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1.0 INTRODUCTION

1.1 BACKGROUND

Research(1-2) performed for the Department of Transportation (DOT) concluded

that High Voltage Direct Current (HVDe) power distribution for high speed ground

transportation may prove economically attractive if the circuit breakers which

can handle both the voltage and current involved can be developed at reasonable

cost. Research which led to this conclusion was performed in 1969. ~ince that

time, circuit breaker technology in the a~ea of extra high voltage DC transmission(3-4)
has advanced rapidly.

The present efforts of the Federal Railroad Administration (FRA) are directed

toward electrification of the high speed test loop at the Transportation Test

Center at Pueblo, Colorado, electrification of the Northeast Corridor and studies

of the feasibility of electrification of railroad properties. This latter effort

is concerned with cost, economic and environment impact and electrification op­

tions. The present study is a contribution to electrification options and pro­

vides FRA with an initial technical analysis of HVDe (10-50kV) electrification of

railroads.

There May be potential economic advantages in both wayside installations and

rolling stock of railroads electrified with HYDC. Even though each rectifier sub­

station will cost more than the AC substation, total cost for all substations

for the HVDe installation could be less tnan that of the AC installation. like­

wise, propulsion equipment aboard the rolling stock may have some cost and weight

advantages in the long run. However. before such cost analysis can be completed,

the technical feasibility III.Ist be de~nnined. This determination is the purpose

of the present study.
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1.2 SCOPE OF WORK

This study had three principal objectives:

1. A review of the state-of-the-art for HYDC distribution system components

with particular emphasis on circuit break~r development and rectifier practice.

2. A survey of experience on lower voltage D.C. power distribution systems.

evaluation of the problems encountered. and a projection of the results to HVDC

systems •

3. Investigation of alternatives to the De breaker including sectionalizing

on the AC side of the system and using series pole connections of three phase

AC circuit br~akers for the HVDC circuit breaker.

Areas for f~rtner research efforts are also identified.

1.3 ORGANIZATIO~ OF R(PORT

Section 3.0 of this report contains a discussion of the system aspects of

railroad e1e,trification. These must be considered in any meaningful consideration

of electrification components.

Section 4.0 has a description of the potential types of HYDe s~itch gear

for application including those based on solid state. metal plasma. gas plasma

and more conventional devices. A Qualitative cOMPIrison among the various con­

cepts is made and some of the concepts are prioritized for further development.

work.

Section 5.0 contains a discussion of rectifier practice and components which

may be applied to HYDC railroad electrification. and section 6.0 has a review

of operating experience and practices which are projected to HYDe systems.

Recommendations for future research as well as a step-by-step plan for

achieving this research is covered in section 7.0. A bibliography is included in

Section 8.0.
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2.0 SUMMARY

2.1 C~ClUSIONS

This preliminary analysis shows no technical obsttcle to the development

of HYDe power distribution systems for application to railroad electrification.

1. Circuit breakers. which can be applied to HYDC power distribution,

are in various stages of development and with reasonable. directed development

effort. could be applied for railroad use.

2. Rectifiers are now available which can satisfy the load and voltage

requirements posed by HYDC railroads. Although prototype installations should

be tested before any practical employment, not IlIIch development work is

necessary.

3. The alternative to the DC breaker. namely sectionalizing on the AC

side of a HYDe power distribution system is a viable option wi~h the sacrifice

of some operating flexibility.

4. Any HYDC power distribution system for railroads must be designed as a

total system. Circuit breakers. relay/interlock subsystell\S. distribution aspects

(catenary. back up distribution cables etc.). and lightning protection IlIISt be

considered at the beginning of the design analysis.

2.2 Reconnendations for Future Research

The results of this study indicate that there are five steps which will

take the effort of HYDe railroad electrification from the feasibility stage to

a prototype demonstration. The last two steps are conditional and will depend

pri.rily on the outeOlllt of step 3.

1. All parUleters necessary to specify a cOlllPlete HYDe distribution system

for railroads should be identified and their ranges detenmined where applicable.

This specification should be determined knowing the parameters of the comparable

AC distribution systelftS and keeping them in the forefront.

3



2. A study of the five most viable canGidates for use as DC circuit breakers

which include the force-commutated vacuum interrupter. the magnetically actuated

vacuum interrupter. the force commutated liquid metal plasma valve. and modifi­

cation &nd application of a present magnetic-air breaker should then be under­

taken ~sing the system parameters generated in Step 1. The outputs of the

study should be principally econonlic and should include estimates of development

costs, production prices per unit ~nd operating and maintenance costs. An

economic and technical study of thetlternative to the DC breaker. namely.

switching and protection on the AC side of the power distribution system. should

be completed.

3. Acomparison of high voltage AC y~ DC power distribution should be

completed at this stage. Both motive power aboard vehicle and wayside instal­

lations should be considered in tenms of total life cycle cost. If the result

of this study indicate that HVDC distribution is economically sound. (perhaps

10-25% less costly than AC) then risks and rewards of DC electrification would

be considered and a decision to proceed through the next two steps should be

made at this time.

4. Based on the outcome of Step 2 and 3. candidates for circuit breaker

development could be selected for design. fabrication and laboratory testing.

5. If DC distribution system economics and technical performance prove

viable. a small prototype demonstration should be undertaken.

Step 4 would only be completed if a decision were made to use DC electrifi­

cation and to use the DC breaker rather than switching on the AC side.
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3.0 POWER DISTRIBUTION SYSTEM CONSIDERATIONS

Within the external constraints such as compatibility with other r~ilroads

or commercial availability of electrification equipment. the choice of the

power distribution system for electrification is generally based on economics,

There have been several studies(1.S-8)on the economic and technical considera­

tions involved in the selection of At or DC electrification for railroads and

rapid transit systems.

There are mlny factors which influence the capital and operating cost of

electrification. Both wayside and rolling stock equipment must be considered

in any tradeoff analysis. The answers are generally sensitive to the kind of

operation desired by the railroad. Thus. to determine the answer of AC vs DC

electrification. the operational char~cteristics and technical perrormance re­

quirements must first be determined.

3.1 COMPARISON OF HVDe DISTRIBUTION SYSTEMS

Several configurations of DC power distribution systems have been applied

to electrified railroads and rapid transit systems. Normally, at low voltage

DC (600-3000V). a banked secondary network is used in ~ich adjacent substations

feed the load through one or several trolleys on a many par&llel-track rail­

road. Isolation of trolley seglents. fault protection of the system and power

switching functions are provided by DC breakers.

Atypical substation arrangement for a two parallel track railroad is

shown in Figure 1. In this DC distribution system. flexibility is obtained

by:

1. A capability to operate through any transformer-rectifier unit.

2. A capability to have the tie breaker normally open or normally closed.

In the latter position. adjacent substations are banked through both trolleys

allowing better voltage regulation for the load.
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• • PRIMARY BUS

PRIMARY BREAKERS (AC)

TRANSFORMERS

SECONDARY MAIN BREAKERS (AC)

RECTIFIERS

SECONDARY MAIN BREAKERS (DC)

FEEDER BREAKERS (DC)

CROSS TROLLEY TIE BREAKER
(DC)0'1 TIE BREAKER (DC)

FEEDER BUS~

TROLLEY I I ....

SUBSTATION TIE STATION

TIE BREAKERS( DC)

Figure 1 DC Substation and Tie Station Using DC Breakers for Isolation,
Protection and Switching.



Tie stattons are also used in the bank secondary network. An eXIIIP1e

of a tie station is shown in Figure 1. Tie stations contribute to system

flexibility by providing isolation caDability in the event of a fault and

provide better voltage regulation.

Both substations and tie stations using DC breakers could also be used for

HYDC distribution for railroads in a similar system configuration.

Asecond general class of DC distributio" systems are those which use AC

breakers for fault protection and motor driven disconnect switches for isolation

and switching. One such system configuration is shown in Figure 2. The dis­

connect switches are never operated under load. The At breakers are used to

cut all power and then the di~connect switches are operated.

The feeder disconnects of Figure 2 feed both tracks and the adjacent sub­

station also feeds both tracks. If a fault occurs in this section. the secondary

main breaker (AC) opens in both substations. the appropriate disconnect switches

open and the At breaker restrikes establishing power. Each track section can be

fed from either transformer in the event of maintenance on the substation.

Tie stations consisting of disconnect switches rather than the DC breake,~

of Figure 1 can be employed. Fault detection capability should be provided at

the tie station.

DC distribution systens which depend on AC breakers and disconnect switches

may require more extensive fault detection and relay/interlock logic than those

using DC breakers. Fault clearance times may be slightly longer and will be

detennined by the operation time for the motor driven switches. However. these

clearance times are not expected to be excessive. There is no known technical

impediment to implementing such a power distribution system. Thus. the DC

distribution system which depends on AC breakers for fault protection and motor

driven disconnect switches for isolation and switching is a viable alternative

7



PRIMARY BUS

PRIMARY BREAKERS (AC)

TRANSFORMERS

SECONDARY MAIN BREAKERS(AC)

TIE BREAKER (AC. NORMALLY OPEN)

RECTIFIERS

MAIN DISCONNECTS
TIE DISCONNECT (NORMALLY OPEN)

FEEDER BUS

FEEDER DISCONNECTS

TROLLEY

Figure 2 DC SUbstation Using AC Breakers for Protection
and Disconnect Switches for Isolation and SWitching.
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for high voltage application. This alternative warrants .are attention because

HYDe breakers are expected to be expensive.

3.2 DESIGN CONSIDERATIONS

Specification of electrification equipment for HVDe r.ilroads is a system

engineering job. Fault protection, isolation and twitching requirements

should be considered at the beginning of the job and not at the end. In some

cases, fault protection may significantly influence the system cost.

several parameters are required to specify a HVDC distribution system.

SOlIe of the more important are:

1. System Voltage (MaxilllUlll. nominal, mini/llllll)

2. System Loads (Maxinun, nominal, mininun)

3. Substation Spacing

4. Substation Electrical Parameters

S. Trolley Impedances

6. Vehicle Starting Currents, Induced Line Ripple. Jerk Rates, dI/dt and
Top Speed.

7. Transients (Overvo1tages, overcurrent. lightning, switching surges
and fault behavior)

8. Systell Configuration

9. Clearance Requirments

10. Propulsion and Auxiliary Design

Installed substation capaci~ for electrified railroads for both suburban

and ..in line service throughout the world lies in the range 120 kW - 670 kYA per

single track mile (s.t.mi.). (6) A study of future require-ents on the North­

east Corridor indicates caPlc1~ of 650-875 KVA per s.t.mi. for low and high

deInInd respectively. For the purpose of this study. a capacity of 500 kW/s. t.mi.

was chosen as typical for future HYDe installations. Likewise, aMpicity for

electrified railroads with overhead trolley is in the range(6) 750-1350 amps.
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Conceivably, this a~pacity, which is based on a wire temperature rise of soeo

can be increased slightly by increasing conductivity (and cost of the catenary

installation) and perhaps by increasing the allowed temperature rise. For thp

purpose of this stuQy, the ampacity of 750-1500 ..ps per single trolley has been

chosen. It is expected that mechanical considerations may limit the upper value

of ampacfty.
Having chosen the ampacity and capacity ranges per single track. the re-

maining parameters which are used in the study may be computed. These are

listed in Table 1.

Trolley conductivity is based on ampacity. Generally. the conductivity is

the sum of the conductivities of catenary. auxiliary catenary, and contact wire.

A typical overhead trolley is shown in Figure 3.

Substation spacing is based on the requirements for O.5MW/~.t.mi. ca~acity.

Spacing may be more restricted because of voltage regulation, reliability and pro­

tection requirements. These cannot be determined until a real system is consldered.

Inductance was determined by noting that the trolley is typically 25 ft.

above the rail. Taking into account that several rails carry the return current

and mutual inductive effects for adjacent trolleys in the same circuit. a range

of 1-3 mH/s.t.mi. was used.

Maximum fault current and maximum rate of rise of fault current can be

limited by the substation equipment design. The ranges shown in Table 1 are typical

for this kind of equipment. (11)
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TAIIlE 1 HYDC POIiER DISTRIIUTlIIl PMNlETERS USED IN STUDY

IOIINAL DC VOlTAGE IkV) 10 I 25 I 50
COOIIlUOUS CUllREIIT Ws. t.)* 0.75 - 1.5
SUBSTATlIIl CAPACITY (JII/S.t. r* 7~" - I!> III r!> :JI.!> :11.!> - I!>

SUBSTATlIIl UftDMCE (1/5. t. *** 5 - 12 5 - 12 8 - 12 8 - 12 8 - 12 8 - 12
SUBSTATlIIl INDUCTANCE (""5. t.) 1.7 - 4.2 0.9 - 2.1 7.2 - 13.3 3.5 - 6.6 14 - 26.5 7.2 - 13.3
FAUlT CURREIIT LI"IT (kAls.t.) 15 - 6.3 30 - 12.5 i.4 - 5 18.8 - 10 9.4 - 5 18.8 - 10
RATE OF RISE Of FAUlT CUUEIIT (MAls/s. t.)+ 5.9 - 2.4 11.1 - 4.8 l.5 - 1,9 7.1 - 3.8 3.5 - 1 9 6.9 - 3.1
~STATlOII SPACIIIO (.i)++ 15 - lO l, .5 - 15 75 . HiD

CIRCUIT COIIIlUCTIVITY (IilCM/S. t'I+++ .:5:1 - 1.:5:1
CIRCUIT INDUCTANCE (-"/s.t.•i. 0 3.0 - 4.0

* IWlUUI VALUE IS lASED lMlHAD TROlLEY MPACITY. AT SOCO IlISE

.. IOIIIIAL DC VOLTAG£ l COIITIIIUOUS CUIlIlEIIT

-* REFEIlEIlCE 12

IIoU: s. t .• Single TrICk

°TROlLEY IIIOUCTNlCE IS YEIlY IIEPDIO£IIT
III ClIlfiGURATlIIl OF POllER DISTRIIUTIIIl
SYST~.

• FAULT OCCUltS AT SUBSTATIIIl fE£IIER IUS

++ TO PROVIDE 0.5 JII/s. t .•" CAPACITY. VOLTAGE IlEliULATUIl MY
fUllT1lE1l L1"1T SUBSTATIIIl SPAC 1116.

+++ COMIUCTIVITY OF AN EQUIVALENT CROSS SECTIIIl Of IIITEMIATlOIIAL
AlllEALrD COPPER STMOARO (lACS) III "ILLICII OF CIRCULAR NILS
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Figure 3 Composition of the Overhead Trolley
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4.0 DC SWITCHGEAR FOR HIGH VOLTAGE APPLICATION

4.1 GENERAL REQUIREMENTS

Acircuit breaker in the power distribution system of an electrified rail­

road serves three basic functions:

1. Circuit Protection by Fault Interruption.

2. Circuit Isolation.

3. Load Switching.

The most severe duty on any circuit breaker occurs during fault interruption.

Circuit isolation is the disconnecting of a circuit from its power supply ~r

from other circuits. This function is needed to perform corrective or preventive

maintenance and to deenergize the circuit for safety reasons. Fundamentals of cir­

cuit breaker application are contained in an excellent series of review articles

in the IEEE Spectrum(lO).

Acircuit breaker has four basic requirements:

1. It must carry the continuous current of the circuit with little

energy loss.

2. In its open position it must be a good insulator.

3. It must be able to interrupt any fault current without producing over­

voltages which have an adverse affect on the system. In some cases. it may be .

required to limit fault current.

4. It must be able to close even under short circuit conditions without

damage.

The interruption of DC is more difficult than the interruption of AC at

comparable voltages and currents. An AC circuit breaker usually interrupts

near a current zero. Ideally. an AC breaker doesn't requ;re much arc voltage

drop during the current part of the cycle. but must develop the ability to

withstand voltage very quickly after current zero. In contrast. a DC circuit

13



breaker must create a current zero in the circuit while the fault current is

flowing and hold it long enough to develop the capability to withstand voltage.

Thus. the DC breaker must have a greater energy absorbtion capability than the

equivalent At breaker.

Two very general classes of circuit breakers Ire recogniZed:

1. Those which depend on creation and recombination of ions and electrons

within solid materials to effect conduction and insulation (Solid State).

2. Those which depend on the insulating properties of vapors or gases for

insulation and the properties of plasma~ for conduction.(ll)

The four basic circuit breaker ~quirements can be restated in specific

tasks which can be accomplished by the same or several circuit elements. These

tasks are:

1. To carry the normal circuit currents.

2. To create a current zero for some finite time during the interruption of

a fault.

3. To provide insulation against system voltage and countervoltage in a

very short time.

4. To absorb much of the fault energy. thus. minimizing system counter-

vol taqe,

5. To revert fr(lll insulator to conductor without damage even under short

circuit conditions.

There are several parameters which characterize HYDe circuit breakers,

operating in power distribution systems. These para_ters are:

1. Continuous Current
2. Continuous Voltage
3. Maximum Fault Current
4. Operating T1I1le
5. Time to Clear Fault
6. Energy Absorption Capabil i ty
7. Magni tude of Countervo1tage
8. HiBer of Operations Between Replacement or Maintenance.

14



The operating time for a circuit breaker in a ~r distribution systen is the

time from fault detection to the time at which the maximum value of fault cur­

rent 15 r@Ached because of circuit breaker action. Fault current can also be

limited by the supply as well.

The time to clear the fault is the time from detection of the fault to the

point where the circuit current is reduced to zero. This is an important parameter

because it represents the length of time circuit elements within the fault are

subjected to the effects of fault current.

The energy absorbtion capability of the breaker is the fraction of the fault

energy absorbed, namely, the magnetic energy stored in the inductive circuit elements

plus the input energy from the supply over the length of time to clear the fault.

The amount of energy that is not absorbed will appear as an overvoltage on the

system.

In practice, calculation of required circuit breaker performance is not

simple. Factors which contribute to the increased complexity are:

1. Several breakers operating simultaneously,

2. Mutual inductive effects of parallel trolleys,

3. Behavior of the power supply under short circuit conditions,

4. Transients caused by the application of thp. fault itself,

5. capacitive coupling in the circuit.

The magnitude of overv01tage expected determines the basic impulse level,

(BIl) of the system. It affects such things as wayside insulator size and clear­

ance requirements and insulation of substation equipment as well as filter and

insulation requirements aboard the powered vehicles.
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Table 2 lists some rough estimates of breaker energy absorption require­

ments and re$ulting countervoltages expected if the breaker absorbs total energy

for a very simple case of a fault on the substation bus. The assumptions are

listed in the appendix. The operating t1. of the breake!" is 10 .5. This is

the time to limit the fault current. For the configurations hsown in Table 2.

the current is limited by the circuit. itself within 2 ms.

In actual practice, however. it is not possible for the breaker to absorb

all the energy. The inability of the breaker to absorb the circuit energy will

result in much higher overvoltages due to the transfer of energy between circuit

inductance and capacitance. Faults which occur further away from the substation

will require less energy absorbtion capability provided these faults be detected

within a reasonable time.

Faults which occur at points between substations will be difficult to detect

on overcurrent at the lower voltages because the fa~lt current may be less than

twice the rated current of substations. It will be necessary to detect these

faults on rate of rise. Table 3 shows a comparison between fault currents

and train acceleration for faults midway between substations. Again. a single

power source per trolley is used.

16



TABLE 2: HVDe BREAKER ENERGY ABSORPTION RE~IREMENTS AND
COUNTERVOLTAGES

SYSTEM CAPACITY Ifl»E DANCE MAXIMUM ENERGY ABSORPTION-MJ COUNTER VOlTAGE-kV
VOLTAGE (tills. t.) FAULT CURRENT 'tLEAWCE TIME fCLEARANCE TIME
(KV) (kA/s.t.) 20 IRS 40 IRS 20 lIS 40 lIS

5 15 2.1 3.6
7.5

12 6.3 0.9 1.6
10 13 11

5 30 4.2 7.2
15

1.8 3.212 12.5

8 9.4 3.4 5.7
18.75

15 5.0 1.9 3.1
25 32 27

8 18.8 6.8 11.4
37.5

15 10 3.8 6.2

8 9.4 6.6 11.5
37.5

15 5.0 3.6 6.1

50 63 54
8 18.8 13.2 23.0

75
15 10.0 7.2 12.2

Notes: Trip current is set at four times rated current for 10kV. three times

rated current for 25kV and twice rated current for SOkV. This would

represent the kind of short time loads one would expect on the system.

Fault current is limited by circuit impedance.
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TABLE 3: COMPARISON OF CURRENT DRAWN AND RATE OF RISE
FOR FAULTS MIDWAY BETWEEN SUBSTATIONS AND
ACCELERATING TRAINS

SYSTEM SUBSTATION ACCELERATING RATE OF RISE FAULT CURRENT FAULT CURRENT
VOLTAGE CAPACITY TRAI NCURRENT* OF ACCELERATING L1MIT** RATE OF RISE
(kV) (MW/s.t.) (kA) CURRENT*(kA/ms) (kA) (kA/ms)

7.5 4.5 .013 4.4 .66
10

15 4.5 .013 2.3 .34

18.75 1.8 .005 4.4 .66
25

37.5 1. B .005 2.3 .34

37.5 0.9 .0025 4.4 .66
50

75 0.9 .0025 2.3 .34

• Based on a 16 car self-propelled train set accelerating and requiring 45 MW at a jerk
rate of 2.5 MPHPSPS (rise time = 0.12 sec.)

•• Using resistance of 0.3 a/mi. and load is fed from both ends. Inductance is
2 mH/mi.
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The interruption of faults is severe duty for the breaker. A measure of

breaker perfonr~nce is how well it can stand up to fault interruption. It is

measured by the number of fault interruptions and severity that the breaker can ~:ith­

stand between maintenance or until replacement. The nl.ll1ber of fault Interrupt.tons

between maintenance together with average cost of r.~intenance or replacement will

contribute directly to the operating cost.

4.2 CONVENTIONAL SWITCHGEAR

The term "conventional switchgear" refers to circuit breakers which have

been used in the past for application to either railroad or electric utility

power distribution systems. This switchgear would include:

1. High Speed DC Circuit Breakers,

2. AC Circuit Breakers (Magnetic/Air Blast or Air Blast).

3. Oil Circuit Breakers.

Circuit breaker configurations in which these breakers might be used are shown

in Figure 4.

Figure 4.1 shows a circuit breaker composed of two conventional circuit

breakers as elements in series. This scheme might be applied to voltages in the

range 10-25 kV.

1. Two high speed DC breakers (3kV), which are suitably modified to in­

crease arc voltage capability and to withstand the BIl level of the system. might

be applied for DC voltages at the lower limit of 10 kV. Present DC high speed

breakers· now have arc voltage capabilities of 8 KV.

2. AC Breakers of the mlgnetic and air blast variety, whose poles have

been connected in series may also serve this application. Although it is difficult

to estimate at this time, breakers in the 46-69 kY class may be required for DC

systems of 10kV. It may also be possible to obtain the required interruption

* Westinyhouse Type DM-l for example.
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duty using only one such breaker rather th~n two in series.

3. AC Oil Breakers. suitably modified and whose poles have been put in

series may also be applied. Again. higher voltage classes may be required

and a single breaker rather than two in series may fit the application.

In the scheme of Figure 4.1. there is no provision for energy absorbtion

other than that in the arc chute and gases in the air blast breakers and in the

oil for the oil breakers. As a result. high f.ountervo1tages could be generated

when the arc is extinguished.

The circuit breaker scheme outlined in Figure 4.2 may also work using

suitably modified high speed DC breakers or AC breakers. Upon the detectiaa of

a fault. the circuit breaker opens creating an arc voltage. When the arc voltage

has built up to nearly its limit. the switch is closed. diverting tile short cir­

cuit current into the capacitor. thus temporarily robbing the arc of current.

This may cause its extinction. The non linear resistor is then used to absorb

the fault energy. keeping the countervo1tage at reasonable levels. This scheme

may be useful in the 1045kY range with proper selection of CB. C and R. This

selection would depend on actual system parameters.

The circuit breaker shown in Figure 4.3 is similar to the concept employed

in Figure 4.2. Both circuit breakers are opened simultaneously. In addition.

CB could remain open for purpose of isolation. This method haS been tried with

a special oil breaker (13-15) using flowing oil for arc interruption as part of

an experiment for application to HYDe power transmission. At currents of 650

amps. arc voltages up to 60 kY were developed and maintained until the current

was interrupted.

The concept(16) shown in Figure 4.4 includes a series-resonant LC circuit

with a conventional air blast circuit breaker. After the contacts of CB have
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been opened. switches Sl and S2 are closed. superimposing an oscillation on

the direct current, which, through proper selection of circuit elements, could

lead to a current zero. Currents up to 250 amps have been interrupted at 100 kY

DC using this scheme.

It is possible that with proper selection of circuit elements and breakers,

anyone of the schemes described would have potential to serve as a DC circuit

breaker in the ranges of currents and voltages considered in this study.

4.3 SOLID STATE SWITCHGEAR

Solid state switchgear includes circuit breakers which are composed

of power transistors and thyristors and associated circuitry. The solid

state devices must carry the load current as well as interrupt fault current.

The relatively low power handling capability of power transistors means

that many series/parallel units would be required for the job.

Power transistor cost is typically $~OO/kYA and because of the rather limited

overload capability. nearly the full fault MVA would be required in the power

transistor unit. Furthermore. the power requirements for the base drive are

0.075-0.1 kVA per kVA. The net result is that the cost for such 3 breaker would

be extremely high and probably out of the question.

Although the thyristor is less expensive. the cost for a circuit breaker

composed of series/parallel thyristors would be very high. The commutating cir­

cuitry to turn the thyristors off would also add to the total cost. The cost of

a thyristor breaker would be of the same order of magnitude as the rp.ctifier

itself.

Typical circuit diagrams for thyristor and power transistor switchgear are

shown in Figure 5.
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The high vacuum tetrode. although not a solid state device. can be con­

sidered in the same context as the power transistor. Although it has the power

handling capability in a small number of units, it requires about 0.25 kW

per MW switched. It was not considered further.

4.4 METAL PLASMA SWITCHGEAR

The term "metal plasma switchgearII refers to interrupters which depend

upon a metal vapor plasma and its associated instability under magnetic or elec­

tric field action to stop the flow of current. Metal plasma circuit devices

which have been developed to the point of use as interrupters for HVDe distri­

bution systems for railroads are:

1. The Vacuum Switch (VS),

2. The Liquid-Metal Plasma Valve (LMPV).

Three circuit breaker concepts will be discussed under the above two

topics. Two concepts involve forced commutation of each of the devices (VS

and LMPV) and the third involves magnetic commutation of the VS.

4.4.1 The Vacuum Switch

A rough sketch(17) of the principal components of a VS is shown in Figure 6.

The electrodes are made of high purity gas-free material and the ambient gas

pressure in the enclosure is about 10-6 torr.

An arc is established in the VS by separating electrodes. Metal from the

electrode surfaces is vaporized by the action of the arc. Condensed metal appears

on a condensation shield. Once the arc energy is reduced to zero, the metal vapor

and plasma within the interelectrode regions rapidly condenses and recombines

on both the surface of the electrodes and the shield. Th15 causes reestablishment

of the original vacuum condition with its high insulation property. Recent

experiments indicate that single break interrupters are capable of interrupting

25 kA in 36 kV AC circuits where the rate of rise of reapplied voltage exceeds

500 kV/ms. (18)
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A Forced-Commutated Vacuum Switch Circuit Breaker

A forced-commutated vacuum switch circuit breaker has been considered for

application to HVDe transmission n~tworks.(19-20) Much work with this device

has been done by the General Electric Co. The circuit breaker is shown in

Figure 7 in a one line diagram. The capacitor. C2• is initially charged to

line voltage. When the VS contacts are opened. the triggered vacuum gap (TVG)

becomes conductive discharging the capacitor so as to drive the arc current to

zero. Other elements in the circuit are:

1. The inductance. L2• in series with the vacuum switch is a saturable

reactor. Under load current it has very low inductance. As the arc current is

forced to zero once commutation is initiated, the inductance increase~ substan-

tially thus c~ntrolling the circuit di/dt.

2. The combination of circuit elements l2' Rl and Cl limits the rate of

rise of countervoltage so that th~ VS has time to regain its insulation properties.

3. Absorption of the fault energy is accomodated by a non-linear resistor.

R3 which is switched into the circuit by TVGz.

4. The principal of the TVG is that conduction is established between two

principal electrodes by first initiating a discharge between one of them and

an auxiliary electrode called a trigger. Triggered vacuum gaps bPhave like a

VS. They generally interrupt when current through them goes to zero.

5. The residual current through TVG2 is interrupted by switching on TGV3
which allows the same commutating circuit to reduce the flow of current through

TVG2·
6. The commutating capacitor C2 is charged through the resistor R2 to

system voltage. Thus when the TVG1 is fired, the breaker current increases first

and then is later brought to zero by the commutating circuit (llC2)'
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This circuit breake~ has been tested in the laboratory under hi,h voltage,

high current conditions. It was tested at 20 kV with a single VS and at 80 kV

with four VS in series. Nominal currents of 5.5 kA were interrupted. At least

15 kA was interrupted using one kind of VS. Three VS in parallel allowed in­

terruption of currents up to 23.5 kA in circuit breakers similar to the con­

figuration of Figure 7.

Magnetically-Commutated Vacuum Switch Circuit Breaker

Preliminary work by Westinghouse Electric Corporation(21) shows that a

magnetically commutated VS may hold hope for a HVDe circuit breaker in the

10-50 tv range. A schematic of such a breaker is shown in Figure 8. Astrong.

pulsed magnetic field is applied transverse to the electrodes of the VS as they

are opened.

Commutation ability has been studied using parallel resistors and capacitors

at currents to 10 kA with a single VS. The experiments were performed at low

DC circuit voltages (80 V) and 10 kV and higher in AC circuits. Although the re­

search results have not been applied to development of a circuit breaker in the

range of interest. at this point in time it may have high potential because it

replaces the electric commutating circuitry with magnetic circuitry.

4.4.2 The liquid-Metal Plasma Valve

The lMPV has been developed by Hughes Research Laboratories(22) and most

of the application work has been directed toward converter valves. The lMPV

uses liquid Mercury which is vaporized and subsequently becomes a plasma by

the action of the vacuum arc. As a converter valve~23) one unit can carry a

continuous current of 0.6 kA at 150 kV with one minute overloads of 1 kA at

285 kV and overcurrents of 28 kA for 16 ms.

The LMPV has also been applied as a switching device. It behaves somewhat

like a VS in this application. Figure 9 shows an outline drawing of an LMPV.
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Figure 8 Schematic of Magnetically Commutated Vacuum Switch
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mechanical contlctor is immersed in Sulfur Hexaflour1de (SF6) gas which has

larger arc voltage drops and better insulation recovery than air. Steps in

circuit interruption are:

1. The mechanical contactor opens creating an arc voltage sufficient to

put Xl, into a conducting state. (The capacitor limits dV/dt).

2. As soon as the arc in the mechanical contactor is extinguished, the

magnetic field in tube XT, is pulsed off causing it to go out of conduction and

causing XT2 to conduct.

3. The fault energy is now dissipated in non-linear resistor. R and as

soon as fault current is at a residual valuei the magnetic field in tube XT2
is pulsed off.

Limitation on the cross field tube is the current density which it can

handle. Since the tube cannot interrupt if a vacuum arc is drawn (such as in

a VS) current densities are limited to about lA/cm2• In a vacuum switch. current

densities are of the order of 7-12 a/cm2• Therefore. the cross field tube is

ideal for low current very high voltage applications.

4.6 QUALITATIVE COMPARISON OF SWITCHGEAR CONCEPTS

At this stage of the research effort. it is not possible to quantilative1y

compare the circuit breaker concepts discusse~ in Section 4.2-4.5. Selection

of a final concept will probably be strongly influenced by the HVDC railroad

power distribution system parameters.

Circuit breaker concepts involving the thyristor. power transistor and

vacuum tetrode as interrupters can be el~minated from fl'rther consideration

because of their high cost. Cost of a single breaker would be or the orde~

of the substation rectifier or higher.
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Because of the larger substation spacing required for economic justifica­

tion of HYDe over HVAC (to offset rectifier costs). the substations will have

high power per trolley fed. It is conceivable that some means external to the

interrupter will be required for fault energy absorbtion. Therefore. only

circuit breaker concepts which use a resistor or similar external device for

energy absorbtion are included.

Table 4 lists the circuit breaker concepts which have some potential

for development. They may be able to interrupt the required 10-40 kA required

in the voltage range 10-50 kV.

The SF6/Cross Field Tube commutation circuit breaker is excell~nt for

high voltage (100 kV). low current (1 kA) interruption and has been tested

in those ranges. However. as a circuit breaker in the range of currents and

voltages considered here. it may prove too expensive because of the requirement

for many parallel tubes (2 tubes/kA of fault current).

Oil circuit breakers may not be considered because of safety problems.

The most attractive concepts for further developments at this time are

DC or AC breakers with switched capacitors or lC commutating circuits. vacuum

switches with pulsed magnetic or lC circuit commutation and the lMPV with

lC commutation. By considering the configuration of the substation carefully

and using high speed switching devices in clever ways. it may be possible to

have two or more of the interrupters share the same commutating circuit or

energy absorbing resistor. This will reduce the cost per substation for these

circuit elements.

This description is not the last word in DC circuit breakers. Combinations

of some of the circuit breaker elements described in the preceding paragraph may

prove more attractive than any of the single concepts discussed. One such idea

may be a pulsed transverse magnetic field on an lMPY rather than a commutating

circuit.
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TABLE 4 - COMPARATIVE EVALUATION OF CIRCUIT BREAKER CONCEPTS

CONCEPT LOAD CURRENT LOAD INTER- METHOD OF ACHIEVING PRO CON NOTES
NlJIIIBER CARRIED BY RUPTED BY CURRENT ZERO

DC Breaker· DC Breaker· °Arc Coo11ng °Probably lease expensive °Unknown .t.ether concept "Would .ark in ctrcuit
°Switch and Parallel scheme will .ark si.ilar to Ftg. 4.2
Capacitor °Redestgn of DC Breaker or 4.3

Required

2. AC Atr Breaker·· AC Air BreakeroooArc Cooling °Could be a low cost scheme °Unknown whether concept °Would .ark in circutt
°Switch and Parallel will .ark st.ilar to Ftg. 4.2 or
Capacitor °Modiflcation of AC Breaker 4.3

Requtred

3. AC Otl Breaker·· AC Otl °Arc Cooling °Cou1d be a low cost scheme °Spectal Breaker Ny be ·Would work in circuit
Breaker·· °Switch and Parallel °Has .arked at higher required st.ilar to Fig. 4.2 or

Capacitor voltages, lower current °Ot1 ..y present slfety 4.3
illPltcations.

4. DC Breaker • DC Breaker· °LC Com-utating Ctrcutt ° °Redeslgn of De Breaker °Would work in circutt
Requtred. si.i1ar to Fig. 7 with

°Untested breaktr in plac. of YS

5. AC Air Breaker·· AC Atr ·LC CoIMuta,lng Circuit °Has worked at htgher °Modificatton of AC Breaker ·Would work tn ctrcutt
w Breaker·· voltages, lower currents requtred si.tllr to Fig. 7 wtth

" breaker in place of YS.

6. AC Oil Brelker·· AC Oil °LC COIIUtating Circuit °Oil .y present safety "Would work tn circutt
Brelker- i.,lications si.Uar to Fig. 7 witll

·Untested breaker tn pllce of tS.

7. VacUUII Swttch VICU.. Switch °LC COIIUtating Circuit °Has been laboratory °It .y be expenst,e "see Ftgure 7
tested in ,oltlge and
current range

8. VacuUM Switch Vacu.. Switch °pulsed Magnetic Fte1d °Elt_inated eo..utation "Untested at HVDe osee Ftgure 8
°Plrallel Clpacitor Ctrcuit and Control

9. LIIPV Swttch LIIPV Switch OLe to.ltattng Circutt °Laboratory Tested at °LMPV Swi tch .y be MOr. ·Could be used in ctr-
Syst. Yo1tage and Current expenstve than vacuUM cuit si.ilar to Fig. 1

switch

10. SF6 Switch SF6Switch °Cross Fteld Tube "Field Tested at MUch °Would require se,eral "Figure 12
"Parallel Capacitor htgher voltage and Sub- parallel cross field tubes

stantil11y less current to handle fault current.
°Requires no external switch

• De FISt Breaker design Wlich includes insulation to sys* voltage• Present DC breakers cln be used to 3 kY.

•• Poles of AC breaker tted hI sertes and suitably ~tfted to prevent arc shortentng. Higher voltage rltlng ts probably required for better Ire cooltng•



5.0 RECTIFIERS FOR HVDe APPLICArIOH

5.1 GENt:RAl

The rectifier substation used for the electrified railroad with HVDe power

distribution may include a voltage adjustment capability to improve voltage regula­

tion. The use of such a feature will depend on the overall economics of the power

distribution system. Voltage adjustment may be provided by using a load tap

changer in conjunction with the substation transformer or by having adjustment

capability in the rectifier.

Four basic types of rectifiers should be considered for HVDe power distribu­

tion substations. These are classified according to the kind of electrical "valve"

used to convert AC to DC. These four valves are:

1. Diode,

2. Thyristor,

?... Mercury Arc,

4. Liquid Metal Plasma Valve.

The term "valve" is used in this context because of the similarity to the valves

used in HVDe transmission.

A rectifier composed of diode valves is probably the simplest and least

expensive, however, it has no voltage adjustment capability. Thus, if voltage

adjustment is desirable for economic reasons. the capability would be provided

in the substation transformer.

The ~ining three types of valves do have voltage adjustment capability.

Combinations of anyone of these valves together with diode valves will provide

some degree of voltage adjustment. Figure 13 provides an illustration of a

three phase bridge rectifier in three different configurations from least to

most expensive. Voltage adjustment capability is shown. Fault protection on the

DC side of the rectifier would also be provided in the case of the controlled
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valve rectifier of Figure 13. The fault could probably be detected within the

first cycle and disconnected within the second cycle. Provision must be made

to prevent overvoltages.

Although a three phase bridge rectifier was considered to show voltage

adjustment capability. this application could call for a 6-12 phase ',nit. For

higher phase rectification. voltage control may be provided in even less ex­

pensive hybrids.

Diode valves for the current and voltage range of this study are within

the state of the art.

5.2 THYRISTOR VALVE

The thyristor valve(26-27) is now being applied to HVDe transmission con­

verters at voltages above 100 kV. Long strings of thyristors in series are re­

quired to meet the high voltage requirements. Either parallel strings or strings

of parallel thyristors are used to meet the current carrying requirements. During

the design of such a valve. precautions are taken to adequately assure proper

current and voltage division. Adequate safety margins in current, voltage,

di/dt and dV/dt are also provided.

The design of a thyristor valve for HVDe railroad power distribution is some­

what different. With modern current and voltage ratings it is expected that one

series string will be required. Two parallel strings may be necessary for re­

liability reasons. About one thyristor per kV of DC voltage would probably be

applied. Faults are expected to be more numerous and thyristor duty requirements

may be higher.

5.3 MERCURY ARC VALVES

Mercury arc valves(28) have been used in HVDe transmission for many years

and their diode counterpart. the mercury arc rectifier is used in railroad and
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rapid transit application. A single Mercury arc valve has increased in power

(from 10-270 MW), voltage (from 50-150 kV) and current (from 200-1800 A)

rating within the last several years. A typical grid-control mercury arc valve

is shown in Figure 14.

Mercury arc valves are producing current levels in a single unit ~ich are

within the range required for this application. However, yo1t4ge levels are more

appropriate to HYDe transmission.

While thyristors are very sensitive to high voltage spikes in terms of being

destroyed. mercury arc valves are susceptible to arc backs. However, they are

generally not damaged in the process.

5.4 LIQUID METAL PLASMA VALYE

An outline of the LMPy(29) manufactured by Hughes Research for use in

HYDe transmission is shown in Figure 15. A single unit is rated at 600 amps and

nominal working voltage of 150 kV. The LMPV has an arc voltage drop of 20-30 V

as compared to a voltage drop of 150-200 Yfor an equivalent thyristor string.

Because the cathode design of this valve allows it to operate at higher

electron to atom emission ratio than conventional mercury arc valves, the

particle flux from the cathode is greatly reduced. This means that the plasma will

decay more quickly following conduction, and as a consequence the valve should

be less sensitive to dV/dt and tend to arc back less than the mercury arc valve:

One problem is that the valve has much less operational experience than either

the thyristor or mercury arc valve.

5.5 QUALITATIVE COMPA~ISON

Selection of the final configuration and valves for the rectifier will depend

.on system characteristics and economics. Electrical transients such as lightning

strokes, switching surges and faults will playa large role in determining that

decision. However, there are some qualitative comparisons that can be _de at
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this time. These comparisons are listed below:

Thyristor Valve

o low preventive maintenance

o High corrective maintenance

o Thyristor failure monitoring required

o low voltage drop (13 V, lOkV. 65 V, 50 kV)

o Some service experience in HYDe

Mercury Arc Valve

o Probably highest cost

o low corrective maintenance

o High preventive maintenance

o Tendency to arc back

o High voltage drop (100-150 V)

o lon~ service experience

lMPY

o low corrective maintenance

o Medium preventive maintenance

o less tendency to arc back

o low voltage drop (20-30 V)

o little service experience

The tendency for thyristor valves in recent years to be applied to HVDe

transmission converters over mercury arc valves is probably based on life cycle

cost considerations. we would expect this to beccne IIIOre pronounced at the lower

voltage range considered here. There is a large fixed cost which is 1ndependent

of MW associated with the mercury arc valve. The fixed cost 15 III.Ich smaller for

the thyristor valve since it is made up of Mlny small units.



6.0 OPERATING PRACTICE AND EXPERIENCE

6.1 [XPERIENCE ON PRESENT PROP~RTIES

Several electrified railroads throughout the world have DC power distribution

systems(6) which range from 600-3000 V. The Soviet Union is considering re­

equipping their 3 kV DC railroad with 6000 VDC.

In order to discover potential problem areas of HVDe power distribution, it

is desirable to review problem experiences en present pro?erties which use DC

distribution. To meet this objective, interviews were held with the electrical

engineers of the BART system and the Erie Lackawanna railroad and the literature

was reviewed. Type of experience that was sought had to do with equipment

problems and suggested remedies for these problems.

*6.1.1 BART System Review

Traction power (32) is supplied at 1 kV through a third rail utilizing the

running rail for the return path. There are 37 traction substations fed from

seven utility supply points with a total capacity of 232 MW or 1.55 MW/s.t.mi.

Substations have twelve phase diode rectifiers rated at either 3, 4 or 5 MW. with

7, 9 or 11 parallel diodes, respectively in each of the twelve legs. Each diode

has a peak reverse voltage rating of 3 kV. Each parallel group of diodes can

operate with one diode missing from the group.

Four sizes of breakers rated at 2,4,6 and 8 kA continuous and are operated

on overcurrent only (300, 300, 200, 200%, respectively).

BART has good operating experience with the rectifiers. In the several

years since the beginning of operation, only two rectifiers had problems. One

case was attributed to a cold solder joint failure on a resistor lead and the

second case to a shorted capacitor.

* Interview at BART was held with R. H. Miller. Electrical Engineer. Power and
Way Division.
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Experience on breaker failures has not been good. They have been running

at 3-4 per year. The cause of failure has been attributed to misapplication.

namely. use of a 750 Vbreaker which had not been properly reinsulated for

service at 1 kV. The breakers can suffer from flashover on interruption. Over­

voltages of 2.5 kV have been observed during interruption. Flashovers are more

likely to occur when the moving contactor on the breaker is on the high voltage

side of the line. As a result of the breaker problems. BART cannot operate the

system in a banked secondary network and must radially feed the power. Thus the

power gains from regeneration are not being realized.

Insulator flashovers along the third rail are rare. There is no noticeable

accummulation of dirt or pollutants on the insulators.

Experience with wayside faults on the system has been good. 20-40 faults per

year which reduces to 0.13 - 0.26 fau1ts/s.t.mi/yr. About 90-95% are arcing

faults and are associated with debris being interposed between the third rail

and ground.

6.1.2 Erie-lackawanna Railroad Review*

Traction power(9) is supplied at 3 kV through an overhead trolley util;zing

the running rail for the return path. There are five substations and ffye tie

stations feeding the network of 161 track miles for a total installed capacity of

40 MW or 0.25 MW/s.t.mi. The electrical network for distribution is ba~ked

secondary.

Substation rectifiers are twelve phase and of the mercury arc type. Three

ratings are used 1.5. 2.0 and 3.0 MW.

Each of the rectifier units is equipped with a negative high speed breaker

which normally short circuits a load limiting resistor. On faults which occur

* Interview at Erie lackawanna was held with R. A. Falcon. Chief Electrical
Engineer.
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near the substation, this breaker inserts the load limiting resistor which re­

duces the current to approximately full load current.

The feeder breakers, which can carry a continuous current of 2 kA, are

capable of interrupting faults with a maximum rate of rise of 3 kA/ms and steady

state current of 60 kA. They will trip on both overcurrent (4 kA) and rate of

rise. Operating time is 0.0085 sec.

Insulators used on the catenary are normally two-bell and three-bell at stub

ends. Nominal clearance is 6" to ground.

Arcbacks do occur in the mercury arc rectifiers. Ninety percent of the arc­

backs are associated with the opening of a feeder breaker to clear faults im­

mediately adjacent to the substation. The remaining ten percent of the arc­

backs occur without any apparant cause. One particular substation (Roseville),

has more than its share of arcbacks.

The average number of power interruptions on the system is 1644/yr. or 10.2­

power interruptions/~.t.mi./yr. A good record has been kept on wayside faults

and is displayed in Table 5. The high values experienced during 1971-72 was

associated with field shunting on traction motors. Subsequent modifications

on the motors and discontinuance of field shunting reduced the number sub­

stantially.

Breaker performance has been excellent. There have been very few breaker

failures over the long history of the electrified operation.

Experience with insulators is also good. A failure rate of about one in­

sulator per year is experienced. There has been no problem with inSI!lator

polarization until rather recently. The cause for this new development has not

been determined.

By 1980, the Erie-lackawanna as part of ConRail will change over to single

phase AC distribution at 12 kV. 60 Hz.
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TABLE 5 - CATENARY POWER INTERRUPTIONS ON ERIE-LACKAWANNA RAILROAD

MONTH 1967 1968 1969 1970 1971 1972 1973 lQ74 1975

JAN. 62 105 90 126 136 260 S7 130 199

FEB. 138 58 111 103 109 305 94 149 259

MAR. 83 62 93 139 151 410 119 119 147

APR. 55 89 110 88 108 317 66 124 200

MAY 53 110 92 148 117 380* 123 146 119

JUNE 74 163 127 161 195 217** 88 76 138

JULY 117 165 144 19'1 279 124 103 111 198

AUG. 116 151 107 171 260 74 170 148 148

SEPT. 96 116 112 179 230 145 73 109 149

~ OCT. 68 108 76 143 229 75 147 150*** 160Ql

NOY. 59 72 57 134 185 110 123 172 99

DEC. 71 87 72 165 1~9 85 95 175 164

TOTAL 992 1286 1190 1747 2197 2502 1298 1609 1980

* Field Control in operation - 5/23/72
** Additional Control in operation - 6/5/72
***Slow Orders thru Meadows MP 2.65-MP 6.5 in effect 10/26/74

Courtesy of R. A. Falcon



6.2 PROJECTION OF EXPERIENCE TO HYDC ELECTRIFIED RAILROADS

Potential sources of difficulty for HYDe electrified railroads can be pro­

jected from experience at lower voltage. Some sources of trouble cannot be

projected this way.

Rectifiers

The rectifiers could be subject to high voltage and current transients caused

by lightning. faults and switching surges. Special care must be taken in the

overall system design to minimize the effects of such occurrences as well as pro­

tecting the rectifiers from this transient behavior.

Fault Protection

Fault protection on a HVDC system will be difficult. Special consideration

must be given to removal of the fault energy when interrupting on either DC or

AC side in order to prevent high overvoltages.

Sectionalization

The ability to sectionalize the railroad power distribution system is important

for both maintenance and reliability reasons. It is important that a non-clearing

fault on a track section not block traffic on all tracks. Since the substation

spacing will be large for HYDC. sectionalization requirements indicate that many

tie stations will be required between the substations.

Clearances

Clearances between trolley and ground points must be established, once the

basic impulse level of tllc ~istem is determined. In part. this determination

will depend on the magnitude of overvoltage experienced. It is expected that

clearances would be about equivalent to RMS AC voltage clearances. This will

be somewhat determined by insulator selection and maintenance practices.

Insulators

If the clearances used for HYDC are the same as for the equivalent AC

voltage. there may be more of a tendency for the insulators to polarize than on
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BART or the Erie-Lackawanna. This effect is not present on AC insulators because

of the reversal of the electric field. This effect has not been seen on the

Erie-Lackawanna (although recent observations of this condition indicates that

it can happen). Polluted environments will contribute to this problem.

Arcing

DC arcs are extremely stable in air and can extend long distances. When

a train moves from a live section to a dead section of wire. an arc can be

carried across energizing the loads on the dead section. This is especially

true if the dead section has a fault. This has happened on the Erie-Lackawanna

and if the arc does not go to ground. can result in burned up catenary. Some

provision in the design of the HVDe system must discourage generation of such

arcs.
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7.0 FUTURE RESEARCH EFFORT ON HYDe POWER DISTRIBUTION FOR RAILPOADS

As a result of of t..e work to date on the technical feasibility of HYDC for

railroads. a tentative r~commendation for future research and development effort

has been requested.

There are five steps, which will take the work from the feasibility stage

to a prototype demonstration. The last three steps are conditional and will

depend on the econom~cs of DC vs AC distribution for railroads. (Both motive

power and wayside must be considered at this stage.)

1. Distribution System Parameter Identification Effort

All parameters necessary to specify a complete HVDC distribution system

should be identified and their ranges determined where applicable. These would

include b~t not be limited to:

a. System voltage (maximum, nominal, minimum),

b. System loads (maximum, short time, nominal).

c. Substation spacing. substation electrical parameters. and line
impedances including capacit~nce to ground.

d. Vehicle parameters which affect the distribution system such as
starting currents, line ripple, jerk rates. dI/dt and top speed.

e. System transient behavior including system overvoltages, overcurrent.
and other characteristics due to lightning, switching surges and faults.

f. System configurations including two or four track, tie point require~

ments. methods used to decrease impedance and two or three wire
distribution.

g. Distribution system clearance requirements both through air to ground
and over insulators to ground.

This study should be undertaken knowing the parameters of comparable At

distribution systems and always keeping them in the forefront. The system parameters

would a150 be based on models of the operation of electrified systems included train

consists, heaJways, speeds. etc. from which the electrical loadings can be establish-
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ed. The program should be carried out tn parallel with propulsion system develop­

ment for rolling stock which must operate under HVDC catenar1es.

Three sub-investigations will have to be conducted to complete this step:

a. E1ectrical transient analysis should be completed on the DC and
AC distribution system configurations considered. Th1s analys1s
will be necessary both to specify transient-type parameter ranges
(for circuit breakers, insulato~s, etc.) as well as to understand
the system parameters which are most significant in determining
transient behavior.

b. An investigation should be carried out on DC arc behavior at these
higher voltages. This investigation should be directed toward arc
generation between a moving pantograph and a contact wire as well as
arc damage to wire. Comparisons ought to be made with similar
voltage AC arcs.

c. The question of insulator polorization (metal particles) should be
investigated at these high voltages. Experiments should be carried
out on this phenomen~. Again comparisons ought to be made with AC
case.

The output cf sub-investigltions (b) and (c) would be used to select 11ne

to grour.d separation over air and i~~ulators. The smaller the separation, the

less expensive th2 distributor.

2. Study of DC Circuit Breaker Candidates

As a result of the present study, four or five circuit breaker concepts

have emerged as candidates for application to HVDC railroads. These are the

forced-commutated vacuum interrupter, the magnetically-commutated vacuum inter-

rupter, the force-comrnutated liquid metal plasma valve, modification of a present

~agnetic-air breaker with energy storage and dissipation capability.

Using the ranges of system parameters generated in the Distribution

System Parameter Identificction effort, these prime candidates should receive

further atte~tion. lhe considerations and outputs of this attention should be

principally economic although technical questions may arise as the system para­

meters are reviewed for breaker applications. The economic outputs would be

development costs, production prices per unit, operating and maintenance cost.

Reliability during operation and lifetime should also be basic considerations

in an overall life cycle cost estimate.
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In parallel with this effort. an economic and technical study should be

completed on an alternative scheme for HYDe distribution using switching on the

AC side and manual disconnect switches on the wayside for circuit isolation.

The effect of this method on system perfonmance should also be investigated.

3. Comparison of AC vs DC Distributic~ for Railroads

At this stage. after the cost data on DC circuit breakers have been

generated. system parameter ranges established. alternate protection schemes

for DC distribution considered and clearances have been determined. a parametric

analysis of AC and DC distribution systems ought to be completed.

Motive power on bOGrd the vehicles as well as auxiliaries would be con­

sidered as part of the overall economics at this time. If DC distribution looks

economically sound (perhaps 10-25% less costly than AC). then technical risks

of going to DC should be made at this time. based on outputs from the two

previous investigations. If the risks outweigh the rewards for a program using

DC circuit breakers. then the next step should be undertaken. If an alternate

concept of DC distribution is economically attractive with low risk. then step

5 should be next.

4. HYDC Circuit Breaker Development

The most attractive of the four or five candidates studies in step 2.

would be recommended for further development. Both economic. operational and

technical considerations would be used in this selection. althoygh economic

would probably carry the most weight at this stage of the program.

The candid3tes for the breakers would be designed. fabricated and

tested in a laboratory. Further refinements on cost data. technical perfonmance.

reliability and maintainability in a transit environment would be obtained as

part of this program. The comparison of AC vs DC distribution would be updated

at this time.
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5. Design. Fabrication and Test,~g of a Prototype DC Distribution System

If DC distribution system economics and technical performance is

viable. design. fabrication and testing of a small, prototype DVDC system in a

transit environment should be undertaken. Motive power capable of either running

or simulated running on this system should also be available at this period in

time.

Data which are obtained from this operation would be evaluated and a

decision as to the technical and economic merit of HVDC for production rail­

roads could be made.
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9.0 APPENDIX: SIMPLIFIED ANALYSIS OF THE FAULT INTERRUPTION PROCESS

below:

iCt)4

5oU'ce Voltage
Vo(i)

The basic equation governing the circuit has the form:

l~ + 1R + V (t) = V (i)dt c 0
9.1-1

Fault Current Limited By Breaker

The boundary conditions are:

1. At t=o, the-fault is detected. At this time the circuit current is

just the load current, il'

2. At t=td, initiation of a counter voltage into the circuit by ~le

breaker begins.

3. At t=to ' the countervoltage has reached a value to limit the rate of

rise of current. This is the operating time of the breaker

di I -0d"t t=t
o

-

4. At t=tc' the fault is cleared because the circuit current is reduced to

zero.
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The process just described is illustrated in the diagram below for a

low voltage D.C. air breaker.

- - - - .- - system voltage

-- - - - - -- trip current

- - - - - - - - - -llIximum fault current

I
- - - _1- -_ - - - __ maximum counter 'voltage

tt:'

I
I
I
I

- - - -I-
I
I
I

I
1
I

I
- - - - 1- --

I
1
1- ---
1
I
I

L- ~_...:._._.......L ~ - .....)time

Circuit

Cu:'rent

Voltage

Counter

Note that in a normal DC breaker the countervoltage is just the arc voltage.

At t i the contacts part. Subsequent expansion of the arc and cooling caused

by the arc shield causes a steeper rate of ris~ of arc voltage and at to' the

breaker operating time. the arc voltage equals !ystem voltage, thus limiting

the current.

The following statements can be made about the interruption process with

the above diagram

1. The initial rate of ri'~ of fault current is approximately
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2. The rectifier or source voltage dr~ps as the fault current increases

causing a negative curvature in the current vs time curve.

3. The countervoltage is initiated at time t=td. At time tatoo the

countervoltage is given by the expression

Vc (to) = Vo (io) - foR

which fs the point at which the fault current reaches its maximum

4. The countervoltage is applied by the breaker until the current is

forced to zero at t=tc. The energy balance is given by the expression

t c

~Vc(t) i(t) dt =

o

t c

-l- L i~ +~Vo(f).i(t)dt ­

o
9.1-3

The term on the left hand side of equation 9.1-3 is known as the switching

energy, which most be absorbed by the breaker. The first, second and last terms

on the right hand side of equation 9.1-3 are the magnetic, the input and the

Joule loss energies, respectively. The input energy must flow through the

rectifier.

The following dia~:am is more representative of the case of a breaker which

develops countervoltage by using commutating circuits (electric or magnetic)

together with an auxiliary energy absorbing device represented by a non-linear

resistor.
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to

CURRENT, iL---------------- -
{McRYun

I •---_td Ii I Current Unit, io---- + 1 _

I (~mF~
I I Qnent)

I
I
I
I
I

I I- - -----r----,----
I I

Ii======--t;:-'-=========t---------- time

Circuit
Curren

Counter
Voltage

'-----I1111111!!!::.--------------time
At time t=td. the mechanical device in the breaker creates the arc. and

thus arc voltage. This countervoltage remains at a very small value with

respect to system voltage until nearly the operating time of the breaker, at

which time the major portion of the c~untervoltage is applied by commutation.

This is shown by the very fast rate of rise of countervoltage near t-to.

At t=to. the non-linear resistor is inserted, keeping the countervcltage

at nearly a constant value until nearly t=tc at which time it is switched off

quickly.

To compute the energy involved in this process. the following assumptions

have been made

1. The circuit iR drop is small compared to the system voltage.

2. The rectifier voltage remains constant during the fault (conservative
assunptfon) •

3. The countervoltage is applied instantly at t-to and remains constant
until t=tc at which time it reverts instantly to system voltage.
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With these assumptions equation 9.1-1 becomes:

9.1-4

So that until the counter voltage 1s applied by the breaker at t • to'

the current in the circuit is:
V

1 = i L + T t 9.1-5

and the fault current limit at the instant the countervo1tage is applied 1s:

Va
io = i l + ---L--- to

t =o

i - io L
9.1-6

9.1-7i=i (1­o

Since the effect of the countervo1tage is to bring the current to zero in time

(tc - to)' the relationship can be expressed in the equation:

t - to
t c - to

and

v = V +c 0 t - tc 0
9.1-8

is the magnitude of the countervo1tage required.

Under these assumptions, the energy absorbed by the circuit breaker is

(from expression 9.1-3):

t c

~c(t) (t) dt = t L i~ + t Vo [iotc + iLtO]

-l R li~ t c + i l (10 + ill t~ 9.1-9
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Fault Current Limited by Circuit

This case is essentially the same as the previous one except that the fault

are shown below:

------Trip Corrent, iL
~---JL..-IL...-._--L._"""L....- time

L----II~::::.... time

The breaker operating time is determined by the source i~pedance. In

tne simple example just described. we can rewrite several equations (9.1-5 to

9.1-9).

The maximum fault current i is given by:
a

;
a 9.1 -10

where P ;s L~~ rated capacity of the source and

z = % Impedanr.e of the Source
iGI)

Thus the expression for t s is just:
i i

Lt = o-
s Vi L

9.1-11

9.1-12

Now the current remains at io until the countervoltage reaches system voltage.

then it decays according to:
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1-i (1­o
t - to
t - t

C 0
9.1-13

v = V +
C 0

and the counter voltage is:
L 10

t toC -

The energy absorbed by the circuit breaker is:

9.1-14

t

Tv (t) 1 (t) dt" ! I i 2 +! V"C 2- L 2 0 [ i (t + t - t ) + 1
L

t 1o cos ~
9.1-15
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