothing 
reactor causing the dc filter protection to block the dc. 

In order to ehminate operating restrictions, minimize ac voltage 
distortion problems, and deciease the probablllty of obtaining dangerous 
overvoltages at least for converter transformer switching it wasdecided to 
install premsertlon resistors on the transformer breakers of bipole-two. 
Consequently, worst recoveries from ac system faults are the only 
expected cases where high overvoltages can occur causmg multiple 
arrester sparkovers. 

Prelrsertion resistors decrease magnetizing inrush currents by 
effectively removmg the voltage from the transformer nonlmear 
inductance when It reaches the saturation or low inductance region of the 
saturation characteristic and effectively applymg the voltage withm the 
lmear o: tr!Sh Inductance regjon It is only necessary for this resistor to be 
an servfce lsng enough to prevent the mmal deep saturation Once this IS 
passed operatao” wlthin the lmear portlon of the Saturation curve 1s 
virtually assured. 

Reactive Compensation and Short Circuit Levels 
For most de projects to date the suppliers have bren required to 

propose and design their own compensation pckage es pan of en over511 
de equipment contract and which they interpret 55 being the best solution 
for both the dc link and ec synem. For bipole-two it ~55 felt that the 
tendered propo5als could have wide variations involving synchronous 
condensers, static compensators, filters, and static capacitor 
combinations. The manv combinations could create en almost impossible 
situation for tender eval;atlon and system varcoordination. It waidecided 
to remove virtually all the degree of freedom in the compensation-filter 
specification and allow only the supply of ac filters. Venous filter designs 
were allowed but the maximum var supply from the filters was speclflrd a5 
600 Mvar at Henday and 400 Mvar at Dorsey to be switched in blocks no 
larger than 200 Mvar. 

Under the pre5ent concept compenhtion will be installed 55 
required for total de power on two bipoles in accordance with new Nelson 
R1ve.r generation development. With spare capability built into the dc 
system the compensation is relatedonly to the total Nelson generation and 
not to total dc capability. This apphes to both reactive power and short 
cnrcun requirements. 

Over-voltage studies were conducted on the lREQ dc simulator to 
determ$ne !he effect of and correct parameters for the reststors. Wtth 
premsertl‘- resistors mrusn currents were generatlydecreased bya factor 
of about 1 C and hlghes1 overvoltayes were decreased from about 2 p u to 
ahoul 1 2 1. u A prejnseruon res6tance o( between 800 and 2OOO ol‘ms 
\~,trl an~rse:~~onl~meofetol 2 mswasspec~flect Energvdlssipatlonmthe 

At Dorsev. blpole-one has SIX synchronous condensers rated 160 
Mvar overexc&d and 80 Mvar underexctted. Reactive power associated 
wtth btoole-one IS 980 Mvar from the condensers and 356 Mvar from the 
ac fdters’for a total of 1316 Mvar. lmtial studies indicated that four 
addItIonal synchronous condensers plus an addltional 400 Mvar from 
btpole-two filters would be required for full power generatlon on two 
blpoles wh#le allowmg for two svnchronous condensers plus the largest 
filter bank out of service. 

The compensation above wtth 10 synchronous condensers IS 
consldered perhaps unnecessarily conservative because. Ial Ihe outages 
are pessimists to mamtam full generatIon: lbl dvnamlc overvoltages. 
contmuous ,oltage regulation and var balancecan be contmuousl) llmlted 
or mamtatncd for zero to full dc loadmg wlthout generallv requmng fl!Ier 

resistor reduces as the size increases. A resistor of 1600 ohms with an 
insertton time of 5-15 ms (variable) was finally chosen in conjunction with 
the breaker manufacturer. 

A number of tests have been conducted at Radisson for switching 
filters and converter transformers. The maximum overvoltage for 
switchmg a 5,7,11 th filter ~55 1.7 p.u. but these contain only one or two 
peaks. The maximum recorded overvoltages for energizing transformersir 
about 1.5 p.u. but the overvoltages and distortion were of very long 
duration (more than 1 second). The overvoltage magnitudes are lower and 
the duration longer than shown in previous simulation studies which give 
maximum overvoltage5 in excess of 2 p.u. The system tests however have 
always been with random switching and with no point-on-wave control. 
The long duration prompted a closer investigation of the sending end 
system damping anb best information Indicated that the 60 Hz impedance 
anale was closer to 88O rather than 83” as had been soecified. This al80 -  .s-- - -  - - -  -~ 

was a factor in the decision to install preinsertion re&tors at Henday. 
In contrast, system tests with filter switching 51 Dorsey indicates 

that the recerving end syystem impedance angle is about 72O normally snd 
should always be less than 80° even with long EHV SC tie lines to 
neighbouring utilities. Significent overvoltages do not 5pp55r st the 
receiving end like at the rectifier. 

Figure 9 show5 5 typical voltage trace at Radi55on for 5 converter 
transformer energizetion. 

Two possible explanations for the mechanism of generating 
ovwvolta955 from inrush have been forwa&d in the literature [8], 191, 
[lo]. One explanation uses the concept of the tmnrrformer 55turation 
inductance being switched in and out repeatedly; the other explanation 
assumes the transformer is a current generator driving the filter-system 
with the inrush current ‘train’. 

The longer duration overvoltages in the field 55 compared to 
simulator tests is normally explained by the higher dsmping given by ths 
excessive resistance in the model transormer windings rnd other 
components. The lower damping in actual 5y5tem. however, should 
increaM the probability snd magnitude of overvoltage5 recording to 
theory. The fact that recorded overvoltage5 are generally less than for 
simulator studies perhaps indicates one or all of the following: 

(1) That all worst conditions of resonance tuning, remanence, and 
switchim time has never been recorded on a swtem. 

(2) That frequency dependent damping is not iorrect on a 
simulator where perhaps thedccomponentdampihgshouldbe 
much less and higher frequency component damping should 
be more. 

(3) That the recorded overvoltages havegenersllvbeenonsvstem 
configurations giving a resoiance stihe 4th harmonic snd not 
the 3rd. Accordina to theorv 1101 the maximum is then about 
1.5 p.u. 5s oppo& to 2 p.;.iorw3rd reson&e. 

Figure 10 contains positive sequence impedance curves of ths 
Henday and Dorsey Systems showing some pOssible resonances between 
the filter5 and the 5~ systems. 

In general there would appear to be scope for further investigation 
into these very important overvoltages. 
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switching; (c) the minimum short circuit ratio (rsauming X’d) would ba 
about 4 fcu the worst system conditions and outage% and would be about 
4.4 normally for full generation. 

The conservauve dasiin above, coat of synchronous condensars, 
and cost of maintenance has forced a m-evaluation of the Dorsev 
compensation. Static companaatora ftave emerged aa a por*bfe 
alternative with economic benefits and ordimiMW simulator Studies 
indicata that bii-two compensation an be entirely~achiewd with StfltiC 
compensators (equivabnt to 4 synchrortous condensara) and with 
acceptable overvoltage control and dc fault - r-m. 

Frequent claims are mede t* tftat e ahort circuit retio (system 
~circuitu~ilicv/dcpower)dZa~is~~fordeopention 
for control stabiliw and for recovery from ac v faults and 
commutation feilures. Actualfy. tha accefrtabfe ratio is dependem 
somewhst on the damping with a hiier detnpedwstem more favourabfe. 
Also, tha system-filtercaftecitor resonance should be ebove the 2nd 
harmonic to avoid exceasM ac voftage dismrtions during fault recover& 
There remains some resenmtiw on tha minimum accepted retb and 
acardin~~ it was soacified that a minimum ratio d -2.5 woutd ba 
maintain& even for the most Pessimistic system and outege conditiw. 
Ooaration with e smaller retio should be ecceutabfe durintt unusuel 

no &chronous c&ensers for &gnifiirtt Periods and-two bi~ofe 
opemtion wes succe&ulonthedcsimufatorwithretiostaasthan2. 

No addiil synchronous condansen or static comfmnsatora em 
~fort~fintlOOOMWsuOsdbipdctwo.Only~400M~rd~ 
filteringisinrulW.~rhoRcircuirntiountil~~1000MW~ 
comes in with Limestone generetion will ba e minimum of 2.6 with two 
synchronous condensers out and with a Pessimistic system. The normal 
ratio will ba about 4. In order’to movida dmamic voftaoe or volmw 
regulation controf in liiu of controi movided~~ dditkm8i condetGs. 
overvohege sensitive or logic supenisad filter awitching will be em@oved. 
Also, coordinated condenser-filter operating combinations will be 
recommended for various dc loadings to maintain Proper ver balance. The 
existing condensers mll still give fina continuous var control for load 
variation equivalent to about one bifmle, and larger variations will require 
filter switching. Dynamic powar frequency voRagea em not mqmcted to 
rise above 1.4 p.u. on the ac bus for Pessimistic conditions and for 
coincident rejection d both bipdes, before being controlled by tha 
condensers and filter switching. This is m for arresters and other 
system equipment. 

Further studii are yet to ba carried out for the condenaer/statkt 
compensator requirements for rho second 1099 MW ataga of bmle-two or 
for the Limestone generation in tlw mid 1980’s. 

failures would not occur for switchingfiltersorc.attacitorslessthanabout 
590 Mvar. This was not e ruling condition and a maximum switcftad bank 
of200Mvarwasspacifiedtogivereasonabbvercontrolbkxksandvoltaga 
regulation (about 4% maximum at Doraey). It was subaaquently dacii to 
combine the l1,13, and H.P. arms at w for a total of 260 Mvar and 
switch this filter as infrequently as Possible. The second 11 and 13th arms 
are 149 Mvar. making the tom1 of 400 Mvar. 

At Henday.800Mvarofcompensationismadeupofdtree209Mvar 
switched H.P. filters. The remaining reactive power wig ba supplied by the 
generating machinesSpscehasbeenprovidedtoinstallanoptionalfourth 
filter or static capacitor if necessary when bipob-three is buift. The 
generatorseradesigrM withapowerfactorbasedon2d4Hendayfilters 
andoneRadissonfifterout ot~iceandform~.imumlodinOonbipdes- 
two and thrae. The subtransient reacmnce of the machines are chosen to 
keep the short circuit ratio above 3 and to limit the power frequency 
temporay overvoltages for dc load rejections. 

Overall dc System Cootrols 
Figure 11 depicts in blcck form the overall dc system controls. 

The previous bipoleone master power controller utitized a Nelson 
River generation total capability signal which required counting the 
machines connected to the& system. Failure of theaccapabilitysignalon 
several occasmns caused control malfunctmns and severe system 
disturbances. Experience has shown that larger frequency excursions at 
the Nelson River can be tolerated than had been anticipated. Also. with 
mora plants and cdlactor lines, determination of the ac capability signal 
would bacome very complex. For thess reasons. to prevent northern 
systwn overloading and to provide frequency damping, a frequency 
dependent power order controller for bipoles-one and two replaces the 
previous capability based system. 

Each brpole will have sending end frequency control to make the dc 
link load frequency sensitnfe and help stabilue the sending system. Also, 
receivmg end frequency and dampmg controls will be prowdad to stabrlue 
the Manitoba system for disturbances and to dampen tre line oscillahons. 
The gains of these controllers wtll be scaled accordmg to the bmole 
predisturbance power transmission rather than sanding end capabihty. 
The sandmg end controller will restorecoflecror system frequency to about 
59 Hz. Further frequency restoration can be obtained by an operator 
reducing the dc power orders. 

Each bipole controller looks at the conditions at 11s rectifier and’ 

inverter stations and controfs the bipofe power independently of the other 
bipole. Each bipole will normally respond similarly except if the collector 
system ties are o(Mn so that the rectifiers run asynchronously. 

A transfer scheme allows excess power order from ona bipole to the 
other in case of bipok caPability lose. as for e pole outage. for example. 
Restoretion of bipole capbility allows that bipole to pick up power which 
was transferred,‘Bipde current limits Prevent overloading of the bipoles 
ragardless of the power orders. For flexibility of operation, the amount 
trensferrad can be adffstad from 0 to 1009b of the reouastad transfer. In 
normal operation the-power transfer is zero. 

Under Power export conditions, when a tie line trips. fast dc power 
order reduction can greatly assist the southern rynem stability. A 
suppfemenmry dc control will be provided which quickly reducesdc Power 
order by an amount profvxtfonal to the export bad lost. The powar order 
change allocated to each bipde can be in Proportion to the power being 
transmittad on each. For laroa esoort trios. for examole on the 500 kV U.S. 
lb. the corresponding dc tra&fer reduciiin may&se excesshm northern 
system owrrsfwed and ft may be necessary to simulmneousfv trip some 
-to=. 

Undar import conditions and for tie lina tripr the bipola controllers 
coufdaffowlimited(upto10MW/mechine)powarordarincreaseswithout 
lowring dte sending end frequency excessively (below 59 Hz). 

Tha dc transmission has produced requirement for some important 
Perifiheral system controls and protectionr 

(a) As a bacfrup to main frequency control and if excessiva 
overfrequency occurs, Dorsey overfrequency relaying blocks valve groups 
on a per valve group basis. Other overfrequency relays also trip 
synchronous condensers to protect tha machines from excessfve 
ovenpeed in cese they become isolated from the system and connected 
only to a running valve group. 

(b) With only one 5.7thfilterconnectadatRadisaon.a320Hz(94 x 
5) resonance occurs in this filter a1 94 Hz if the 11.13. and H.P. filters are 
also connected. Therefore, at 54 Hz the 11. 13th filters are tiippad to 
prewnt tha possibility.01 the 5.7th filters tripping on overload. To avoid 
undasirable filter trips. ovarfrequenciesare limited whenever possible For 
example, dc power transfer reductions due to tie line trips can ba limited. 

fc) Eioole-one is oresentlv blocked at 54 Hz bv a Radisson 
unde&que&y relaying to protect the auxiliary supply motor-generator 
sem from overload. An underfrequency protection at Radisson to block 
valva groups in smges is presently baing considered es a backup to the 
main sending-end frequency control. 

(d) The somewhat unstable combination of the torque-sfmad 
characteristics of the hydraulic turbines and tha constant power nature of’ 
the dc rectifiers requires that tha generator governors ba designed to 
mainmin stable ooeration. Normallv. if communications are intact. stable 
ofmration for most faults and disturbances will k greatly assisted bv thb 
sending end frequency control modulating the dc power. 

The governors are electro-hydraulic utilizing power (Long Spruce) 
and oate (KettleI feedback. Electronic ioint load controllers at each slant 
pro&i machine load balancing a&f steady state 60 Hz operation. 
Machines can ba transferred on and off joint control. Failure of the jomt 
load control causas the jofnt load to trip off and the units are controlled by 
their own governors on a droop line. 

(e) Static exciters with continuously acting voltage regulatorsare 
used to provide fast rate of change of field current especially to control 
voltage and possible self-excitation during dc load rejections. Also, to 
orevent self-excimtion. all Radissonfiltersaretriooedfora total bioole-one 
block, the last Kettle generator connected is autdmatically tripped. Kettle 
unita have frequency sensitive overvoltage relays, and operator 
restrictions prevent bad combinations of valve groups, filters, and 
machines. 

At least 50% generator transformer voltage drop compensation is 
provided on the regulators to minimize bus voltage variations for load 
changes. 

A joint voltage and var controller at KetUe holds the Radisson bus 
set-point voltage vie a process computer and balances machine vars in 
stea&state. At LongSprucethejointcontrollerbalancesmachinevars but 
the steady state var adjustments between plants will be coordinated by 
operator control of Long Spruce units on joint voltage control. The 
Limestone controller will hold the Henday bus set-point voltagv. 

Stability studies have shown that undamped electromechanrcal 
power oscillations can occur between the Nelson River plants after 
disturbances such as sanding end ac system faults or brpole blocks. There 
oscillations have a frequency of from 1 Hz to 2 Hz. Excrration system power 
stabilizers wtll be added at all plants to damp out these ~sc~llal~ons. 

CONCLUSION 

Extension of Manitoba’s HVdc system to include brpole.two 
involved extensrvesystem studreson many aspects. These studres. and tire 
experience wuh brpole-one. played an rmportant role m dehmnq iWe 
requirements and specrficatton of brpole-two. 
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SUPPRESSION OF TEMPORARY OVERVOLTAGES CAUSED BY TRANSFORMER AND 
AC FILTER INRUSR CURRENTS AT TSR SHIN-SWINANO FmENCY CONVETflZR STATION 

T. sakurai tt. MUX-OtMi, Member. IEEE I(. Oonishi 
Tokyo Electric Power co., Inc. 

Tokyo,Japao 

Abstract -The temporary overvoltage problem asso- 
ciated dth ec-dc cosverter stations is caused by the 
converter trausfomer saguetising inrush currents. A 

darnping resistor type supptessoris introduced into the 
AC filter of the Shin-Shiuano Vreguency Converter 
Station to suppress such overvoltege4. A considerable 
suppressian effect is noted during the field testing, 
and the validityof ths overvoltage prediction by cal- 
culationis alsocoufirued by themeasurelmnts. 

INTSGDDCTIcIo 

When theacsystssumoectedtoahigh-toltagadc 
cOnvertor statfan coll+nr ouly generators-and/or has 
loads only at the end of lcug-distauce transmission 
line fhr away f-this station, closing ths ywerter 
tran4formr ako th4 ac 4yst4i an Cat44 temporary 
overvoltages or voltage distortions of duration up to 
about oue secouddue to the camertertfausforsermsg- 
netisiug inrush current cootsining lou hamonica and 
the resonance of the ao filter hauk uith the ac systes 
11, 2, 31. 

In the Shih-Shinan Prequewy Converter Station, 
Tokyo Electric power Co.; Eric. (hereafter referred to 
as "Shin-Shinanb X"), it was predicted that when the 
converter trsnsformers and .sc filter bank t-ether are 
closed osto-tha 5OBzac systes md depemdiug outhe 
sybtezn conditions, considerable overvoltage9 would ap- 
pear os the 275kV ac bus and such larger overvoltage6 
across the 5th harsmic filter 4rm capa~itora. For the 
prsdicted wervoltage of 3.2 p.u. (per unit value, 1 p. 

u. - normal or rated voltage) across these capacitors 
co the 5OHs side,although there are variousmethods of 
supptession [ll, via adopted a damping resistor type 
suppressor k the Sthh- ic filter itself i41. The 
us& of such a suppressor within the ac filter is a u- 
nique concept, ad there is no preceding emmple in ap- 
p1ication. This suppressor consists of 8 resistor in 
series with each 5th harmonic filter am at the neutral 
si&; this reehtor is left inserted for ooe second 
after the filter is switched in to dmp trausient os- 
cillatious of duration up to about. oue second, then 
Shorted out tiy a switch. The selected resietsnce value 

for this resistor is 300 alms. 
This psper reports ou the suppression effect of 

this dmpiag resistor type suppressor as ohserveddur- 
ing the field testing before aud after the -ceimnt 
of Shin-Shissuo PC operation, shows the validity of the 
predictionby aualog simulation, anddiscusses ssore 
detailed digital simulation taking up the result of 
nearby powr 4tatian~4'trsnsformer closing test as au 
esssple of overvoltage without ths suppressor. 

80 w 673-4 A paper recomeuded aud approved by the 
IEEE Traussission 6 Distribution Committee of the 
IEEE Power Engineering Society for presmtatiou at 
the IEEE PlB Srpllr Meeting, Woneapolis. MweeOtP, 
July 13-16, 1960. Manuscript submittad Pebrusry 6. 
1960; ssde svailsble for prfnting Play 1, 1960. 

Nissin Electric Co., Ltd. 
KYOtO. Japan 

SYSl'lWCCNDI~ICUS AND TEMPORARY OVFXWOLTAGES 

Figure 1 shows an outline diagram of the 50Hs ac 
system connected to Shin-Shinano PC, which has on this 
side an ac filter bank (72 MVA capacity at the funda- 
mental freguency) and two converter transforuerr (187 
MVA x 2) and they are integrally connected to the ac 
systes netuork through a circuit breaker. The *c sys- 
tcm, includes one A!%uumi transsission line to the Tokyo 
grid system L&out 150 ks in line length) and two nesr- 
by puked storage power stations at Amsni and Bidono. 
The Asuai power station has six generator-notors and 
the nidono four generator+otors. The systeu short- 
circuit capacity varies greatly frw 1600 MVA to 4000 
WA depending on the number of nearby generators on 
line. 

Tokyo 
Grid 
Svstem k 

6 units 

lil I&- 

l I 275kV 50Hs 

AmImi Midono Bank Converters 
Power Power 
station station L v , 

Shin-Shinnno FC 

Vpc- PC ac bus voltage 

Vch = Voltage *cross nth harmonic filter capacitor 

IT=Ac current into FC 

Pig. 1. 275kV SOBS ac systeu connected to Shin-Shinano 
prequency Converter Station. 

Figure 2 shous two esmsples of the wewoltage 
simulation by analog computer (single-phase calcula- 
tion): (a) when the connection-point circuit breaker is 
closed at & zero-crossing of the bus voltage, shoving 
transient oscillations of duration about one second due 
to'the transformer magnetizing inrush currents; (b) 
when the circuit break& is closed at a peak of the bus 
voltage, indicating transient oscillations of short 
duration less than 0.01 second. 

Figure 3 plots the overvoltage simulation results 
with the number of nearby generator& on line on abscis- 
ba. The highest ovenroltage appears when none of the 
generators is on line and ths connection-point circuit 
breaker is closed at a ssro-crossing; it is 1.65 p.u. 
on the bus and 3.2 p.u. acrose the 5th haruonic filter 
capacitor. 

0 1981 IEEE 
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(a) closing at zero-croasiag (b) Closiag at peak 
ofbus voltage,nonearby OfbuBvoltagO, 
generator ~1 line. thrNAmniNd 

one Xidono 
Per unit voltage values generator8 cm 
shum. 1iM. 

Yis. 2. Annaloo rinulatia df transient mcillatimr 
when converter trawformers and ac filter bank 
(~fc closed onto 50x2 ac sv8tm. no sucmremo=. 

(b) Closing at peak of bus 
voltage 

1.0 . . . . . . -* 
0011222344~~~~OOlI2232666566666 

:::::::::waono :::::::t::::::::; 

Number of Nearby Genuatorr on' Line 

Pig. 3. Predicted per wit ovarvolta9am on bw and 
acrow filter capacitors undu vuiow myrt0m 
conditions (different numbur of nearby gone- 
ratorr on line), no supprarlor. 

Figure 4 rhowa a corrrlation batNOn tha poritiw 
megurncr impadma and tha froquoncy for tha l c ryrta 
and l c filter bank viwad from tha bum. By adding the 
saturation reactance of tha convartor tranrfonmrr to 
the l c rymtom impadaneo whan no nearby gonuator in on 
linr, um IN the rwonanco of the ac symtom with tha l c 
filter bank will occur at a froqwncy very war to tha 
4th harmonic. Thir l xplainr why tha bur and mpacitor 

~01tage8 of Fig. 2 (a) contain a large -t of - 
4thwc cwpment. Similuly, it i8 ea8y to ,ea 
fm the curve* of Fig. 4 that t@e rcaad highest of 
thaw overvoltage8 shown in Fig. 3 Ia) im dua to the 
6th harmonic cmponent. 

AC ?iltar Bank, 

No. of Nearby 
Gamrators on 
Liw 
Anmi nidono -- 

. b + 0 

-6 + 4 

I 
2 3 4 56 78910 

Order of Earmoziics 

nig. 4. Per unit haramic inpedanca of 50Hr ac 8y8tem 
and ac filtorbank,irimd f-bun of Shin- 
shizlano Fc. 

?ort+ 608r ac system cmnwtodto Shin-Shinano 
Fc, ovorvoltagw of suoh along duration are unlikely 
partly kcaur tba 8ymM short-circuit capacity ia 
2000-25OOWA andpartlyhc+uH than aroloadm nwr- 
by. 

DNmING NmIsmR TYPE WERWLTAU soPPRES8OR IN AC 
FILTER 

TIM 5th -10 filter M capacitor har to.* 
tir~01y ovmrrirod if dosigned to tha predicted over- 
voltaga of 3.2 p.u. l crom th capacitor. Thim nmw- 
mitatom moma moamrom to l ohiovo a roawnablo capacitor 
dwign md almo to roduco ov+voltager on tha bus. 

In ordu to roduw ovorvoltagor caurod by tha 
tranmformr ma&tiring inrumh currontr at a high- 
voltage de convertor stetion, J. P. Bowlrr ruggwtad 
tha following fiva mothodr Ill, 
(a) salocting filtor impodanaor 
(b) Addition of ridoband low hazmonic (dartpod) filtMt 
(c) Umb of rurga diverterr at ac aider 
(d) Suier rorbtanco inrortion &t the tima of tr&nr- 

formr l nargicatiarr 
(a) Thing control of tranrformr l argiration. 
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Method (a) has difficulties in avoiding all the possi- the main circuit breaker Sl between the Shin-Shinano PC 
ble resonance frequencies, such as the Znd, 3rd and 4th 5OHz bus and the converter circuit complex shown is 
harmonics, when the system conditions change from time open and remains open for one second after Slis closed. 
to time; (bl leads to an increase in costs end losses; When Sl is opened, the high-speed overcurrent relay 
(c) reguires a high handling capacity of energy under HOC opens ~2 and makes it ready for the next closure. 
repeated discharges, and (e) is impractical in treat- Since the utilization factor of the damping resistor is 
ment of the residual flumes. method (d) was recently -LY low, the resistance element is a "cast-grid" typa 
adopted in Relsa River HVdc Bipole-Twi Handy Cuwerter normally used for neutral grounding resistors in power 
station 151. circuits. 

Various overvoltage suppression methods mre con- 
sidered and reviewed for shin-Sbinano PC, md it was 
finally agreed to have ameans of suppression within 
ths ac filter bank, 5OIis side. since thahigbest 
overvoltage was predicted cu the 5th harmonic filter, 
it was then decided to use a dving resistor type of 
suppressor in this filter, which inserts a resistor in 
ths neutral side of each of the filter arms at the time 
of cN"ecti0" totbe 5qRs ac eystem. A 1-m d-&w 
resistance gives a g2eater suppressicm effect, but our 
aa1y515 has show” that the Nppressim effect has a 

tendepcy to saturate above4 300 rhs. rigure 5 l huN a 
charge of tba reaultwt total impedance for the 4th 
h-ic of the aosystsmand ac filterbaukwitb the 
awing reeistmce, indicatingasi&lartendsncy and 
supporting au analysis. 0 the othrhand tharesult- 
ant totaliJlpedace for the 5thhamonic. also shmm in 
rig. 5, i"crease5 with tlm dwmping resistawe, causi"g 
a larger 5th harweaic voltage capoaent to appear. In 
viewoftheabwe, w selected tba Ning resistanoe 
VAlue of 300 alms. 

Sl 4-b Sl: 

h: 

Tr Ibs r DS' 

Main circuit breaker 
to 5oriz system. 
Converter transformer. 
Disconnecting switch. 

DR: 

s2: 

High-speed over- 
current relay. 
Dmping resistor. 
Shortina-out switch 
for DR.- 

1 
20 
L h th,am azumi generatorar line 

on line 

30 
L 0 100 200 300 400 500 

Dsusping ResiStanCe, Ohms 

Pig. 5. A,cha~ge of resultant total impedance for 4th 
and 5th harmonics of 501~ ac system and filter 
bank withdamping resistance in 5th harmonic 
filter, viewed fras bus of Shin-Shinano PC. 

Figure 6 shows a simplified diagrgP of the damping 
resistsnce insertion circuit: the shorting-out switch 
S2 for the dmping resistor DR (300 ohms) is open when 

Fig. 6. Damping resistance insertion circuit. 

EFFECT OF DAMPIRG RRSISTDR TYPE SUPPRESSOR 

Field Test Results 

For three days from the 18th to 20th of JWI~, ~177 
a total of 66 closing tests mare conducted under five 
different cases of the syystem ccnditims (the number of 
nearby generators on line varied). Table I lists the 
highest overvoltage measuremsnts recorded for both 50- 
Hz and 60Rr ac systems together with the simulation 
results for cauparison. .Por the 5ORs ac system, 1.6 
P.U. overvoltage of short duration (0.01 second or 
less) ramrod on the bus, 2.2 p.u. short duration end 
1.9 p.u. long duration (about 1 second) measured across 
the 5th harmonic filter arm capacitor indicate a high 
muppre*sion effect of this suppremor. Although tests 

Table I. Righeat per unit overvoltages, predicted and 
measured. 

al 5ons system Q1 60X2 System 

Simulation Measur-t Simulation Measurement 

Long Short Long Short Lung Short Long Short 11 
Note: 1) 300-ohm damping resistor type suppressor is 

present in 5th harmonic filter on 50Ht system. 
2) "Long" means overvoltage of about one-second 

duration, and "Short" that of duration 0.01 
second or less. 

3) *-* means no data or not a large value. 
4) V-5 and Vgll are overvoltages across the 5th 

and 11th harmonic filter arm capacitors, re- 
spectively. 

69 



._.-_- 

(a) Test reoord SOC-12-1-12 (b) Analog simulation, 
(19 June, 1977). single-phese. 

Pig. 7. Transient oscilletions when euppressor ie pre- 
sent, no nearby generator on line. 

without the suppressor were not conducted, 3.0 p-u. 
short duraticm maxirum meesured ecross the filter cc 
pecitor on the 6082 ac system will support the ebove 
stetement. As a supplement to Table I, campsrim bet- 
ween the nmasur-ts and the simulation (single-phaee 
celculeticm w analog cmputer) is also shown in l%g. 
7; t&predicted values by the shlatica are nearly 
equel to or aaly slightly high<, than fhe meeeurwts, 
indiceting a high ~curecy of the simul8tioa. 

Overvoltage Witbout Suppreseor 

~senexemple case wherenodemping resietorie 
inserted in' the 5th bansonic filter, we took up th 
mewur-t d&a fraa the cloeing taetofNo.ltrans- 
former, 130 NVA, MidonoPouar Station, whichv88 car- 

ried out cs? 25 September, 1978. and compared them with 
the result of a digital sL.mlation outlined &low: 

Digital Simulation Method: The single-phase cir- 
cuit czlculation by anzlog cmputer, as used for the 
above overvoltage prediction, simulates the basic cir- 
cuit structure in a sim~lc form (the transformer satu- 
ration cheracteristic es e nonlinear element, the 
trensmission line as a ? equivalent circuit, end each 
filter arm as it is composed) and is a powerful tech- 
nique to calculate for a wide variety of caees and to 
grasp the macro aspects of the phenomena (such ee shown 
in Fig. 3). It is, however, difficult to apply this 
technique for three-phase circuit stiletim. For cur 
simulation, therefore, we used a digitel technigue with 
the alem gaetic trwsient program W!TP) developed 
by the NPA [61 through modeling tb ewe tlut: (i) 
Mida No.1 transformer be a eet of three single-phesa, 
double-winding saturation transformen with ster-delte 
camectioms end with polygonal line approximation for 
the core aagnetitation cheracteristic; (ii) the tram- 
mission line be a distributed constant circuit ass&g 
M if the line wires were ttmsposed, with the fre- 
quency depmdency neglwzted but the zero-pbsee sequence 

cawtmate around 2OOHz introduoedtotaks the damping 
into calsiderstial; (iii) the generator voltage bebind 
the wbtrawlwt wactenoe xd= be constemtr (iv) the 
huaaxic filters be as tbay ue compoeed; W the EQII- 
verters nuder floating operation be neglected, but the 
cawerter trensfomers be t&an into consideration in- 
cluding the core megnetiration characteristic. The 
sin of the circuit model was 76-node, %-branch, and 
it tcok about 26 seconde for ISM 37O/l68 oapater to 
CAlculate five oycles (100 me). 

Nidono No.1 Transformer Closing Test: Figure 8 
oapara, the oecillogrm recorded during the test with 
tim Mm simaetdcm result. me osclllogrw indicstes 
ti bigheat oven~ltaqe of 1.36 p.u. o the Shin- 
gb5num FCbus after 7-E cycles ofthe trensfowu 
closing. wbereae the siwl8tiar result shove it to be 
1.33 p-u. efter 4-5 cycles of the closing. Tbsrs is 
also a differewe in the she -of the superposed 4th 

hUWdC cwpalent betwen thwL Tbwe US oaleidered 

to be dne to the difference in the phame mgls end 

(a) Cscillogram. From top to bottom: Phase R, S and T (b) EKPP digital simuletion. Prom top to bttomz 
voltages, end R-S, S-T end T-R voltages. Phase R, S and T voltages. 

F: 0. 8. Trmsient OscilhtiOnS appeared on S:?i,n-Shinao PC bus wbe~ Midono power station's IIO. trMsforWr is 
closed onto line, one Azumi generrtor on line. 
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residual flux at the time of No.1 transformer closing, 
and also due to - circuit constant differences (such 

as in the short-circuit capacity of the Tokyo grid sys- 
tem) which, even small, can greatly influence the re- 
sult since this example involves only one Asumi gene- 
rator co line (see Pig. 41. In ths shulation, the 
transformer was closed at a sero-crossing of the phase 
R voltage with the zu~iudal flux assumed nil, and the 
Tokyo grid system was so modeled that its voltage be- 
hind the reactance under the asslnned short-circuit 
capacity bs constant. 

As an example of overvoltages observed during ths 
field testing at other EVdc projects, it was reported 
that 1.5 p.u. overvoltage' maximum was recorded at tha 
Eingsnorth project and 1.43 p-u. at the Nelson River 
both after SO-100 cycles of converter transformer ener- 
qisaticm [21. 

Duration of Voltage bistortion 

.I" shin-shinan0 Fc, because the suppression is 
done by tha damping resistance in the filter, the over- 
voltage on thebusnormally raaches amaximuminlor 2 
cycles after its closure ato tbe ac system. Figure 9 
shows portionsof along-time oscillogram recorded at 
the tims when the FC was clossd omto the 5OSs ac sys- 
tem] even after one second where the damping resistance 
is shorted cut, s- voltage distortion continues. The 
result of harmonic analysis on this oscillogram by a 
spectnmt analyser is shown in Fig. 10 to give a clearer 
picture. 

Far unit values Far unit values 
Shown Shown 

(a) At closing. (a) At closing. 

(cl After four seconds. (cl After four seconds. 

I 
Dmpiag reSistanCe 
shorted out kre 

(b) After one second. 

(dl After eight seconds. 

Fig. 9. Oscillogram of Shin-Shinano FC bus voltages 
when converter transformers and ac filter bank 
are closed onto SOEs ac system, suppressor 
present and no nearby generator on line. 

loi Fundamental 1 FundEal 

Damping resistance 
shorted out here 

0 2 4 6 a 

Damping resistance 
shorted out here 

0 2 4 6 S 

Fig. 10. 

Time, Seconds 

A change of harmonic voltage amplitudes (Z 
normal fundamental voltage) with time, harmo- 
nic analysis result on Fig. 9 voltage wave- 
form. 

CCMCLGSIONS 

The damping resistor type suppressor in +-he ac 
filter at Shin-Shinano FC has been found, during the 
field testing, to have a large overvoltage suppression 
effect. Without this suppressor, overvoltages caused 
by the converter transformer magnetizing inrush cur- 
rents would lead to unwanted opsration of the over- 
voltage protective relays on the ac bus and necessitate 
much oversized capacitors in the 5th harmonic filter. 

Ne believe that this new concept of including a 
damping resistor type suppressor in the ac filter will 
offer a simple, yet pwerful solution to the temporary 
overvoltage problem associated with the transformer 
magnetizing inrush currents at EVdc converter stations. 
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Dlussion 

T. Subbarao (General Electric Company, Pittsfield, hIA): The authors 
have described a method to reduce overvoltages caused by the interac- 
tion of transformer inrush currents with the resonant circuit of ac 
system and filters at an HVDC station. In addition to the methods men- 
tioned by the authors in page 2 of the paper, to suppress overvoltages, 
one more method can be considered which will be a variation to the in- 
sertion of damper resistor. This consists of switching in the Rlter branch 
(or branches) a&r closing the transformer breaker. For example, the 
5th harmonic filter can be switched in, one second after the transformer 
energization. Absence of the 5th harmonic filter moves the resonant fre- 
quency away from the frequency of the inrush current, which will be 
usually near the 3rd or 4th harmonic. 

A similar overvoltage situation arises when the frequency of the ac 
generators connected to the dc system varies. Thii is described along 
with the filter switching phenomena to &viate the resonance pro- 
blems, in Ref. A. 

A ground fault on the ac side of the converter transformer momen- 
tarily depresses the ac voltage, which will rise again after clearing of the 
fault. This will also cause magnetizing inrush currents to flow in the 
transformer. Do the authors consider that the over current relay will 
operate fast enough to insert the damper resistor in the circuit for this 
situation? 

A method which perhaps was not available when the Shin-Shinano 
station was built is now possible because of the xinc oxide resistor. This 
makes it possible to build surge arresters for high energy absorption. 
The surge arresters when connected across falter reactor will conduct 
during the inrush period and suppress overvoltages across the filtur and 
ac bus. This will have the following advantages over the use of dumper 
resistor: 

1. More reliable in operation because there will be no switching and 
interlocking involved. 

2. Will be available during faults in the ac system. 
3. Smooth operation with no reinsertion transients. 
Have the authors evaluated the energy dissipation required by a surge 

arrester for an equivalent level of overvoltage suppression as that 
described in the paper? 

REFERENCE 

[A] T. Subbarao and J. Reeve ‘Dynamic Analysis of AC Harmonics in 
High Voltage AC/DC Power Systems During Frequency Bxcur- 
sions” Paper No. C75186-2 presented at 1975 IEEE - PES Wmter 
Meeting 

Manuscript received August 7, 1980. 

T. Sakurai, k. Murntaui, and K. Gunishit We appreciate Mr. 
TSubbarao’s discussion to our paper. We agree with the discusser that 
it is useful for avoiding the stitching overvoltages to switch in the Ntn 
branches after closing the transformer braker. However in this case 
there must be one additional USkV circuit breaker for the ac fdters. In 
our case the rating of the shorting-out switch S2 of Figure 6 is the 24kV 
circuit breaker. For the simplicity of the ac switching system, two 

convertor transformers and the ac filter are integrally connected to the 
ac system network through the one circuit breaker in the Shin-Shinano 
FC. 

The discusser considers the frequency excursions from 6OHz to 6gHz 
of the Isolated generation in the Ref. A. The Shin-Shinano FC in- 
terlinks between the eastern SOHr and the western 6oHz ac system in 
Japan, so there is no possibility of such large frequency excursions. 

Fii. I shows the 3LG simulation result by EMTP. It was assumed 
that 3LG fault occurres in the Tokyo grid system at 2&nsec and are 
cleared out successively about 40 msec. The overvoltages decrease 
quickly for about 4 cycles. The magnetizing currents of the convertor 
transformer are nearly peak when the fault currents are cleared, and the 
sustained ovetvoltages such as those mentioned in the paper don’t 
occur. 

1611Jmk 
~TRdpm 1 -;. v-1 8 .0.08 AP80.88 

- -.-.- --RrtYlsFrmJns 
180.88 I 

.11o.oo-- 

Fll. 1 3LD digital simulation@MTP) 

We rgue with the-discusser that zinc oxide arresters across filter reac- 
tors are useful for insulation coordination in the filter elements. But 
zinc oxide nrrater for an quivalent level of overvoltage suppression 
such as thnt descrii in the paper will be difficult. because the rated 
voltage across fdter reactor is high due to the rated harmonic currents. 

Msnuseripl rdved septanber 3.19go. 
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APPENDIX F 

SYSTEM CAPACITY INVESTIGATION 



INTRODUCTION 

The Fountain Valley Pumping Plant adjustable-speed, 
solid-state, motor drives were misoperating and trip- 
ping off-line whenever an attempt was made to start 
a second unit. The prime contractor, the consultant 
to the prime contractor, and the manufacturer of the 
motor drives suspected system impedance to be the 
cause of the problem. The manufacturer stated that 
the variable-speed system required a minimum sys- 
tem SCR of 20 to 1 and a maximum voltage variation 
not to exceed f 10 percent. Therefore, in early June 
1983, system impedance tests were performed at 
the pumping plant. This evaluation of system 
strength was required to determine if the plant motor 
starting problem was in any way related to system 
impedance. This appendix consists of an analysis and 
discussion of the system impedance test data ob- 
tained on June 6 and 7, 1983. 

To obtain the necessary system impedance, it was 
agreed by all parties involved that the data could be 
obtained by starting one of the motors as a conven- 
tional induction motor (rotor short circuited). It was 
also agreed that standard current and voltage trans- 
ducers of 0.1 percent accuracy, connected to a lab- 
oratory grade strip chart recorder, would be 
sufficient for measuring the system parameters. This 
equipment was augmented with a laboratory grade 
oscillograph. Although less accurate than the strip 
chart recorder, the oscillograph could provide valu- 
able information on current and voltage waveform 
and offset. 

The oscillograph and strip chart recorder records of 
the conventional induction motor start are shown on 
figures F-l and F-2. Copies of the oscillograph rec- 
ords have been touched up for purposes of repro- 
duction; however, all data and measurements were 
obtained from the original oscillograph records. 

SHORT CIRCUIT 
CAPACITY MEASUREMENTS 

Data from the strip chart recorder indicate the motor 
current was 960 A, and the voltage on the 2400-V 
bus dropped 17 percent from 2410 to 2000 V,,,. 
This results in a calculated 2300-V bus short circuit 
rating of 23.5 MV.A. The oscillograph records in- 
dicate the 13.8-kV system voltage dropped 7.2 per- 
cent from 13.82 to 12.82 kV. This results in a 
calculated system short circuit rating of 55.4 MV + A, 
which is about 13 percent greater than the 49 MV. A 
value used by the Bureau during the final design. De- 
tails of these calculations are presented on calcula- 
tion sheet No. 1 at the end of this appendix. Steady- 
state values were used to calculate the short-circuit, 
megavolt-ampere capacity of the system. Using ini- 
tial transient current and voltage values during the 

first few cycles of the induction motor start resulted 
in a short circuit capacity 2 percent larger than the 
steady-state value. This indicates that, with respect 
to disturbances on the 2400-V bus, the transient 
system capacity is equal to the steady-state system 
capacity. This is to be expected at this low voltage 
level. 

VOLTAGE MEASUREMENTS 

Prior to running induction motor test 2, a normal start 
of unit 4 was made to check the instrumentation. 
After the induction motor starting test, three more 
tests were performed. The entire test series and de- 
scriptions are listed in table F-l. 

Table F-2 shows the data obtained from the oscil- 
lograph records. Based on this data, the peak inrush 
current during initial energization of the unit 4 feed- 
back transformer, filter, and motor stator varies from 
1046 A to a peak of 1330 A. This resulted in about 
a 4 percent voltage drop on the 2400-V bus and a 
2 percent drop in the 13.8-kV system voltage. Based 
on a rated motor current of 153 A,,, 216 A (peak), 
the inrush current varied from 4.8 to 6.2 per unit 
peak. Energization of the unit 3 stator (feedback 
transformer and filter were preenergized) resulted in 
the same voltage drop of 4 percent on the 2400-V 
bus. The majority of these voltage drops lasted no 
more than one or two cycles. 

The system voltage drop during the induction motor 
starting test was 17 percent on the 2400-V bus and 
7.2 percent on the 13.8-kV bus. Calculations based 
on rated motor current resulted in system voltage 
drops of 2.7 percent at the low side of the station 
main transformer (2400-V bus) and 1 .l percent at 
the high side of the station main transformer (13.8- 
kV bus). The 2.7 percent voltage drop was the sys- 
tem voltage drop and should not be misinterpreted 
as the voltage drop at the motor terminals. The rel- 
evant data and calculations are presented on calcu- 
lation sheet No. 2. 

The step change in the strip chart voltage trace be- 
fore and after a loaded unit tripped off-line provided 
some indication as to the motor terminal voltage drop 
produced by a loaded unit. The strip chart records 
of tests 3 and 5C (table F-3) indicated that a loaded 
motor reduces an average motor terminal voltage 
drop of about 1.3 percent. The June 16 and 17 tests 
also resulted in motor terminal voltage drops of about 
1.3 to 1.5 percent, according to the DVM (digital 
voltmeter) measurements. 

The motor terminal voltage drops, based on the sys- 
tem capacity measurements and at rated motor cur- 
rent, resulted in calculated voltage drops of about 
1.2 percent. The data and calculations are presented 

74 



on calculation sheet No..3 at the back of this appen- 
dix. The analysis indicates that the system voltage 
drop is reactive whereas the motor load is mostly 
resistive. These different impedances result in a large 
phase angle difference between the two voltages 
which, through vector analysis, shows why the sys- 
tem voltage drop is not equal to the motor terminal 
voltage drop. 

JUSTIFICATION OF 
CONVERTER RATING 

The justification for rating the converter at 200 kV- A 
was based on the fact that the feedback transformer 
must be able to handle both the converter capacity 
and the var requirements of the filter. At 65 percent 
speed, the motor load is about 42 percent of rated. 
At this speed, the converter is required to handle 35 
of the 42 percent power; or essentially 15 percent 
of the ‘motor rating, which is 95 kV- A. The filter var 
rating was originally specified to be 120 kQ; how- 
ever, 220 kQ were actually supplied and this has 
recently been modified to 170 kQ actually installed. 
This resulted in a total drive circuit capacity of 153 
kV. A as conceived; 240 kV. A as supplied, and 195 
kV. A as the presently rated capacity. Therefore, 200 
kV. A was used as the basis for the drive circuit rat- 
ing. This is somewhat marginal in that it leaves very 
little room for transient capacity and various derating 
conditions. It is now obvious that the 200-kV. A 
feedback transformers, as originally supplied, were 
underrated by 40 kV. A. 

DRIVE REQUIREMENTS 

The drive manufacturer required a power system of 
sufficient strength so that the drive would not be 
subjected to voltage fluctuations greater than f 10 
percent; and also stated that, on startup, the varia- 
ble-speed drive would limit motor load current to 1 
per unit or less. In addition, the manufacturer in- 
formed the Bureau, after the June tests, that in future 
designs they will specify that the short circuit ratio 
must be equal to or greater than 20 to 1. This is to 
ensure proper operation of the variable-speed drive. 

SHORT CIRCUIT RATIO 

The IEEE Standard 519-l 981, “Harmonic Control 
and Reactive Compensation of Static Power Con- 
verts,” defines SCR (short circuit ratio) as the system 
short circuit capacity in megavolt-amperes divided by 
the converter capacity in megawatts. The SCR is re- 
ferred to in the IEEE guide primarily for estimating the 
percent distortion factor. The guide also states that 
the SCR and percent distortion factor are primarily 
used to define the effect of the harmonics on the 
power system voltage waveforms. 

Based on the IEEE definition, the SCR at the drive is 
16. This value is the same as the per unit short circuit 
current on the low voltage side of the feedback trans- 
former (on the transformer base) and includes the 
system impedance as well as the transformer imped- 
ance. In calculating the SCR, it was assumed that the 
drive system capacity was equal to the feedback 
transformer rating of 200 kV. A. This is to account 
for the total load on the feedback transformer, which 
in this case includes the filter capacitors. Failure to 
account for the filter capacity would result in an error 
in the SCR calculations. The resultant SCR is rather 
low and somewhat insufficient both with respect to 
the manufacturer’s stated requirements and the 
guidelines established in IEEE Standard 519. The SCR 
on the high side of the feedback transformer is 117, 
and is also the SCR on the low voltage side of the 
feedback transformer, if the transformer is assumed 
to have negligible impedance. The SCR on the drive 
side of the feedback transformer, assuming the sys- 
tem impedance to be zero (infinite bus), has been 
calculated to be 18.8. Again, it is important to note 
that the SCR is insufficient. It now becomes apparent 
that the feedback transformer specified and supplied 
by the drive manufacturer was inadequate in meeting 
the required SCR. Obviously, the SCR has been lim- 
ited by the rather undersized (high impedance) feed- 
back transformer. Reducing the transformer 
impedance in half (or doubling the transformer rating) 
would result in a more than adequate SCR of 28.5. 
This seems to be logical in that the starting of a 
second unit is marginal at best. The installation of a 
double size transformer would cut transformer 
impedance by 50 percent and thereby reduce the 
harmonic and/or harmonic like voltages by 50 per- 
cent. The induced harmonic voltage appearing 
across the transformer is approximately the har- 
monic current times the transformer impedance at 
the harmonic frequency. 

It appears that the drive manufacturer failed to con- 
sider the percent harmonic distortion factor require- 
ments in the design of the Fountain Valley drives and 
associated equipment. It is also our understanding 
that the system provided is one of the first designs 
by the drive manufacturer that included a feedback 
transformer in the system. The drive manufacturer, 
in one of our earlier discussions relating to the startup 
problems, stated that other variable-speed drive 
manufacturers had oversized their feedback trans- 
formers for no apparent reason. Based on our anal- 
ysis of field test data, it is apparent there is indeed 
a reason why the manufacturer’s competitors rate 
their feedback transformers as they do. The feed- 
back transformers provided for Fountain Valley were 
obviously undersized. It also appears that the spec- 
ified SCR of 20 may have been rather conservative 
and somewhat meaningless with respect to what 
should have been specified for the equipment. 
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The IEEE standard indicates the percent distortion 
factor for a SCR of 16 to 1 ranges from 10 to 18 
percent. The variation is the result of the converter 
direct voltage and the delay angle (alpha). The rele- 
vant data and SCR calculations are shown on cal- 
culation sheet No. 4 at the back of this appendix. 

VOLTAGE AND SYSTEM 
CAPACITY REQUIREMENTS 

Several times, the manufacturer has made reference 
to the system capacity as being insufficient, and 
stated that the equipment would not operate prop- 
erly if subjected to voltage variations greater than 
f 10 percent. This voltage specification essentially 

‘defines the system capacity requirement. The actual 
startup problem and the worse case current condi- 
tions both occur at the time of initial energization of 
the feedback transformer, motor stator, and filter. 
This makes it very basic to prove that the system is 
of sufficient capacity because the maximum voltage 
drop at the time of initial energization has been meas- 
ured to be 4 percent on the 2400-V bus and 2 per- 
cent on the system 13.8-kV bus. Obviously, this is 
well below the 10 percent requirement of the drive 
manufacturer. Even in the unreasonable case of in- 
cluding the steady-state voltage drop of a running 
unit while starting a second unit, as the drive man- 
ufacturer insists on doing, there is only a 5.5 percent 

voltage drop. The starting problems encountered in 
starting a second unit cannot be blamed on a 5.5 
percent voltage change, 1.5 percent of which is a 
steady-state voltage drop which in no way can con- 
tribute to the voltage distortions that indirectly result 
in startup.problems. Based on all of these facts, the 
system capacity and voltage support capability are 
more than adequate to meet the drive manufacturer’s 
requirements. 

CONCLUSIONS 

The system capacity is more than adequate to main- 
tain both the 2.4- and 13.8-kV bus voltages. The 
feedback transformer impedance is higher than it 
should be according to both the drive manufacturer’s 
requirements and the IEEE standards and, as a result, 
is the limiting factor in determining the SCR, capacity, 
and percent distortion factor on the 540-V bus. It 
appears that the drive manufacturer did not consider 
the SCR and the resultant percent distortion factor 
required for proper converter operation when se- 
lecting the feedback transformer megavolt-ampere 
rating and impedance. Obviously, the feedback trans- 
former must be sized to obtain a proper SCR and not 
just for the converter rating as was done at Fountain 
Valley. As previously mentioned, the specified SCR 
of 20 may have been somewhat conservative and 
meaningless for Fountain Valley. 
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Table F-l. - Description of tests performed at Fountain Valley Pumping Plant on June 6, 1983. 

Test No. Description 

Normal start of unit 4. 

Unit 4 started as a conventional induction motor. 

Unit 3 started initially, then unit 4 was started, at which time unit 3 tripped off-line. Next, 
unit 2 was started, at which time unit 4 tripped off-line. 

4 Drive circuits of units 3 and 4 were disabled. Unit 3 was started initially, unit 4 was started 
5 seconds later. 

5 In test series 5, drives were no longer inhibited, and the unit 3 feedback transformer was 
wired directly to 2400-V bus. 

5A, 5B Tests 5A and 5B were somewhat of a loss due to blown fuses and an overcurrent relay 
lockout in unit 3. 

5c Unit 4 was on-line running, but tripped off-line when unit 3 was started. 

5D For this and all subsequent tests, the 18-V, a-c potential transformer circuits in the unit 3 
drive were monitored on the oscillograph along with most of the signals that were monitored 
earlier in the test series. On test 5D, unit 4 was on-line running when unit 3 was started, 
and both units remained on-line. However, unit 4 tripped off-line about 50 seconds after the 
startup of unit 3 due to an overcurrent relay operation; unit 3 remained on-line. 

5E 

5F, 5G, 5H 

Unit 4 was on-line running when unit 3 was started. Both units remained on-line, but even- 
tually tripped off-line together. Unit 4 tripped off-line due to an overcurrent relay operation. 

For these tests, the speed of unit 4 was reduced, thereby decreasing the motor load to 
prevent the unit from tripping off-line again due to an overcurrent relay operation. Three 
successful starts of unit 3 were made while unit 4 was running. 
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Table F-2. - Data from oscillograph records obtained on June 7, 1983. 

Test No. Description Data 

1 Energizing unit 4 Inrush, I = 1100 A (Peak) 
2400-V drop, V = 4% 
13.8-kV drop, V c 2% 

2 See figure F-2 

3 Energizing unit 4, at which time unit 3 tripped Inrush, I = 1046 A (Peak) 
off-line 2400-V drop, V = 3% 

13.8-kV drop, V = 2% 

Tripping of unit 4 due to bridge short circuit Short circuit, I c 1075 A (Peak) 
when unit 2 was started 2400-V drop, V = 1% 

13.8-kV drop, V = 0% 

4 Energizing of unit 4 after unit 3 had been en- Inrush, I = 1330 A (Peak) 
ergized; both drives were disabled. 2400-V drop, V = 4% 

13.8-kV drop, V = 2% 

5c Tripping of unit 4 due. to bridge short circuit Short Circuit, I = 1415 A (Peak) 
when-unit 3was energized. (No. 3 feedback 2400-V drop, V = 7% 
transformer was tied directly to 2400-V bus) 13.8-kV drop, V = 2% 

2400-V drop before and after removal of 
load and short, V = 1% 

5E, 5F, 
5G, 5H 

Energizing of unit 3 while unit 4 was running. 2400-V drop: 
In all tests, unit 3 feedback transformer was V = 4% (5E) 
tied directly to 2400-V bus. V = 4% (5F) 

V a 3% (5G) 
V = 4% (5H) 

Table F-3. - Strip chart recorder voltage requirements. 

Test No. Description Data 

3 When starting unit 4, unit 3 tripped off-line Voltage drop = 1.6% 

When starting unit 2, unit 4 tripped off-line Voltage drop = 1.2% 

5c When starting unit 3, unit 4 tripped off-line Voltage drop = 1.2% 

Average voltage drop = 1.3% 
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2400-V Bus . . ~--T--r- -1 

13.8 kV = 1 inch p-p 

i ‘, 12.3 
1’ :a; 
DROP = 

I, E LTA (FEEDBACK TRANSFORMER) 

4’0 Am?, = 1 inch p-p 
4 ! , 

‘ROTOR. 

1500 A,,, 

Figure F-2. - Induction motor start oscillogram. 
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CALCUL.ATlON SHEET NO. I 

Induction Motor Start 
Test No. 2-June 6,1983 

Prior to starting: VDvM =120.70 V (DVM= digital voltmeter) 
PT Ratio: 2400:120 or 2O:l 

Bus VDVM =120.70 (20)=2414 V 

Data from Strip Chart Recorder: 
Prior to test: Bus V=48.2 div.,(%IV)/div. =2410 V 

Note: This is in close agreement with DVM reading. 
Starting V= 40 div.,(50 V)/div.= 2000 V 

Drop V =( 2410 - 2000)/2410 = 17.0 % 
Starting I = 20 div.,(48A)/div. =960 A 
Fault megavolt -amperes=(kV)(I)(fl)(10-3) 

= (2400)(960)(0)( 10-3) 
=3.991 IWA for 17.0% drop 

Therefore, the short circuit megavolt-amperes on the 2400-V 
bus is: 

3,991/0.170 = 23.5 MV.A 

From oscillograph records: 
Voltage drop for l3.8-kV system=7.2% 
Therefore, the system's short circuit megavolt-ampere 

rating is: 

3.991/0.072 = 55.4 MV.A 
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CALCULATION SHEET NO. 2 

System Voltage Drop 

The calculations shown on this sheet were based on the data from 
the Induction Motor Start Test. 

The induction motor was rated at 700 horsepower, I53 amperes, and 
95.2 percent efficiency at about a 90 percent power factor. 

The induction motor test resulted in a Ii' percent drop on the 
NOO-volt bus at 960 amperes and a corresponding systemvoltage 
4rop of 7.2 percent on the 13.8~kilovolt bus. 
Therefore, 

System voltage drop (including station 
transformer) at rated motor load is: 

(0.17) (153/960)= 2.7 % 

System voltage drop(excluding station 
transformer) at rated motor load is: 

(0.072) (153/960)= I.1 % 
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CALCULATION SHEET NO. 3 

Motor Terminal Voltage Drop 
The calculations shown on this sheet were based on data from the 

system capacity test and rated motor current. 

System Representation: 

Infinite Bus 
System 

Impedance 
Motor 

Load 

System voltage, Vs =Ipu (per unit) 
Starting 17 960 A 
Rated motor current, I= 153A at 0.9 PF (power factor) 
Load per unit, I= 96W53 =6.275 pu 
Measured voltage drop on 2400-V bus was 17.0 percent, or Wi'pu 
System impedance, Z=O.l7/6.275=0.027 ohms per unit 

System Voltage Drop At Motor: 
For I per unit current at rated voltage and motor load, 

I=l at 0.9 PF - I-l /-26’ 

Motor impedance, Z=l/l/-26° =l/+26” =0.900 + j0.436, where j=fi 

j0.027 
I=V/ Total Z = l/(0.9 + j0.4629) 

1=0.9881 /- 27.2” 

11 

0.9 + j0.436 

Motor V=(0.9881/-27.2°)(1/t260)=0.9881/-l.20 , 

System voltage drop = (j0.027)(0.9881/-27.2°) a 0.027 pu or 2.7% 

Motor voltage drop= I-0.9881=0.119 pu or 1.2% 
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CALCULATION SHEET NO. 4 

SCR Calculations 
2400-v Bus 540-v Bus 

System Data 
2400 V 

153 A 
636 MV.A 

9.05 ohms 

Transformer Data 
2400 V 540 v 
48. I A 214A 
28.8 ohms 0.2MV.A 
0.0532 pu Z L46ohms 

0.0532 pu Z 

Assume: Converter rating is equal to 0.2MW, which is the same as 
the feedback transformer rating. 

IConvert system impedance to feedback transformer base on the low 
voltage side: 

Transformer impedance rotio=( 2.4)‘/ (0.54)2=19.75 

Low voltage system impedance=0.027/i9.75=0.00137pu 

New impedance per unit= (0.00137) (ti2 (&$=O.OOSSl pu 

0.0085 I 0.0532 

System Feedback 
Transformer 

Total impedance = 0,0617 

2.Calculate SCR: 

Short circuit I = l/0.0617= 16.2 pu 
System capacity = (16.2) (214AIpu) (&(540V)=3.24MV-A 

SCR = 3.24 MVeAiO.2 MW= 16.2 pu (As is) 
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CALCULATION SHEET NO. 4-CONTINUED 

3. Calculate SCR for an ideal zero impedance feedback transformer: 

Short circuit I = I /0.00851 = 117.5 pu 
System capacity = (117.5)(214A / pu) (Jj) (54OV)=23.5 MV-A 

SCR = 23.5MV.A/0.2 MW=ll7.5 pu (System only) 

4. Calculate SCR for feedback transformer only, assuming zero 
system impedance: 

Short circuit I = I IO.0532 = 18.8 pu 
SyStemcapacity=(l8.8)(214A/pu)(&)(540V)=3.76MV-A 

SCR = 3.76 MV-A /0.2 MW= 18.8 pu (Transformer only) 

5. Calculate SCR for a feedback transformer having one-half the 
actual impedance and same megavolt-ampere rating. This 
would be the same as doubling the megavolt-ampere rating 
and keeping the per unit impedance constant, 

Short circuit I = 1/(0.00851+0.0532/2)= 28.5~~ 
System capacity = (28.5)(214~ / pu) (A) (54OV)=5.7 MV-A 

SCR = 5.7 MV-A/O.2 MW= 28.5 pu (Larger transformer) 
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APPENDIX G 

MOTOR STARTUP TESTS 
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INTRODUCTION 

This appendix consists of an analysis and evaluation 
of the data obtained at Fountain Valley Pumping Plant 
during the June 15-l 7, 1983, field test investigation. 
The purpose of this second investigation was to 
study in detail the pump motor startup problems and 
to resolve and/or eliminate the problems which made 
it impossible to operate more than one unit at a time. 

TEST PROGRAM 

There were about 14 tests performed involving 5 
different plant configurations. The first test series, 
A, consisted of obtaining benchmark data for the 
standard plant configuration. These data would be 
useful as a baseline reference for comparison with 
data obtained from the other tests. The standard har- 
monic filter consisted of 160 kQ and 320 PH. 

The second test series, B, involved three tests at a 
reduced filter capacitance of 100 kQ per drive. These 
tests were performed to determine if reducing the 
filter capacitance would result in improved voltage 
waveforms during startup. 

In test series C, the plant feedback transformers 
were wired directly to the 2400-V bus. The purpose 
of this testing was to determine if eliminating the filter 
and feedback transformer transient current during 
startup would eliminate the starting problems. 

Test series D called for the removal of the filter ca- 
pacitors. The feedback transformers remained wired 
directly to the 2400-V bus. These tests would in- 
dicate if the capacitors were involved in distorting 
the 600-V bus voltage waveforms. 

The final test series, E, consisted of connecting the 
filter capacitors at the motor terminals instead of at 
the drive terminals. The feedback transformers re- 
mained connected directly to the 2400-V bus. The 
purpose of these tests was to determine if relocating 
the capacitors would improve the steady state and/ 
or transient performance of the system. There was 
some concern that the location of the capacitors next 
to the drive was somewhat less than ideal with re- 
spect to standard transient suppression, protection, 
and design practices. 

Table G-l is a listing of the plant configuration for 

each test series and a description of each test. 

INRUSH CURRENT MEASUREMENTS 

Table G-2 is a listing of the maximum inrush current 
measured during each startup attempt. In addition, 
this table shows the number of units running at the 

time of the startup attempt and whether or not the 
attempt was successful. Table G-2 also shows that 
wiring the feedback transformer directly to the 
2400-V bus resulted in lowering the maximum peak 
inrush current from 1020 to 890 A. The average 
maximum peak inrush current was reduced from 905 
to 735 A. This is equivalent to reducing the peak 
inrush current by 2.5 per unit on the 2400-V feed- 
back transformer base. Also note that the 905-A 
peak is 4.2 per unit on the motor base. The 735-A 
peak is 3.4 per unit on the motor base. The reduction 
in peak inrush current appears to be related to the 
success rate of bringing additional units on line. Prior 
to preenergizing the feedback transformer and filter, 
8 of 12 attempts were successful in bringing a sec- 
ond unit on line. After the feedback transformer was 
wired directly to the 2400-V bus, there were no fail- 
ures in bringing a second unit on line, and 7 of 10 
attempts were successful in bringing a third unit on 
line. Obviously, reducing the initial current inrush de- 
mands improved the pump startup success rate sub- 
stantially. 

OSCILLOGRAMS 

One oscillogram from each test series is presented 
at the back of this appendix. In reviewing these os- 
cillograms, there appears to be, at the time of start- 
up, more distortion in the 600-V bus voltage wave- 
forms when the feedback transformer is connected 
normally than when it is wired directly to the 
2400-V bus. This correlates well with the fact that 
the system is more stable and the startup success 
rate higher when the feedback transformer is wired 
directly to the 2400-V bus. The oscillograph calibra- 
tions are presented in table G-3. 

VOLTAGE MEASUREMENTS 

During run 14, accurate DVM measurements of the 
2400-V bus were obtained. These measurements 
were made to obtain accurate information on the 
drop in the 2400-V bus voltage corresponding to 
motor load. The data and calculations are presented 
in table G-4. The results indicate that the normal unit 
voltage drop under load is between 1.2 and 1.5 per- 
cent. This agrees well with the data and calculations 
presented in appendix F of this report. The minimal 
voltage drop data strongly support our contention 
that the system is of sufficient capacity. 

TRANSFORMER DIRECT CURRENT 

A special instrumentation device was used to mon- 
itor the direct current circulating between the feed- 
back transformer and the solid-state converter. In 
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Table G-l. - Plant configuration and descriptions of tests run on June 16-l 7, 1983. 

Test series and Run 
plant configuration No. 

Description of test 

A 
Filter: 160 kQ 

320 PH 
No. 3 drive disabled 

B 
Filter: 100 kQ 

320 PH 
No. 3 drive disabled 

C 
Filter: 100 kQ 

320 PH 
No. 3 drive disabled; all three 
feedback transformers hot 
wired. 

D 
Removed IOO-kQ capacitors; 
all three feedback transformers 
hot wired 

E 
Connected IOO-kQ capacitors 
at motor terminals 

1A 
1B 
2A 
2B 
3 

4A 
4B 

5A 
5B 
5c 
5D 
5E 
6 

7A 
7B 

8 
9 

10A 
10B 
1oc 

11 
12A 
128 
12c 
12D 

13A 
13B 
13c 
13D 
13E 
13F 

14A 
14B 
14c 
14D 

Starting of unit 4 
Unit 4 running when starting unit 3 
(Same as IB) 
Steady-state waveforms of run 2A 
Unit 4 running when starting unit 3, at which 
time unit 4 tripped off-line 
(Same as 1 B) 
(Same as 3) 

Unit 4 running when starting unit 3 
(Same as 5A) 
(Same as 5A) 
(Same as 5A) 
(Same as 5A) 
Unit 4 running when starting unit 2, at which 
time unit 4 tripped off-line 
Unit 4 running when starting unit 2 
Units 2 and 4 running when starting unit 3, at 
which time both units 2 and 4 tripped off-line 

Energization of all three feedback transformers 
(Same as 8) 
Unit 4 running when starting unit 2 
Units 2 and 4 running when starting unit 3 
Units 2 and 4 running when starting unit 3, at 
which time both units 2 and 4 tripped off-line 

Energization of all three feedback transformers 
Unit 4 running when starting unit 2 
Units 2 and 4 running when starting unit 3 
(Same as 12B) 
Units 2 and 4 running when starting unit 3, at 
which time both units 2 and 4 tripped off-line 

Starting unit 4 
Unit 4 running when starting unit 2 
Units 2 and 4 running when starting unit 3 
(Same as 13C) 
(Same as 13C) 
Units 2 and 4 running when starting unit 3, at 
which time both units 2 and 4 tripped off-line 
Starting unit 4 
Unit 4 running when starting unit 2 
Units 2 and 4 running when starting unit 3 
Units 2, 3, and 4 on-line 
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Table G-2. - Maximum inrush current measured on each startup attempt during June 16-17, 1983 tests. 

Test series and 
plant configuration No. 

Max. inrush No. of units 
current (peak), running at 

amperes time of startup 

No. of units 
tripped 
off-line 

A 
Filter: 160 kQ 

320 yH 

B 
Filter: 100 kQ 

320 PH 

C 
Filter: 100 kQ 

320 PH 
All three feedback transformers 
hot wired 

D 
Removed 1 00-kQ capacitors; 
all three feedback transformers 
hot wired 

E 
Connected IOO-kQ capacitors 
at motor terminals; all three 
feedback transformers hot 
wired 

1A 990 0 NA 
IB 820 1 - 
2A 920 1 - 
2B NA NA NA 
3 792 1 1 
4A 764 1 - 
4B 905 1 1 

5A 905 1 - 
5B 905 1 - 
5c 905 1 - 
5D 922 1 - 
5E 1020 1 - 
6 960 1 1 
7A 920 1 
7B 920 2 2 

8 
9 

10A 
10B 
IOC 

11 
12A 
12B 
12c 
12D 

l3A 
13B 
13c 
13D 
13E 
13F 
14A 
14B 
14c 
14D 

NA NA NA 
NA NA NA 
820 1 - 
680 2 - 
680 2 2 

NA NA NA 
890 1 - 
750 2 - 
720 2 
707 2 2 

NA 
NA 
820 
707 
537 
792 
792 
NA 
665 
NA 

0 NA 
1 - 
2 - 
2 - 
2 
2 2 
0 NA 
1 - 
2 - 

NA NA 

NA indicates “Not Applicable” 

view of the high direct current measured, the device 
was connected to each of the three phases of the 
transformer to determine if the current into one wind- 
ing equaled the current out of the other two windings 
of the wye-connected transformer. The current sum- 
mation check indicated the instrumentation was in- 
deed working properly and that there was in fact 
about 10 A of direct current in the 540-V winding 

of the feedback transformer. This 10-A measure- 
ment was for a normal system configuration; the cur- 
rents were larger for various other system 
configurations. This direct current was later realized 
to be due to the unconventional asymmetrical design 
of the converter. Normally, a converter is designed 
with symmetry in mind to eliminate circulating direct 
current and the associated problems. 
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Table G-3. - Oscillograph calibrations from June 16-l 7, 1983 tests 

Item Phase Unit Item Phase Unit 
- 

Current 
Current 
Current 

A 
B 
C 

4 
4 
4 

Voltage 
Voltage 
Voltage 

Current 
Current 

2 
2 
2 

A 
B 

Current C 3 

Voltage 
Voltage 
Voltage 

A 
B 
C 

3 
3 
3 

Current 
Current 
Current 

A 
B 
C 

2 
2 
2 

Current 
Current 

delta 
rotor 

4 
4 

Voltage 
Voltage 
Voltage 

A 
B 
C 

4 
4 
4 

Voltage3 

Current 

AB Bus 

ROP 4 

Voltage A A 

Current A 4 
Current C 4 

Signal Alternate Signal 
Calibration’ 

339 A = 1 inch p-p* 
363 A = 1 inch p-p 
355 A = 1 inch p-p 

18 V = 0.4 inch p-p 
18 V = 0.4 inch p-p 
18 V = 0.4 inch p-p 

355 A = 1 inch p-p 
355 A = 1 inch p-p 

1004 A (peak) = 1 inch (peak) 
363 A = 1 inch p-p 

18 V = 0.4 inch p-p 
18 V = 0.4 inch p-p 
18 V = 0.4 inch p-p 

363 A = 1 inch p-p 
339 A = 1 inch p-p 
355 A = 1 inch p-p 

404 A = 1 inch p-p 
726 A = 1 inch p-p 

18 V c 0.4 inch p-p 
18 V z 0.4 inch p-p 
18 V = 0.4 inch p-p 

5750 V = 1 inch p-p 

391 A = 1 inch p-p 

’ All voltage and ampere calibrations are rms (root mean square), unless noted 
z p-p = peak-to-peak 
3 line A to line 8 voltage on 2400-V bus 
4 ROC = rotor overcurrent 

The effect of the direct current during switching op- 
erations and under inrush conditions has yet to be 
investigated, but it is presently believed that the di- 
rect current can only add to the problem by further 
increasing the percent distortion factor. 

ELIMINATION OF FILTER CAPACITOR 

Removing the filter capacitor from the circuit did not 
improve the startup success rate. This does not 
mean that the tuned circuit does not contribute to 
the problem, but does show that the drive system 

problem is related to current disturbance regardless 
of whether it is current inrush related and/or filter 
current oscillation related. This statement is based 
on the fact that much of the earlier Fountain Valley 
test data strongly indicated that the current inrush 
surges initiated filter circuit oscillations that aggra- 
vated the problem and contributed substantially to 
the 540-V bus waveform distortions. In addition, the 
capacitors were removed only from a starting unit, 
not the running units. The filters of the running units 
were still able to oscillate by means of perturbations 
created from the inrush of a starting unit. 
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Table G-4. - Digital voltmeter data from run No. 14 during June 16-17, 1983 tests. 

Plant condition 
DVM Reading 

on PT of 
2400-V bus 

Voltage drop 

All units off 123.00 

Unit 4 running 121.30 

Units 2 and 4 running 119.38 

123.0-121.3/123.0 = 1.4% 

123.0-l 19.38/123.0 = 2.9%, 
or 1.45% per unit 

Units 2, 3, and 4 running 118.67 123.0-l 18.67/123.0 = 3.5%. 
or 1.2% per unit 

Units 2, 3, and 4 running, with unit 
2 fully loaded at I = 132A 118.50 123.0-l 18.5/123.0 = 3.7%. 

or 1.2% per unit 

CONCLUSIONS 

The analysis of the June 16-17, 1983, test data in- 
dicates that any modification made to reduce the in- 
rush current also reduced the severity of the 600-V 
bus voltage waveform distortions and thereby im- 
proved drive system performance. 

It appears that the voltage induced across the feed- 
back transformer is related to the higher frequency 
components of the inrush current. The harmonic like 
current in the feedback transformer circuit of a run- 
ning drive (be it either inrush current related or filter 
oscillation related) induces a voltage across the 
transformer and, when superimposed with the 60- 
Hz system voltage waveform, results in the sum of 
the two signals appearing on the 540-V inverter side 
of the transformer. The composite signal is a dis- 
torted waveform which produces errors in the gate 

firing circuits thereby producing phase-to-phase 
faults in the converter package that trips the equip- 
ment off-line. The ability of the drives to ride through 
this period is dependent on the percent distortion 
factor of the 540-V bus. Furthermore, the percent 
distortion factor is a plant design parameter that 
must be considered in the selection of all associated 
equipment. To produce a workable system, the 
equipment must be sized properly to keep the per- 
cent distortion factor below the critical limit, above 
which the equipment will no longer operate properly. 
In summary, during the initial stages of equipment 
design, some thought should have been given to 
equipment integration and the resultant percent dis- 
tortion factor to ensure proper plant operation. For 
a detailed analysis of this problem, please refer to 
appendix F of this report. 
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Figure G-l. - Test 48 oscillogram 
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Figure G-2. - Test 6 oscillogram. 
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Figure G-3. - Test 1OC oscillogram 
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Figure G-4. - Test 12D oscillogram 
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Figure G-5. - Test 13F oscillogram 
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APPENDIX H 

FIELD EVALUATION OF PROPOSED MODIFICATIONS 
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INTRODUCTION 

This appendix consists of an analysis of the Decem- 
ber 6, 1983, Fountain Valley field tests. This partic- 
ular investigation was undertaken to determine the 
effectiveness of capacitor modifications to possibly 
eliminate the startup problems and, if this was not a 
successful solution, to determine if reconnecting the 
feedback transformers to the line side of the unit 
contactors in conjunction with the capacitor modifi- 
cations would perhaps alleviate the starting prob- 
lems. The final and most promising alternative option 
was to investigate insertion resistor starting. This 
option consisted of energizing the motor stator, 
feedback transformer, and filter, initially through a 
current limiting resistor via an auxiliary contactor. 
Several cycles later, the main contactor would short 
the auxiliary contactor and resistor. This method of 
starting should reduce the initial startup current surge 
and thereby eliminate the related startup problems. 
This scheme would reduce the 540-V bus SCR re- 
quirement and eliminate the startup shock in the har- 
monic filters of the running units. 

TEST SUMMARY 

This section is primarily a summary of the December 
6, 1983, investigation and consists of the test pur- 
pose, results, and a brief conclusion for each test 
performed. For purposes of quick reference, table H- 
1 is a condensed version of this test summary. The 
test numbering designation used in this table refers 
to the actual oscillogram records. Only the pertinent 
test oscillograms have been presented on figures H- 
1 through H-8, and are for reference purposes in re- 
viewing this report. The instrumentation configura- 
tion, equipment ratings, circuits, and system 
configurations are shown on figures H-9 through H- 
12. 

Test No. 1, 9:30 a.m. 

System Configuration. - The basic capacitor modi- 
fications were made to all three units and consisted 
of installing 150 kQ at the motor terminals and 170 
kQ in the filter. The filter inductance was set to 260 
PH. 

Purpose of Test. - To determine if capacitor modi- 
fications alone would be sufficient to eliminate the 
startup problems. 

Test Results. - Unit 2 was on-line and running when 
unit 3 was started, at which time unit 2 tripped off- 
line. The unit 2 rotor overcurrent relay operated. 

Conclusions. - The capacitor modifications alone 
were insufficient to eliminate the startup problems. 
All parties involved agreed to modify the feedback 
transformer circuits prior to continuing testing. 

Tests Nos. 2 and 3, 11:20 a.m. and 11:30 a.m., 
Respectively 

System Configuration. - The capacitor modifications 
remained the same as in test No. 1. All three unit 
feedback transformers were connected to the line 
side of the respective unit contactors. 

Purpose of Tests. - To determine if the capacitor 
modifications in conjunction with the elimination of 
the feedback transformer inrush would be sufficient 
to eliminate the startup problems. 

Test Results. - Overall, the test results indicated that 
the capacitor modifications in conjunction with the 
elimination of the feedback transformer inrush did not 
eliminate the startup problems. 

Conclusions. - Test No. 2 was successful in that all 
three units were started without any of the running 
units tripping off-line. However, test No. 3 was un- 
successful in that when the last unit was started, 
both running units tripped off-line. At this time, all 
parties involved agreed to proceed with the insertion 
resistor circuit modifications prior to proceeding with 
testing. 

Test No. 4, 1:55 p.m. 

System Configuration. - The capacitor modifications 
remained the same as in test No. 1, and the feedback 
transformers of units 2 and 3 remained connected 
to the line side of their respective unit contactors. 
The feedback transformer of unit 4 was reconnected 
to the unit side of the main unit contactor, and the 
auxiliary contactor and insertion resistor were in- 
stalled around the unit 4 main contactor. 

Purpose of Test. - To determine the correct timing 
sequence for the auxiliary contactor. 

Tesr Results. - Unit 4 was started twice and the 
timing sequence adjusted to obtain about four cycles 
of insertion resistor loading prior to closure of the 
main contactor. 

Conclusions. - Four cycles of insertion resistor time 
was more than adequate to obtain the desired circuit 
decoupling on startup. 

Test No. 5, 2 p.m: 

System Configuration. - Same as test No. 4 except 
that the drive of unit 4 was intentionally inhibited to 
decrease testing time and conserve water. 

Purpose of Test. - To determine if the insertion re- 
sistor scheme would be sufficient to eliminate the 
startup problems. 
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Table H-l - Test descriptions for the December 6, 1983 investigations. 

System Run 
Configuration No. 

Test description 

150 kQ at motor terminals, and 170 kQ 1A 
in drive 1B 

Capacitors same as in test 1, and all three 
feedback transformers wired directly to 
2400-V bus 

Capacitors same as in test 1. Feedback 
transformers of units 2 and 3 same as test 
2, but unit 4 feedback transformer recon- 
nected as normal except with auxiliary 
contactor and preinsertion resistor. Drive 
of unit 4 was disabled. 

Drive of unit 4 enabled 

Drive of unit 4 disabled 

All three feedback transformers wired di- 
rectly to 2400-V bus; capacitors same 
as in test 1. 

2A 
2B 
2c 
3A 
3B 

4A, 4B 
5A 

5B-5G 

6A-6E 

7A, 7B 

BA-BJ 

9A 
9B 

Note: Runs 9A and 98 were actually performed prior to test 2 

Test Resulrs. - When starting unit 3, running unit 2 
tripped off-line. This trip had no impact on the in- 
sertion resistor scheme installed on unit 4. The sec- 
ond attempt to start unit 2 resulted in blown startup 
control fuses. After replacing the fuses, units 2 and 
3 were started and brought on-line. Unit 4 was then 
successfully started and stopped six times, at which 
point unit 2 tripped off-line due to loss of control 
power (blown fuses). The blown fuses were traced 
to a shorted under/over voltage protection relay 
which was subsequently removed from service. 

Conclusions. - The insertion resistor scheme ap- 
peared to effectively decouple the starting unit from 
the running units and seemed to eliminate the startup 
problems. However, additional testing would be re- 
quired to statistically ensure that this scheme would 
work. 

Test No. 6, 3:lO p.m. 

System Configuration. - Same as test No. 5. 

Purpose of Test. - Same as test No. 5. 

- 

Starting of unit 2 
Starting of unit 3, at which time unit 2 tripped 

off-line 

Starting of unit 3 
Starting of unit 2 (no record) 
Starting of unit 4 
Unit 2 running when starting unit 3 
Units 2 and 3 running when starting unit 4, at 

which time units 2 and 3 tripped off-line 

Timing tests for auxiliary contactor coordination 
Unit 2 running when starting unit 3, at which 

time unit 2 tripped off-line 
Units 2 and 3 running when starting unit 4; suc- 

cessful each time 
(Same as 5B-5G) 

(Same as 5B-5G) 

(Same as 5B-5G) 

Initial energization of 2400-V bus 
Steady-state energization of 2400-V bus 

Test Results. - Units 2 and 3 were on-line and run- 
ning when unit 4 was successfully started and 
stopped four times. 

Conclusions. - The insertion resistor scheme ap- 
peared to be effective in eliminating the startup prob- 
lems. 

Test No. 7, 3:20 p.m. 

Sysrem Configuration. - Same as test No. 5 except 
that the drive of unit 4 was not inhibited. 

Purpose of Test. - To check the effectiveness of the 
insertion resistor unit 4 starting scheme through a 
complete startup sequence. 

Test Results. - Units 2 and 3 were on-line and run- 
ning when unit 4 was successfully started twice and 
allowed to complete the startup sequence. During 
tests 5 and 6, the unit 4 start sequence never went 
beyond the “critical” initial energization stage. This 
did not affect the validity of the tests because the 
startup problem occurred only during the initial ener- 
gization stage of the startup sequence. 
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Conclusions. - The insertion resistor startup scheme 
was effective in eliminating the startup problems. 

Test No. 8, 3:35 p.m. 

System Configuration. - Same as test No. 5. 

Purpose of Test - Same as Test No. 5. 

Test Results. - Units 2 and 3 were on-line and run- 
ning when unit 4 was successfully started and 
stopped 10 times. 

Conclusions. - The insertion resistor scheme was 
effective, having successfully allowed the starting of 
a third unit while two other units were on-line and 
running for all 22 attempts. 

Test No. 9, 11 :lO a.m. 

This test was actually performed prior to test No. 2. 

System Configuration. - Same as test No. 2. All 
three feedback transformers were wired directly to 
the 2400-V bus. 

Purpose of Test. - To observe the system quantities 
during initial energization of 2400-V bus. 

Tesr Results: Large, rather distorted currents were 
observed in the lines between the feedback trans- 
former and filter. 

Conclusions. - The observed currents were respon- 
sible for most of the distortion observed in the 
540-V bus voltage waveforms during the initial ener- 
gization period. 

FILTER CIRCUIT REACTION 
TO STARTUP 

During the initial energization period of test 1 A, cur- 
rents of about 1800 A peak were found to exist in 
the lines between the feedback transformer and har- 
monic filter. This current was equal to 6 per unit on 
the feedback transformer 540-V winding current 
base. As can be seen on the oscillogram (fig. H-l), 
these currents are highly distorted, large in magni- 
tude, and of relatively high frequency. The period of 
oscillation is related to the natural frequency of the 
filter, which is about 200 Hz (3.3 times the funda- 
mental). It can also be seen on figure H-l that this 
transient current is responsible for greatly distorting 
the 540-V bus voltage waveforms. The 2400-V sys- 
tem voltage waveforms, although not clearly repro- 
duced on figure H-l, are only slightly distorted. 

From previous tests, it can be assumed that the total 
2400-V system maximum current inrush is about 

1020 A peak (3.4 per unit on the motor base) and 
is reduced to about 890 A peak when the feedback 
transformer is preenergized (refer to appendix G for 
this data). This indicates there is about 130 A peak 
inrush to the feedback transformer under normal 
startup conditions. This is about 2 per unit on the 
feedback ‘transformer 2400-V winding current base. 
The motor stator inrush (890 A peak) is about 2.9 
per unit on the motor base. The ratio of the measured 
feedback transformer primary and secondary cur- 
rents is not equal to the transformer turns ratio be- 
cause of the nonlinear characteristics that the 
transformer exhibits during the current inrush period. 

The highly distorted high frequency, 6 per unit trans- 
former-filter currents, are the primary cause of the 
voltage waveform distortions that were observed on 
the 540-V bus of the unit being started. This 6 per 
unit high frequency component current will induce a 
much larger voltage drop across the transformer 
impedance than the lower frequency (fundamental) 
current (2 per unit) would in the 2400-V winding. The 
frequency of this current is important because the 
transformer impedance increases with an increase in 
the frequency of the applied current. The objectional 
drive voltage drop is due to an inadequate SCR at 
the drive side of the feedback transformer and indi- 
cates that the feedback transformer impedance is 
too high. 

In test oscillogram 16 (fig. H-2), unit 2 was on-line 
and running while unit 3 was being started. The unit 
3 inrush current was 1010 A peak. This inrush cur- 
rent not only greatly distorted the starting unit 
540-V drive waveforms, but also induced a harmonic 
like current increase in the filter of running unit 2. 
During startup, the running unit filter current in- 
creased from 330 to 690 A peak (1.1 to 2.3 per 
unit). 

The high frequency components of the current will 
induce a very large voltage drop (about 10 to 20 
percent) on the 540-V bus. This distortion will usually 
result in silicon-controlled rectifier misfirings and/or 
commutation failures in the converter. More impor- 
tantly than the change in the filter current peak am- 
plitude of the running unit is the rather abrupt change 
that occurs in the actual waveforms. These changes 
can be seen in oscillograms IB, 3A, 3B. and 5A. 
figures H-2, H-3, H-4, and H-5, respectively. Also 
note that wiring the feedback transformer directly to 
the 2400-V bus has only slightly reduced the startup 
induced changes in the transformer-drive circuit cur- 
rent waveforms. 
It is also important to note that the current to a run- 
ning unit, when another unit is started, does not 
change by more than 0.15 per unit on the motor base 
(0.45 per unit on the transformer 2400-V winding 
current base). This current change is a low frequency 
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type change and can be observed on oscillograms 
48 and 6 (figs. G-l and G-2) in appendix G. Since the 
current is of low frequency and the system and run- 
ning drive are in steady state, the system voltage 
drops due to this current change result in a system 
voltage drop of less than 0.4 percent. Obviously, the 
distorted drive system voltage is due to the harmonic 
like current induced reactive voltage drop in the feed- 
back transformer. Again, the low SCR on the drive 
side of the high impedance feedback transformer ap- 
pears to be the problem. 

INSERTION RESISTOR 

The size of the insertion resistor was selected to 
obtain about 0.5 per unit voltage across the subject 
resistors during the startup period. The 12.5-ohm 
resistors selected eliminated the transformer and 
stator inrush current, and thereby limited the maxi- 
mum startup current to about 60 A,,, (0.4 per unit 
on the motor base). This current is divided between 
the motor circuit capacitor and feedback transformer 
circuit capacitor. The feedback transformer will carry 
about 30 A of the 60-A total. This is about 0.67 per 
unit on the feedback transformer base. The calcu- 
lations involved in selecting the resistor are pre- 
sented on calculation sheet No. 5 at the back of this 
appendix. 

The actual insertion resistor currents measured dur- 
ing the insertion resistor tests were about 80 A 
(peak) initially; and 25 A,,, steady state. This current 
is somewhat lower than that calculated and may be 
due to the heating of the insertion resistors, which 
were undersized with respect to power rating, 
and/or the var requirements of the motor stator and 
filter reactors. However, in the final analysis, the re- 
sistor insertion scheme worked well in limiting inrush 
current and filter current oscillations, as shown on 
oscillogram 5B (fig. H-6). 

DETAILED ANALYSIS ON 
ENERGIZATION OF 2300-V BUS 

This test (test No. 9) was performed after wiring each 
feedback transformer and filter to the line side of the 
respective unit contactor. The test consisted of sim- 
ply monitoring the energization of the 2300-V bus, 
refer to oscillograms shown on figures H-7 and H-8. 

The current in the unit 2, A-phase filter peaked at 
790 A (1580 A peak-to-peak). The voltage distor- 
tions in all three 600-V circuits being monitored were 
essentially identical. This implies there was no swap- 
ping of vars between units and that the initial current 
transients in each unit were similar, if not identical, 
in phase and amplitude. The initial current surges 
consisted primarily of harmonics, and decayed at a 
very slow rate (about 1 second). 

The third harmonic like distortion on the A-phase, 
unit 2,600-V bus was greater than 10 percent and 
eventually dropped to about 2.5 percent. All three 
unit 600-V bus voltage waveforms were greatly dis- 
torted during the initial phase of energization, but 
improved substantially after the decay of the initial 
current transient. The voltage waveforms of the 
2300-V bus, while slightly distorted during the initial 
transient period, had considerably lower distortion 
levels than the voltage waveforms observed on the 
600-V bus of each unit. 

The unit 2 filter current waveforms improved sub- 
stantially between the period of the initial surge and 
steady state. The major change observed in these 
waveforms was the large decay of the harmonic con- 
tent. The predominance of what appears to be a third 
harmonic like component in the initial transient cur- 
rent waveform is to be expected since the filter is 
tuned to the 3.3 harmonic. 

The steady state, unit 2, filter current waveforms 
were highly distorted and varied from 530 to 620 A 
peak-to-peak. The calculated line current for the 
170-kQ filter capacitors at 600 V was about 160 
A,,, (450 A peak-to-peak). 

The fact that the filter current waveforms were not 
similar in shape was rather unusual for a balanced, 
three-phase, passive power system load. The 
A-phase current appeared as a sine wave with a 
slight depression on the leading edge of the positive 
and negative peaks. The B-phase current trace re- 
sembled a triangular waveform, and the C-phase cur- 
rent trace appeared to have been pinched on the 
trailing side of the positive and negative peaks. We 
can only conclude that these distortion effects were 
not due to the third harmonic since a third harmonic 
component would produce identical effects in each 
phase and, in addition, the wye-delta transformer to 
filter connection prevents third harmonic line com- 
ponents and multiples thereof from flowing between 
the transformer and filter. There are also no even 
harmonics of any significance in the currents because 
all three waveforms are symmetrically centered 
about the horizontal axis. Finally, the fact that the 
waveforms do not exhibit odd symmetry, f( px) = 
-f (x), eliminates the possibility that the 5th. 7th, 
11 th, etc. harmonics could contribute significantly to 
the distortions observed. 

The B-phase waveform is interesting in that it is prac- 
tically a triangular shaped waveform and is therefore 
easy to analyze. Based on a Fourier analysis, the tri- 
angular waveform, when broken down into cosine 
components, has a fundamental component equal to 
81 percent of the peak (180 A,,,) and 11 percent of 
the fundamental third harmonic (20 A,,,). The 5th 
and 7th harmonics are 4 and 2 percent of the fun- 
damental, respectively; contributions from higher 

103 



harmonics can be neglected. Therefore, it appears 
that the triangular waveform is composed predomi- 
nantly of 81 percent of the fundamental and 11 per- 
cent of the third harmonic. However, since the third 
harmonic cannot exist and the filter is tuned to 3.3 
times the fundamental, we must go with the sup- 
position that the triangular wave must really consist 
primarily of 81 percent of the fundamental and 11 
percent of the higher frequency component (here- 
after referred to as the 3.3 component). This is in 
agreement with the fact that the current waveforms 
are different from each other in that a third harmonic 
component would result in identical waveforms, 
whereas a shift to 3.3 times the fundamental would 
result in unique and individual waveforms for each 
phase. The 3.3 component also explains the lack of 
symmetry observed in each current trace. 

The 3.3 component is not an even multiple of the 
fundamental and would therefore normally result in 
the current waveforms changing with time as the rel- 
ative phase between the fundamental and harmonic 
also changes with time. However, since this does not 
occur, it must be assumed that the waveforms are 
synchronized to the fundamental each half cycle. In 
exploring this assumption, it must be realized that 
the system is in equilibrium; i.e., the system is in 
steady state. This implies that the tuned circuit, to 
perpetually produce the 3.3 component, must be 
continuously receiving power from the power system 
to account for the inherent circuit losses. Therefore, 
it follows that the fundamental frequency is the syn- 
chronous driving function that synchronizes the 3.3 
component each half cycle. 

In support of the previous analysis, the filter current 
waveforms were duplicated on paper from only the 
fundamental and 3.3 component. In the graphical 
construction, the 3.3 cosine component was as- 
sumed to be synchronized to the B-phase cosine fun- 
damental. This assumption was necessary to obtain 
a B-phase triangular waveform. The three composite 
waveforms were generated by adding the funda- 
mental to 11 percent of the 3.3 frequency compo- 
nent. This produced fairly accurate reproductions of 
the B- and C-phase waveforms but failed to produce 
the correct A-phase waveform. However, a nodal 
analysis of the circuit indicated that to preserve cur- 
rent balance, the A-phase waveform should be com- 
posed of the fundamental minus two times 11 
percent of the 3.3 component. This resulted in a very 
good reproduction of the A-phase current waveform. 
The reproductions are shown at the top of figure 
H-13. The actual oscillograph current trace wave- 
forms obtained during test 9B (fig. H-8) are shown 
at the bottom of figure H-13. 

Referring to the circuit shown on figure H-14, it can 
be seen that the waveforms previously constructed 

can be obtained by simply adding a current source 
in phase C. The fact that this effect can be produced 
with only a single phase supply suggests that the 
capacitor filter is oscillating in a single phase mode 
about the current loop shown on this figure. 

The connection of the feedback transformers in a 
delta-wye configuration prevents third harmonic line 
currents and voltages from being exchanged from 
unit to unit or from the system to individual units. In 
addition, the feedback transformer is of the core de- 
sign and therefore has a very high reluctance to third 
harmonic flux, which will greatly assist in preventing 
third harmonic voltage distortions. The required third 
harmonic transformer exciting current can circulate 
in the delta of the transformer to ensure a pure flux 
wave and thereby prevent third harmonic voltage dis- 
tortion in the transformer voltage waveforms. All of 
this analysis supports the contention that the 3.3 
component currents are the cause of the initial and 
prolonged distortions observed in the 600-V system 
waveforms. 

The 3.3 component currents will induce 3.3 com- 
ponent voltages in both the primary and secondary 
of the feedback transformer. Obviously, because of 
the turns ratio and other factors, the influence in the 
higher voltage primary will be reduced considerably 
with respect to the secondary. However, the trans- 
former delta-wye configuration and core type con- 
struction would not prevent the 3.3 component 
voltages induced in the primary of the feedback 
transformers from interacting with the system or 
other units. In fact, unit interaction could be quite 
severe and possibly cause a swapping effect or even 
perpetuate the initial transient period. To more fully 
explain this analysis, consider the case when all three 
transformers are energized simultaneously from one 
source. The initial inrush and phase sequence in each 
filter unit will be identical and the 3.3 component 
current of each unit will act in harmony to induce a 
large 3.3 component voltage on the 600-V system. 
This is exactly what happened in the subject oscil- 
lograph records (figs. H-7 and H-8). Now consider 
what happens when each feedback transformer is 
individually energized. The phasing of the initial inrush 
and phasing of the 3.3 component will vary at ran- 
dom (dependent on the random switching angle). The 
possibility will exist that two separate units with out- 
of-phase 3.3 component oscillations could interact 
to create a swapping effect and/or to produce sus- 
tained large amplitude 3.3 component currents. This 
may have been what occurred during one of the first 
Fountain Valley investigations, performed by the 
manufacturer, when very large sustained voltage 
and/or current distortions occurred. The manufac- 
turer’s oscillograms documenting the interactions 
are shown in appendix C. The 3.3 component cur- 
rents, if large enough, may also be capable of keeping 
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the feedback transformer in a prolonged nonlinear 
state of operation as evidenced in oscillogram 9A, 
figure H-7. For additional comments on this, refer to 
the following section on harmonic measurements. 

HARMONIC MEASUREMENTS 

A third harmonic percent measuring device was con- 
nected directly to the 540-V bus, line to neutral, to 
monitor the percent of third harmonic on the drive 
bus. The device saturates at readings greater than 
10 percent distortion and has a response time of 5 
to 10 cycles. The output is a 180-Hz, a-c signal that 
is a percentage of the third harmonic with respect to 
the fundamental. The signal can be observed on the 
oscillograph records. 

The rather high percentage of third harmonic re- 
corded on oscillogram 1A (fig. H-l) was, at first, 
somewhat difficult to understand. However, when 
considering the circuit connections, it becomes ob- 
vious that the third harmonic component of inrush 
current that circulates in the delta-connected winding 
of the feedback transformer has induced a third har- 
monic line-to-ground voltage in the 540-V, wye-con- 
netted windings. Since the third harmonic line-to- 
ground voltages were in phase, there would be no 
third harmonic line-to-line voltages appearing across 
the delta connected drive potential transformers. 
This is, of course, assuming there is no interaction 
from the filter circuit. 

Since the feedback transformer 2400-V winding is 
connected in delta, it is obvious that third harmonic 
voltages from the system will not be coupled into 
the drive circuit. In addition, third harmonic line cur- 
rents cannot flow from the system to the feedback 
transformer. As a result, the harmonic distortion me- 
ter will only respond to third harmonic circulating cur- 
rents in the delta. That is, the meter, as connected, 
would respond only to feedback transformer nonlin- 
ear conditions such as inrush, saturation, or ferro- 
resonance. 

On oscillogram 9A (fig. H-7), there appears to be a 
prolonged period of nonlinear operation of the feed- 
back transformer, and this period is too long for sim- 
ple transformer inrush. Oscillogram 1 A (fig. H-l) is 
typical of a normal transformer inrush period. There- 
fore, it can only be concluded that the system is in 
resonance. Since this mode of operation at Fountain 
Valley is neither being used nor being proposed this 
problem is of minor concern at this time. 

SUMMARY OF RESULTS 

Test 1, designed to investigate the effectiveness of 
the capacitor modifications, was unsuccessful be- 
cause the running unit tripped off-line when another 

unit was started. After this test, it was decided to 
proceed with the second test option, which con- 
sisted of eliminating transformer inrush current by 
rewiring the feedback transformers to the line side 
of the unit contactors. It was believed that this circuit 
change, in conjunction with the capacitor modifica- 
tions, would possibly eliminate the startup problems. 
With the plant so configured, the first attempt (test 
2) was successful in that all three units were suc- 
cessfully started. However, during the second at- 
tempt to bring the third unit on-line (test 3), the other 
two running units tripped off-line. It was then decided 
to proceed to the next test option of installing the 
insertion resistor starting scheme on the last unit to 
be started, unit 4. In this configuration, the feedback 
transformer of unit 4 was returned to normal so that 
the motor stator, filter, and feedback transformer 
would be energized together, first through the aux- 
iliary insertion resistor contactor and then through 
the main unit contactor. 

While waiting for the modifications to be made, the 
drive manufacturer representative informed the Bu- 
reau test crew that the drive manufacturer did not 
believe that this or any other type of modification 
would enable the Bureau to reliably start all three 
units. The manufacturer believed the only solution to 
the problem was to increase the system capacity and 
stated this in a letter to the Bureau. 

After the required modifications were made, test 4 
was performed to obtain the proper timing infor- 
mation for the auxiliary insertion resistor contactor. 
The rotor inverter circuit of unit 4 was then inhibited 
to shorten testing time and to save water. This did 
not interfere with the validity of the testing in that 
the startup problem occurred during the initial ener- 
gization of the stator, filter, and feedback transformer 
and not during the rotor energization period, which 
occurs about 20 seconds later in the startup cycle. 

Tests 5, 6, and 8 consisted of energizing and de- 
energizing the unit with the special insertion resistor 
and contactor while the other two units were on-line. 
In all, 20 successful attempts were obtained without 
a single failure. There was a problem with control 
circuit fuses blowing, but this was traced to the un- 
related failure of an under/over voltage protection 
relay, which was removed from the circuit and testing 
resumed. Test 7 was similar to tests 5, 6, and 8 
except that the rotor circuit on the unit with the in- 
sertion resistor (unit 4) was now enabled, thereby 
allowing a complete start sequence while the other 
two units were running. 

CONCLUSIONS 

The capacitor modifications with or without rewiring 
the feedback transformer to the line side of the unit 
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contactor were not sufficient to eliminate the motor 
startup problems. 

The insertion resistor startup technique was very 
successful in eliminating the motor starting prob- 
lems. There were 22 successful starts out of 22 at- 
tempts. Based on the success of these tests, it is 
strongly suggested that all of the units at Fountain 
Valley be modified for insertion resistor starting to 
eliminate startup related problems. 

The test investigation again indicates that the system 
capacity is indeed sufficient. The startup problems 
revolved around the high feedback transformer 
impedance, which severely limits the drive SCR to 
the point that the drives will not function properly. 
The insertion resistor scheme eliminates the startup 
problem by reducing the SCR requirements of the 
drive. 
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Figure H-9. - Instrumentation 
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SUBSTATION 
TRANSFORMER 

+s- 
2500 kV.A 

I3800/2400 
5.5 I O/o 

STATOR 
UNIT CONTACTOR 

P F CORRECTION 1, 
CAPACITOR 

T 

FEEDBACK w 4 
TRANSFORMER 

UNIT NO, 2 

WOUND ROTOR 
INDUCT ION MOTOR 

Y-Y 

RECTIFIER/CONVERTER 

-il HARMONIC FILTER 

A 

L t ( 
150 kQ’ 

23OOV, l53A, 700 hp 

UNIT NO. 3 
Y-Y 

--lO9OV, 291 A 

260pH 

A T l70kQ 

UNIT NO. 4 
Y-Y 

Figure Ii- 10. - Normal system configuration 
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f UN IT CONTACTOR STATOR 
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UNIT NO. 2 
PF CORRECTION 

CAPACITOR 

WOUND ROTOR 
FEEDBACK u 

TRANSFORMER 
INDUCT ION MOT0 

7 

SUBSTAT ION 
TRANSFORMER RECTI F I ERICONVERTER 

HARMONIC FILTER 
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2500 kV.A 
13800/2400 

5.5 I O/o 
2300 V, I53 A, 700 hp 

I50 kQ 

UNIT NO. 3 

rlO9OV, 291 A 

R 

I70 kQ 

UNIT NO. 4 

Figure H-l 1. - Alternate feedback transformer configuration. 
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STATOR 

-+L@j-) UNIT NO. 2 

TRANSFORMER 
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WOUND ROTOR 
INDUCTION MOTOR 
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SUBSTAT I ON 
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Figure H-12. - Insertion resistor configuration. 

118 



+I 
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-I 

+I 
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-I 

I, = cos e-o.22 cos(3.38) 

I,- cos (8-120)+0.11 cos( 3.38) 

IC = COS (e- 240)+ 0.1 i COS(3.38) 

620A 
PEAK TO PEAK 

530A 
Referto Test 9b 

PEAK TO PEAK 
for actual filter 
current waveforms 

590A 
PEAK TO PEAK 

Figure H-13. - Worksheet for harmonic analysis. 
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IA = cos 8 +o.II cos (3.38) 

IEi = COS (8 -I20 8 )+O.ll COS (3.38) 
Ic = COS (8 -240 8 I-0.22 COS (3.38) 

In all instances, the COS(3.38 1 term is resynchronized to the 
1~ COS 8 waveform each half cycle at the time of peak amplitude. 

Figure H-14. - System model developed from harmonic analysis. 
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CALCULATION SHEET NO. 5 

Insertion Resistor Selection 

Line-to-Line voltage= 2400V - Line-to-Gr ound voltage= 1400~ 

Since the magnetic circuit inrush current will be eliminated by the 
insertion resistor, only the unit charging current needs to be 
considered: 

Q(Unit)= 170 kQ(drive) + 150kQ (motor) 
=320 kQ(3-phase total) 
= 107 kQ per phase 

Q= VAR( volt-amperes reactive) 

Charging current at startup: 

1~:07/1400~75A 

Charging impedance at startu,p: 

Z=l400/75=20 ohms 

Selecting 12.5 ohms for the insertion resistor, 

Zz l2.5-j20= 23 /- 58" ,where j=fi,and 

the current at startup would be 

Resistor voltage at startup: 

k(60A)(l2.5 ohms)% 750V 

Therefore, using 12.5 ohms for the insertion resistor results in 
about 0.5 per unit voltage across the resistor. Of more importance, 
the startup inrush current is eliminated and the startup current 
is limited to 60 amperes. 
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CALCULATION SHEET NO. 6 

Transformer Connections 

HI H3 H,H, 

Y 
H3H2 

Ii 
t 

H2H3 

A h H2 H,H, 

18-V, a-c PT’ ’ 

vx 

Vz 

-3 VY 

Note: As can be seen from this vector check, H, leads X3 by 30: and 

This matches the Vx leads H, H, by 30” 

oscil lograph record VX leads H, H, by 150” 
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The Bureau of Reclamation of the U.S. Department of the Interior is 
responsible for the development and conservation of the Nation’s 
water resources in the Western United States. 

The Bureau’s original purpose “to prorrde for the reclamation of arid 
and semiarid lands in the West” today covers a wide range of interre- 
lated functions. These include providing municipaland industrial water 
supplies: hydroelectric power generation; irrigation water for agricul- 
ture; water quality improvement; flood control; river navigation; river 
regulation and control; fish and wildlife enhancement; outdoor recrea- 
tion; and research on water-related design, construction, materials, 
atmogDheric management, and wind and solar power. 

Bureau programs most frequently are the result of close cooperation 
with the U.S. Congress, other Federal agencies, States, local govern- 
ments, academic institutions, water-user organizations, and other 
concerned groups 

A free pamphlet is available from the Bureau entitled “Publications 
for Sale.” It describes some of the technical publications currently 
available, their cost, and how to order them. The pamphlet can be 
obtained upon request from the Bureau of Reclamation, Attn D-922, 
P 0 Box 25007, Denver Federal Center, Denver CO 80225-0007. 


