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PREFACE

This report presents pertinent technical data on the design, development,
fabrication, and testing of the |inear indUcflon motor propulsion system (LIMPS),
developed by the AiResearéh Manufactur ing Company for the Federal Railroad
Administration, Department of Transportation. The LIMPS is designed to con-
vert constant-voltage, constant-frequency, 3—phasé,_60-Hz, 8250~-V, wayside
electrical power, to a variable-voltage, variable-frequency output, to power
an fnfegral I inear induction motor capable of providing up to 33,300 N (7500 ibf)
propulsive thrust at speeds up to 134 m/s (300 mph). The LIMPS produces con-
tinuously variable thrust in the forward and reverse direction, and includes
such features as automatic starfup, regenerative Bréking, and automatic
failure/maifunc*ion detection and shutdown. Further, the system incorporates
high-voltage, water-cooled components to achieve é power density of more than
0.67 kW/kg (0.3 kW/1b).

Basically, the LIMPS comprises two major subsystems: (1) a high power
density, multimegawatt power conditioning unit (PCU), and (2).a linear
induction motor (LIM), The former functions as a varlable—vo|+age, variable-
frequency power supply, with potential applicafions for both LIM electric
propulsion as wéll as ac electric traction systems. In line with this dual
capability the overall program objectives are to:

] Develop multimegawatt solid-state power conversion equipment,

capab}e of supplying ac electric machines over a wide speed range.
° Demonstrate that ac propulsion systems are viable alternatives,

in terms of performance, to conventional dc traction equipment.
] Demonstrate the feasibiiity and pracficébilify of |ine-commutated,

as opposed to field-commutated, inverters as variable-frequency

i
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power supplies for large ac induction (asynchronous) motdrs,
for both the linear and rotary versions. |

7] fnvestigate the compaffbili+y of the ac propulsion sys+em with the

wayside electrified power system.

. Esfabliéh a technical base on which a policy decision can be made

regarding choice of ac propulsion systems for the next generation
of ground transportation equipment.

To provide a better perspective of these objectives the background of the
overall program is briefly described below.

interest in linear induction motors as possible propulsion means for
modern railway equipment was shown relatively early by the Department of
Transportation. A study | *'program was funded in 1966 to determine the feasi-
bility of using such motors for high speed ground fransportation. By 1969
a special test vehicle, the linear induction motor research vehicle had been
built and fesfed at low speedﬁz) The vehicle was moved folthe Trahsporfafion

Test Center, Pueblo, CO, a government facility esfablished for testing ground
transportation vehfcles and associated propulsion sysTéms. Subsequently the
LlMRV“has been operated at speeds up }o 113.5 m/s (254 mph) and has provided a
weajfh of baseline data on the operation of such sysfemsﬁB)

As the LIMRV program progressed, interest in the LiIM and the associated
power conversion equipment widened and therefore a second generation LIM was
devaloped.. This new LIM and the associated propulsion system operated from

high-voltage, fixed-frequency, wayside electrical power. Coincident with this
interest in elecTr&cal propulsion systems, DOT was already developing a

vehicle intended as a primary test bed for air cushion and high-speed vehicle

¥Numbers in parentheses denote References, which are |isted at the end of this
program summary.
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suspension research. In the inferest of economy and shortened development time
it was decided to configure the new LIMPS(4) to inferface.wifh the new air cushion
vehicle, Wthh became known as the tracked levitated research vehicle (TLRV)(S)
A companion development was the way5|de power sys+em( ) to feed the LIMPS.

| The LIMPS program began in mid=1970. By early 1976, with only a 500-m
long electrified quideway completed, field testing at TTC commenced, but
principally due to a shift in emphasis on air cﬁshlons and high-speed vehicles,
further LIMPS development was restricted and testing was |imited to low speed.
Because of this waning interest in the test bed vehiclie the TLRV program was
halfed by mid-1976. This, however, did not imply tack of iInterest In the LIMPS
concept. In fact the TLRV operation was con?inued beyond its planned termination
just to allow limited LIMPS field tests. Al! of the above-mentioned LIMPS
program objecfiveé could not be demonstrated due to the |imitations imposed
by the curtailment of +He TLRV program. However, the field test did demonstrate
satisfactory operation of the LIMPS in all operating modes. Though testing was
limited, propuisive thrust greater than 20,000 N (4500 1bf) was attained as low-~

speed performance data was acquired. The LIMPS tests confirm the effectiveness

- of the variable-voltage, var!able-ffequency concept; and as’ a consequence, this

type of large, multimegawatt power conversion equipment continues to be of
considerable in+eres+?for the more conventional transportation system.

The LIMPS program comprised three major phases: design/development,
static test, and field test. This report describes the evenfs'and results of

these three program phases.

Pid
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SECTION 1
SYSTEM. DESIGN
_Ddringrfhe fnifial design phase of the program the |inear induction motor
propulsion system (LIMPS) was conceived as comprising two basically identical
propulsion system modules, each utilizing its own autonomous linear induction
motor and power conditioning unit, but sharing certain other common ancillary
subsySTems/componenfs. In fmplemenfing this approach it was deemed judicious.
to proceed, at first, with only one of the propulsion system modulés (l.e., a
"hal f-system") and acquire the second module when the test results and program
requiremen+$ would justify such action. The desfgn described herein was, thus,
composed solely‘of hardwafe incident to a ha{f—sysfem configuration. Principal
design point speciffcafions of the LIMPS, with the half-system configuration,
are summafized in Table 1-1.
| Most of the system components were.inSTaIIed in the body éf the test bed
vehicle. The power conditioning unit and most of the associated ancillary sub-
systems wére accoﬁmodafed in the 2.3 by 4.4 by 1.5 m (92 by 172 by 58 in.)
equipment bay, with sufficient room left for onboard maintenance and repair.
The LIM was fitted to the vehicle chassis. Figure 1-1 shows the -general érrange-
ment of the hardware, as fully installed. Al parTé il lustrated are'compohen*s
of the LIMPS. Figure 1—2, a simplified block diagram, shows the general func-
tional arrangement of the components. The LIMPS éomprises:v
One linear induction motor (LIM)
One synchronous condensér (SC)
One synchronous condenser field power supply (FPS)
One static inverter (INV)
One Brooks coil inductor (IND)

One static phase delay rectifier (PDR)

A 4
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TABLE 1-1

LIMPS SPECIFICATION AT DESIGN -POINT

Parameter
AR

Value

-Proﬁulsive thrust
Rated speed
Output power
Input power

Input power factor

Design point efficiency

22,000 N (5000 1bf) '
135 m/s (300 mph)
2970 kW (4000 hp)
4200 kW

94 percent

80 percent

"AIRESEARCH MANUFACTURING COMPANY
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~One auxiliary power transformer (APT)
One set of controls and displays
Two fused Ioad-breék switches in one enclosure (LBS)
One liquid cooling system
One ventilation system
One instrumentation system
' Variods other ancillary components/subsystems
OPERATION

In operation, 60-Hz wayside power'is converted by the PCU, which funcfions
as a variable-voltage, variable-frequency power supply for the LIM. In the pro-
pulsive mode, the 60-Hz wayside power is supplied to the input of a phase-delay
rectifier (PDR) from which the variable dc odfpuf (filtered by an inductor) is
applied, through the dc iink, to the input of an inverter (INV). The inverter
output is connected to the parallel terminals of the LIM and the synchronous
condenser (SC), which provides |ine commutation at the inverter and power-factor
correction for the LIM. The PDR, INV, inductor, and SC are the prlncfpal.elec-
~ trical components of the PCU. The'simplified circuitry Is shown schematically
in ?igure 1-3,

LIM speed is approximately proportional to dc link voltage, while LIM
*hrﬁsT is approximately proportional to dc link current. The function of the
~_inductor is to smooth out current undulations. For most practical coﬁéidera?
tions, the inductor can be assumed to be so large that the dc current wavefqrm
has a negligible ripple content.

The SC function is to provide back emf for inverter commutation and to
supply lagging reactive power needed by the converter ovef its normal operafing

range. In addition, the LIM also imposes a lagging reactive power demand that

= .
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must be supplied by the SC. The SC may be.regarded as a large, con+inUous|y
adjustable capacitor in paraliel with the ac supply.

The Threé basic operating modes of the system are briéfly described below.
START Mode |

Because the INV, output sfagelof the PCU, cannot line comhﬁfa#e until suf-
ficient back emf is available from the synchronous machine, a special start mode
is necessary to bring the SC up to a minimum operating speed. This is acComp—
| ished by'selecfively pulsing sets of machine windings through the INv;_which
causes the machine to accelerate until a speed is reached where the generated
back emf will perMif normal operation of the INV (s?nchronous or line commuta-
tion). During the START mode, INV commutation is achieved through current
quenching by the PDR. This sTér+ing*opera*ion Ié accomp | ished ah*oma+lcally
by special Iogié and shaft posifién/speed sensors.
RUN Mode

The RUN mode is the principal mode of 6pera+ion and actually comprises
three regimes of operation, propulsive drive (acceleration), cruise (speed
maintenance), and coast. During accélerafion the PDR is operated in the recti-
fier region to deliver dc link voltage and current consonant with the desired
thrust and speed Coﬁmands. The INV and SC deliver, respectively, real and .
Areacfive powef to the LIM, and the SC also |ine commutates +he INV. - The speed
maintenance (or cruise) operating regime is very similar to the drive regime
except the PDR thyristor contro! commands are automatically phased back to
reduce the dc link level whenever the sensed speed exceeds the manually set
speed limlt, Coasffng is implemented by manually reducing the thrust command
To a null setting. In the coast mode the dc |ink current and the output of
the inverter are zero, and the SC essentially id|es; supplying +He reactive

power to the LIM.

~
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BRAKE_Mode
| fln this mode of operation the roles of the two static converters are

reversed. ‘The PDR fuﬁcfions as an inverter and the INV functions as a controlled
rectifier. The role reversal is accomp | i shed by'varYlng the ThyrisTdr commands
to produce reverse dc |link power flow by reversing the average dc line voltage.
The LIM produces the desired braking effor+.+hrough regenerafidn.
PRIMARY CONTROLS

The propulsion Iogic'manfpﬁlaTes the propulsion system fo achieve feedback
signals consistent with manual controi settings. 'Deviafions from the control
,se}fings occur only in fransition or protective modes where attempts to comply
with the control seTTings would result in undesirable propulsion characteristics
or equipment mal functions. Figure 1f4 shéws a functional schematic diagram of
the control systfem. A detailed biock‘diagrah of the propulsion logic is shown
35 Figure-1-5.

The propulsion logic operates with six control inputs and seven feedback

signals: ’
Control Inputs . " Feedback Signals

Thrust control | Dc Iink'Currenfz(ldC)_
Forward direction control - PDR acvcurren+ (POR 1,.)
Reverse direction control INV ac current (INV 'ac).
1 Speed |imit control Ac synchronization
1Quick shutdown (QSD) . SC shaft. position
-Quick shutdown reset input ac voltage

¢ o SC field current ('field)
Primary control of the propulsion effort is established with the thrust con-
trol. Thg control command is produced by the manual thrust control level, which

proVides a voltage proportional to displacement from a center (zero-thrust) null

LN 8
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position. Positive volfage from this control represents a request for positive
acceleration (drive) while negative voltage represents a request for negative
acceleration (brake). The thrust control determines only aécelerafion, not
vehicle direction,

The direction control is a pushbutton switch on the control panél that indi-
cates a request for forward or reverse vehicle movement. The control Is effec-
tive only when the vehicle is at rest. Any change in the direction control
whi]é the vehicle is in motion is errridden (1gnored) by the propulsion logic.

The manual speed I imit control lever es+abfishes a maximum electrical fre-
quency that may be applied to the LIM. Propulsion effort at any frequency below
this sefting is determined soiely by the Thrusf confrol. When the selected
maximum frequency is approached, the available accelerating thrust is.automati-
cally reduced so that the se}ecfed frequency will'no+ be exceeded. An upward
change in this setting when the sysfem-is opera*ing in the speed |imit mode will

produce acceleration as chosen by‘+he thrust control. A downward change is this

setting will reduce the thrust to zero until the vehicle coasts to the new speed
limit.
The quick shutdown (QSD) control will produce cessation of all electrical

propulsion effort (drive or brake) as rapidiy as possible. Once activated,
control of the vehicle using the LIM system can bebéchieved only with a manual
resetting procedure.

The QSD reset will uniock the propulsidn system from a QSD mode unless the
parameter that caused the shutdown is still in evidence and inhibiting operafidn

to prevent subsequent malfunctions.

- 1
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Thrust Loop
1. Jerk Limit

The thrust control input is directed to the jerk Iimit circuitry. This
circuit has a 1:1 transfer function but a limited slew rate (rate of change of
thrust-jerk). Hence, any rapid change by the thrust coh+fol will be transiated
at a specific rate as a new thrust command. The ou*pgf of the jerk limit cir-
cuitry is the thrust command signal, which is delivefed_fo an iﬁver+er regulator
and an absolute value_circuif.

2. Inverter Regulator

The inverter regulator determines whether the thrust éommand is positive or
negéfive. lf positive (drive hode),_*he regulator requests an inverter firing
angle of approximately 150 deg. |f the inverfer regu]afor recognizes a negative
thrust command (brake mode), it requests an inverter firing angle of approximately
30 deg. The change between the two firing angle positions, although reiafively
rapid, is.smooThly'confrolled to prevent transients in the power system.

When the inverter regulator has detected a thrust command for the brake
mode, a signal is delivered to a 90-deg iimit circuit. This circuit prevents
the PDR firing angle from operating in a rectifier mode. Without this Iimit cire
cuit the PDR angle would advaﬁce to the rectifier mode.in an effort to maintain
the command current when the vehicle réaches a low speed. At reiafively low
speeds the LIM may be unable to regenerate sufficient current, and the 90-deg
Fimit circuit prevents the system from making up the difference with power flow
into the vehicle.

3. Absolute Value Circuit

The absolute value circuit receives the thrust command and derives the
absofute value of this signal with a 1:1 transfer function. The output of
this circuit is the command level for the dc |ink current, approximately pro-

portional to vehicle thrust.

ca w¥)| AIRESEARCH MANUFACTURING COMPANY
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4. Current Regulator

The dc |ink current command is.+hen compared with the dc link current
feedback. The amplified difference befween the two levels is termed angje
command and is used to reqﬁesf a firing angle from the PDR that will tend to
minimize the feedback/Comménd error.

5. Speed Error

The speed error detector compares the frequency feedback signal. with the
speéd_limif inpuf signal and deveiops an appropriate error signal. |f the speed
error indica%es a speed |imit setting greater than the operating frequency, no
acfjon is taken, l% the speed error indicates an operating frequency greater
than the speed limit, an output is created that operates, through the jerk limit
circuitry, fé reduce the thrust command toward zero until the error between
speed limit and operating frequency is minimized. Inherent in this spéed over-
ride loop is the need for acceleféfion bias. To achieve a speed limit without
overshoot or thrust jerk, the thrust must be reduced before the speed reaches
the desired limit. As the acceteraffon rate is increased, the thrust reduction
must begin at an increasingly lower speed below the |imit., This permlfs.a
smooth approach to a speed limit mode of operaTion, Both the unidirectional
correction and the acceleration bigs.are included in the speed error circuitry..

6. Field Current Command

The current delivered to the SC field is controlled by a separate fu\l-wave
Thyrisfor converter (the field power supply) that receives firing information
from the propulsion logic. The normal. field current command is genera+ed by
the field boost circuitry acting in response to inputs from the Ij. command and
a zero frequency detector. Depending upon the conditions of the two ihpufs, the

field current command can be in any of the four control modes defined below.

" 13
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Tnis,parffcular method of field current control has been implemented to protect
the SC field sliprings from spot heating when the rotor iS’s+éfionary.
Mode 1--SC at rest; zero dc éurrenf command; field command = zero
(f<0; ldC = Oﬁ
Mode 2--SC at rest; dc current command greater than zéro; field.
" command = 25 percent of rated field current (f<0; ldc>(ﬁ
Mode 3--SC rotating; dc current cbmmand less than 100 percent; field

command = 100 percent of rated field current (f>0; | c <100 percent)

d
'yggg_g-—sc rotating; dc current command greafer'fhan 100 percent;
tield command is proportional to d;'éurrenf command (f>0; Idc.

» > 100 percent) -
The relationship bé+ween the fiéld current and the thrust command is shown

in Figure 1-6 for Thé two possible conditions of SC frequency (f).

Direction Command

‘The six pulse trains resuifing from the INV ramp-to-angle command compari-
.sons are delivered to a sequerice change circuit on their roﬁfe To the INV éemory.
Thisxéfrcujfry directs the pulses to the INV memory by using one of two possible
sequences. The choice of sequence is based on the direction command (ABC

sequence =|forward; ACB sequence = reverse).

1. Frequency and Current Zero Detectors

Tne direction command receives information from the direction controls, the
frequency zero detector, and a zero current detector associated with the dc |ink
current feedback. A change in direction comménd will not be activated until the
ffequency.indicafes zero aﬁd Tﬁe dc link current indicates zero. These conditions

assure that the véhi:le is at rest with zero thrust.

- OF CALIFORNIA

] | RV
GARKEYV) AIRESEARCH MANUFACTURING COMPANY .



150% -~ MAX IMUM FIELD CURRENT

I I
| 125% + l
I

| - | RATED. FIELD CURRENT |
I 100% y >0 |
l ' | |
i ! . | |
I l /5% T i

| | , I
| | I r<o l
| , : 50% + | |

l .
| ' 25% RATED FIELD CURRENT]| | jl
| } 258 1 | | -
| | | |
I | | | | -
150% 100% 50% . 0 50% 100% 150%

!; BRAKE —————— THRUST COMMAND ———— DRIVE =1|

Fiaure 1-6. Field Cutrrent Command Schedule

|~
Qﬂzu:rv AIRESEARCH MANUFACTURING COMPANY
o

15

\

OF CALIFORNIA

RS LIRS



2. Sequence Change

When the sfx pulse trains are arranged in a particular sequence they are
used to control the sfafe of six fITp-flops in the NV memory circuit. Each
flip~flop is associéfed with a particular Ieé of thyristors in the INV. When a
flip~flop foifoggled by the apﬁropriafe puise, the ou+pu+ directs a particular
set- of drive circuitry fo be activated. The two possible operating sequences

are summarized in'Table.i—l.

TABLE 1-2
INVERTER OPERATING SEQUENCES
ABC Rotation (Forward Direction):
Flip=Flops
Firing Pulse Sequence Set [ Reset Resultant Drive
A+ A+ | c+ A+ and B-
C- c- 8- A+ and C-
3+ . 3+ A+ B+ and C-
A- A- C- 3+ and A-
C+ cr | s+ C+ and A-
3- B~ A- C+ and B-
ACB Rotation (Reverse Direction):
. Flip-Flops
Firing Pulse Sequence ' Set | Reset Resultant Drive
A+ A+ 3+ A+ and C-
3- B- C- A+ and 8-
C+ C+ At C+ and B-
A- | A- | B- C+ and A-
3+ 3+ C+ 8+ and A-
C- C- A- 3+ and C-
S R e o




Start Logic

Whenever the INV regulator indicates that the thrust command requires drive
mode and the frequency is recognized to be below foun(the value necessary for
Iiné commutation of the inverter), the sfarf Idgic circuitry is activated. This
circuitry bypasses fhe normal firing angle circuitry for the INV and uses infor-
mation from the INV synchronizing crossover detector (XOD) to force a full 180-
deg firing angle posifion into the INV memory. In addition, the start logic
produces an input to the t4. = 0 command circuit. Since the INV power bridge
should operate by changing the flow of current every 60 electrical degrees, the
sfarf logic activates the | 4 ; 0 command each time the end-of a particular 60-
deg interval is indicated by the crossover detector circuit. Once activated,
the ch = 0 command circuit forces an immediate maximum fourth quadrant position
of the PDR angle such that the dc fink current is rapidly forced to zero. At
the same time the start logic advances, the INV gate drive pfoceeds to the nex+i
configuration in the normal sequence determined by the direction command.

Current Zero Cycle

When the dc link current is zero, the off-going INV power devices regain
their voltage blocking capability. The zero current condition Is recognized

by an IdC

for ldc = 0. The magnitude of the dc current then rises again to the value

determined by the thrust loop. This current zeroing cycle occurs every 60 deg

= (O detector, and the output from this detector cancels the command

of output frequency during the start mode. These actions enable the SC to
accelerate from a rest position to the frequency (frun) where Ilne commutation
of the INV power devices is possible. At this point the start mode is termi-
nated. One final dc link current zero cycle is commanded and the INV drive

reverts to the normal drive mode firing angle of approximately 150 deg. After

~ - "
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this transition the vehicie thrust and speed parameters are determined by the
settings of the operator's thrust and speed controls.

-Protec#ion Circuitry

There are 15 system-protection sensors that may cause deviation from normal
Opefafion into a protection mode. These sensors are divided into two distinct

groups:

System Failure Sensors

_PDR ac overcurrent

INV ac overcurrent

PDR I, 7 lgc

INV T . > IdC

‘Ac input voltage very high
External QSD

Ou+puf over frequency

anipienT~SysTem Failure Sensors
| DC link ovefcurfen+

PDR commutation failure

INV commutation failure

PDR | >

dc ac

>
INV e |aC

Ac input undervoltage

Ac input overvoltage

=
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“ * PERFORMANCE

| Actual system geﬁformance is coﬁs+rained by the real and reactive power
[imitations of the different components. In this connection it is pointed
out that the LIM input power is actually supplied from two separate sources.
The real power is provided through the PDR, Brooks coil indﬁc+or, and static

INV, and the reactive power is furnished by the SC.

‘Reactive Power
| At the maximum operating frequency, 165 Hz, the SC output is limited by its
field curren+'ra+ing. The overload field current is 2665 A. The corresponding
. SC overfoad current at rated voltage is 809 A.
Real Power
For maximum power fransfer through the dc link, the INV should be phased
back as little as possible. Phasing back the INV is necessary to allow suffi-
cient time for commu+a+ing, i.e., +ransferringi?he‘curren+ from one phase to
the next. During the first portion of fhis time interval, the currents in the
two commutating phases rise and decay at a rate that is dictated by the component
reactances and by the dc link current value. During the remainder of the time
interval, usually referred o as the thyristor turnoff time, the current carriefs
in the semiconductor devices sfabilize. The turnoff time for the particular
thyristors used is about 200 sec, which represents 12 electrical degrees at an
operating frequency of 165 Hz. The inverter is nominally phased back (i.e.,
its thyristor firing angle is retarded) by a constant, but adjustable, value

of 30 degrees.

( ~
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Maximum Power Envelope

Based: on the assumption that the inverter Thyris+ors are fired at their
minimum angle ofbrefafdafion, the maximum real and reactive currents avallable
from the power conditioning unit to the LIM are as sthn in Figure i-7. The
current through the dc link supplies both the LIM and SC real power requirements.
As a result, the sloping horizontal |ine corresponds to a consfanT.dc link cur=-
rent where +he slope represents that portion of the real power that supplies
+he SC losses.

The de link output is *hermally limited by the thyristor current rating at
approximafely 680 A. |

In addition to suppiying the reactive power requirements of the LIM, the SC
also is the source of reactive power assocfaTed with phasing back Thé inverter.
Thejﬁear—verfical line in Figure 1-7 corresponds to the maximum reactive current

.availabie from the SC overload field current. The slope of the line Is propor-
tional to the reactive current required to commutate the inverter.

The LIM, as par& of the TLRY propulsion system, must operate within this-
envelope, ]imifed on one side by the dc link, and on the other side by the SC
output. Thé.original LIM design point is also shown in Figure 1—7;.i+ lies
within Theée limiting boundaries. | |
SYSTEM MASS §WEIGHT)

Table 1-3 is é breakdown of LIMPS mass (weight).

SCHEMATIC[WIRING DI AGRAM

Figuré 1-8 is the system electrical schematic/wiring diagram for the pri-
mary elecfni;al loads (i.e., the instrumentation, control, and some protection
systems wiring are not shown). In addition to the primary pfopulsion components,
the motor/pump loads for coQIing provisions, and switches, relays, contactors,

junction boxes, fterminal strips, and connectors are also shown.

i
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TABLE 1-3
LIMPS MASS (WEIGHT)

Subsystem/Component - Mass, kg Weight, Ib
Linear Induction Motor ' 2223 4900
Basic motor 1610 3551
Air cushion system _ : i 417 920
Ancillary hardware ‘ 195 429
~ Power Conditioning Unit 3171 - 6991
Inverter : 226 498
Inductor 277 611
Phase .delay rectifier 280 617
Synchronous condenser ' 1898 4185
Field power supply 58 127
Cabling, connectors, bus bars protection . 432 ' 953
Auxiliary Power System ) 839 _ ' - 1850
Auxitiary power transformer : 701 - 1546
Power distribution: panels 61 135
Cabling, connectors, bus bars, etc. . 77 169
Controls/Displays ' . 320 705
.. Control/display panels : : 14 31
" Control cabinet ' 124 274
Cabling, connectors, etc. ’ 181 400
Instrumentation System 272 599
" Instrumentation cabinet o ' o 163 360
Instrumentation cabinet cables, junction boxes, etc. 108 239
“.Protection System » _ 555 1223
Load break switch assembly . 469 1035
Bushings, buses, etc. ' 23 - 51
Voltage transient suppressor 33 . 72
Fire protection : ' 29 65
 Cooling System 1355 ' 2987
. Venfiléfion components 181 400
Pumps 450 993
Boiler . 195 o 430
Tank (full) 272 600
Plumbing and ullage - 201 - 444
Pressurization components . 54 120
LIMPS Total ' 8734 19,255
Vehicle borne : S 6511 14,355

Guideway borne ‘ 2223 4900

4 :
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SUBSYSTEMS AND COMPONENTS
The following paragraphs describe the LIMPS subsystems and components.
Numerous photographs of the hardware are also provided.

Linear induction Motor

The LIM is a double-primary machine_fha+ straddies and reacts elecfromag-v
netically with a stationary reaction rail vertically mounted in the center of
the guideway. _TaSIe 1-4 summarizes the saiien+-charac+eris+ics of the LIM.
Basically, the LIM comprises five subassemblies; stack assembly, primary winding
assembly, housing, ufi]ifies, and air cushions. Figure 1-9 shows several views
of the LIM hardware during fabrication and assembly.

The LIM stack is an assemblage of 2576-mm (101.4~in.) long, 0.355-mm
(0.014-in.) thick M9 silicon steel laminations and a suitable structural channel
for their support. The laminations are stacked and assembled in a U-shaped
channe! made of +i+aniuﬁ To.minimize weight, and secured by insulated bolts.
The resulting box structure provides good +orsionél rigidity for this applica-

“tion. Also, electrical loss due to end leakage flux is minimized by the high
electrical resistance of titanium.

Boron-dexodized copper with silver content for high-temperature strength
retention is used forvfhe priméry windings. Insulation is mica~based preim-
pregnated tape with asbestos wrapping.in the slot porfion'and‘giass taping
in the end-turn region for mechanical protection. A conducting varnish is
applied éver the asbesfosvfape for corona protection. The insulated coil
will withstand operating temperatures to 200°C (392°F). A two-layer coil
assembly of 75 diamond-shaped coils is used for each of the two LIM primaries.
These 75 coils are inserted in 85 slots in the primary stack; the first 10

slots and the last 10 slots contain only one coil side to reduce end effect.

_—/.‘v\
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TABLE 1-4

LIM DESIGN DATA

Nominal Design Point

" Thrust
Speed
Vol tage
Current
Frequency

LIM Primary Stack*

Material
Height
Length

LIM Primary Winding*

Poles

Pole pitch

Stots .

Slot pifch
Conductors per siot
Slots per pole

Coil pitch
Conductors

Coils

Water flow
Water pressure drop

LiM Secondary (Reaction Rail)

Material
Conductivity
Qverall width
EFffective thickness

Nominal Airgap

Primary-to-primary
Primary-to-secondary

22,200 N (5000 Ibf)

134 m/s (300 mph)

4120 VRMS, |ine-to-neutral, 3-phase
530 ARMS

165 Hz

A1SI M-19C-4 silicon steel
190 mm (7.5 in.)
2576 mm (101.4 in.)

5 .
450.8 mm (17.75 in.)
85 per side

30.05 mm (1.183 in.)

2 (10 slots at each end are hal f-filled)
15

2/3 ,

6.553 mm (0.258 in.) square with 3.632 mm
(0.143 in.) dia hole '

75 per side, double-layer, diamond, {ower
end bent 90 deg to minimize height '
2.84 1/s (4.5 gpm)

448 kPa (65 psi)

Aluminum atloy, 6061-T6
27.6 MS/m (20°C)

15.875 mm (0.625 in.)
7.07 mm (0.278 in.)

38.1 mm (1.5 in.)
11.1 mm (0.4375 in.) each side

*IM configuration, double-sided,

PRRSSESN
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a. STACK ASSEMBLY wiim ruuk wulILs FITTED

F-21420

b. PRIMARY WINDING ASSEMBLY- (ONE SiDE)

ngure 1-9. Linear Induction Motor
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c. BARE MACHINE ASSEMBLY (WITHOUT UTILITIES

i

AND AIR CUSHIONS) ON GROUND CART

Y

d. END VIEW OF BARE MACHINE WITH
REACTION RAIL

Figure 1~9,
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a. HOUSING

F~21421

b. HOUSING WITH BOTH PRIMARY WIND ING
ASSEMBLIES AND LIQUID COOLING MANIFOLDS

Figure 1-9. (Continued)
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The LIM housing provides the support and restraining structure for the

two LIM primary sides. |t is a semimonocoque structure made of titanium and

- designed primarily for high stiffness.

The LIM air cushion system comprises an air plenum, a vertical support
system, and a lateral guidénce system; it provides restoring forces in vertical,
lateral, roll, yaw, and pitch movements.

| Predicted LIM pérformance (1970) at rated frequehcy and voltage is shown .
in Figure 1-10.

synchronous Condenser and Field Power Supply*

The SC electrically parallels the LIM and the inverfer, and is operated as
an overexcited synchronous motor to: correct the low power factor of the LIM
over the range of operating frequency and thrust, and |ine commutate the inver-

ter thyristors by providing a sinusofda! back-emf and leading reactive current.

- A resolver, mounted on fop of the machine and connected to the rotor shafT, 

provides a phase-position signal that is used by the power conditioning unit

(PCU) controls to pulse the inverter through the PDR during the LIMPS start

mode. Table 1-5 lists the design characteristics of the machine. Figure 1-11

shows severail views of the machine during fabricafioh and assembly.

The SC is a high-voitage, vertically-mounted, 3-phase machine. The stator
is‘four—wire, wye-connected with the neutral grounded fthrough a 10-kilohm resis-
tance. The wound-rotor field (four nonsalient poles) is ex;ifed through. a brush-
slipring connection to a low=voltage power supply. A freewﬁeeling'(clampihg)

diode is connected across the field winding to provide transient protection.

T NTTS Report No. FRA-OR&D 76-266, "Design, Development, Fabrication, and
Testing of a Synchronous Condenser for the Tracked Levitated Research
Vehicle," June 1975.
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Figure 1-10. Predicted LIM Performance
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TABLE 1-5

SYNCHRONOUS CONDENSER DESIGN DATA

Desigh Point

Rated speed, rad/s (rpm)
Rated power, MVA

Voltage o
Mass, kg (weight, Ib)
Power density, kVA/kg (kVA/Ib)

Rotor diameter, m (in.)
Mounting '
Cooling

Load Condition

Armature density, A/mm?2 (A/in.2)
Field density, A/mm2 (A/in.2)

Armature

Phase resistance,ohms (180°C)

Base impedance, ohms

Synchronous reactance, per unit
(unsaturated)

Transient reactance, per unit
(unsaturated)

Subtransient reactance, per unit
(unsaturated)

~ Negative sequence (XZ) reactance,
per unit

Stator l|eakage reactance, per unit
Field leakage reactance, per unit
Zero sequence reactance, per unit
Damper leakage reactance, per unit
Mean turn length, m (in.)

Strands per turn

Turns per phase

‘Turns per slot

Field

Resistance, ohms (180°C)
Inductance, mH (unsaturated)
Mean turn length, m (in.)
Strands per turn

Turns per pole

Turns per slot

e

518 (4950), 4 poles

7 continuous, 10 overload

(0 power factor, 165 Hz)

7150 VRMS, line-=to-line

1906 (4202) -

3.7 (1.7) at continuous rating

5.3 (2.4) at overload rating

0.545 (21.5)
Vertical
Direct water

28.9 (18,700) nominal, 41.8 (27,000) max.
24.6 (15,900) nominal, 36.5 (23,600) max.

0.218
7.38
3.44

0.496
0.316
0.316

0.174
0.358
0.102
0.142

2.10 (82.6)
2

72

3

0.0481

16.9

1.56 (61.4)
1

20
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a. ROTOR AFTER FIiNISH MACHINING

F=21425

b. ROTOR COIL

Figure 1-11. Synchronous Condenser
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C.

d. FINISHED ROTOR

Figure 1-11. (Continued)
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7i211-22""7

71211-331

F-21426
f. STATOR COIL CROSS~SECTION SHOW ING
LIQUID COOLING PASSAGES

Figure 1-11. (Continued)
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STATOR ASSEMBLY PART JIALLY COMPLETED

g

F-21435

FINAL ASSEMBLY

h

(Continued)

Figure 1-11.
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The machihe is operated at essentially constant flux density (fixed voltage per
cycle) down to zero frequency and speed. .The rotor is capable qf safe overspeed
operafioh'fo 630 rad/s (6000 rpm).

The SC design is unique in that fhé machine is completely liquid cooled,
including: both rotor field’and damper windings, stator windings, bearings, seals,
sliprings; brushes; and field pro+e¢?ion diode. In addifion, provisions fof

liquid cooling of the stator core and lower end-bel | outer diameter are iﬁcor—

porated. The high coolant +empera+ﬁres—-up to 177°C (350°F)-~ and pressures--
3103 kPa (450 péi)--required use of novel approaches in electrical insulation,
sealing, and coolant flow connections.

tach stator conductor, produced from borQn—deoxidized copper with silver
content, is designéd'fbr a continuous 28.9 A/mm2 (18,700 A/in.z) current
density and'is insulated with a fused Kapton tape and glass_wrapping, fol lowed
by sealed tape layers of mica and a final corona shield of asbesfos/graph?*e
to form a stator coil assembly. The stator coils are assembled into the stack
assehblf Qi+h4+he coils parallef. The hollow copper conductors, liquid cooled,
are electrically insulated from metallic manifolds through noﬁconducTive hoses;

The rotor is high—sfrengfh forged stee! with slots machined into +hevcore
section to receive fhé coils. The rotor field conductor, designed for a con-
tinuous 24.6 A/mm2 (15,900 A/in.z) current density, has conventional low-voltage
Class H insulation. - Again, all coils are connected elec+fically In series and

. hydraulicaily in parallel. The motor damper winding fs identical to +ha+ of the
rofdr field, but is, of course, uninsulated. Damper conductors join to electri-
cally conducfive end-ring manifolds to form a squirrel cage damper winding.
High-strength Inconelkrings fesfrain the rotor end windings against radial

forces actiing on the rotor surface peripheral speed.

—
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The machine rating is the sum of the reactive power for the LIM and that
required‘for the inverter, includiﬁg phase-back and overlap considerations.

Field excitation for the SC is provided by the field power supply (FPS),
which produces low-voltage dc power in. accordance wi+h-comméﬁds received from
The-LiMPS c§n+roI elec+roni¢s.

The"cénTroI logic commands the firing circuits within the FPS to step
the dc output from zero field excitation at zero +hfust/zéro speed to 25 per-
ceﬁf of field excitation at +Hreshold thrust/zero speed, and to 100 peréeh+~
of field exéi+a+ion'for all rated-load thrust commands. Dc output will then

vary continuously from 100 to 150 percent of fieid excitation in direct pro-

‘portion to overioad thrust commands.

Figure 1-12 shows the FPS prior to assembly and installation in the mockup.

Table 1-6 Iists major FPS characteristics.

TABLE 1-6
FIELD POWER SUPPLY CHARACTERISTICS

Hx WxLts-
Dimensions . 29.36 X 32.07 x 73.66 cm

(11-9/16 x 12-5/8 x 29 in.)

Mass (weight) 57.6 kg (127 1b)
Power confrol led 368 kW

“Input voltage 114.5 to 140 VRMS,
, line to tine, 60 Hz,
3-phase wye or delta

Output voltage 85 Vdc (rated load),
' 133 Vdc (overload)
Input current 0 to 2255 ARMS
Qutput current 1750 Adc (rated load),
: 2760 Adc (overload) L

- .
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a. FULLY ASSEMBLED PRIOR TO
INSTALLATION IN MOCKUP

m. P27 -A

b. INSTALLED IN MOCKUP,FPS COVER AND
AUXILTARY POWER TRANSFORMER
ENCLOSURE PANELS REMOVED

Figure 1-12. Field Power Supply
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Phase Delay Rectifier, Inductor, and Inverter

The main components involved in converting the fixed-voltage, fixed-
frequency input to a variable-voltage, variable-frequency supply for the
SC/LIM load are the phase delay rectifier, Brooks coil inductor, and inverter.

1. Phase Delay Rectifier

~The PDR comprises a phase-controlled, 3-phése, ful i-wave rectifier bridge
with 12 identical thyristors in series ih each leg. The thyristors are rated
at 2000 VRMS and 600 ARMS. Each thyristor is shunted with both a dc |eakage
resistance and a nonlinear snubber network comprising resisfanée, capacitance,
and diode elements to minimize the effecfs of fast forward voltage rise
across the fhyristor and aiso to provide dynamic voltage shéring. Gating of
the thyristors is controlled by a logic and control unit through a high- |
frequency carrier system designed to provide high-voltage isofa+ion befween
the thyristor gates and the confrol unit. The actual gating circuit for the
~various thyristors is packaged infégrally with its respective device.
Figure-1-13 shows'The PDR fully assembled, but without the side covers
in place. Table 1-7 lists ma jor characteristics of the PDR and the inverter.
- 2. Inductor
The rectified output of the PDR passes through an inductor. The high-
voltage inductor provides: (1) surge current protection for the PDR and inverter
thyristors, and (2) smoothing of the dc link ripple voltage. Basically an air-
core Brooks coil, it is liquid cooled to minimize size and weight., The coil-
~inductance was selected primarily to |imit surge currents to values within the
:Capabili+y of the selected PDR and inverter thyristors.  Also, this Inductance
pfovides adequate ripple current smoothing. THe nominal inductance of the coil
in free-air is 22 mH. Figure 1-14 shows one coil of the inductor, ready for

final assembly. Table 1-8 Iists major inductor characteristics.
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Figure 1-13.
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Phase Delay Rectifier

Brooks Coil inductor
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TABLE 1-7

PDR AND INVERTER DESIGN DATA

Dimensions, m (in.)

Mass, kg (Weight, 1b)
Connection

Power controlled, MW
Input voltage

Peak tfransient voltage
Qutput voltage
Frequency, Hz

Input current

Output current

_Thyristors

Type

Voltage rating, VRMS
Current rating, ARMS
Number per module
Number modules/phase
Total number

Gate firing

Turnoff time, us.
Detay time, us

Cooling
PR ..

Water cooling load, kW
wWater temperature, °C
Water flow, /s (gpm)
Air cooling load, kW
Air temperature, °C
Airflow, 1/s (cfm)

PDR

Inverter

1.22 Hx 0.56 W x 1.24 L
(48.0 H x 48.0 W x 48.8 L)

280 (617)

Three-phase, full-wave,
bridge

6.0

7000 to 8250 VRMS
28,800 Vv

0 to 8890 Vdc

60

0 to 550 Aac

0 to 680 Adc

C602, GE

2000

600

2, in series
12, in series
72
Continuous
200

4

24.5

74

2.3 (36)
13.7

74

850 (1800)

1.22Hx 0.56 Wx 1.07L

(48.0 H x 22.0 W x 42.2 L)

226 (498) _
Three-phase, full-wave,
bridge

6-0

0 to 8890 Vdc
24,000 V '
0 to 7125 Vac
0 to 165"

0 to 680 Adc
0 to 550 Aac

€602, GE

2000

600

2, in series
10, in series
60

Continuous
200

4

25.2

74

2.3 (36)
11.4.

74

850 (1800)

‘Q“““"\', AIRESEARCH MANUFACTURING COMPANY

41

OF CALIFORNIA




TABLE 1-8

INDUCTOR CHARACTERISTICS

Parameter Value 1
HxWxL:
bimensions : 1.03 x 0.28 x 0.84 m
' (40.6 x 11.2 x 33 in.)
Mass (Weight) 277 kg (611 1Ib)
inductance 22 mH, free air
Gurrent 0 to 680 Adc
Voltage capability 0 to 8890 vdc
Power dissipafion 28 kW rated, 60 kW overlioad
Ripple current 13 percent of'raTed load, RMS
Surge current ' 300 A, 1 cycle
3. Inverter

:The inverter is very.similaﬁ to the PDR in design. Due fo the nature of
the bropulsion system, voltage fransients generated on the load side are less
severe fhén on the source side, so only 10 thyristors per feg are required by
_‘The inverter in order to share the voltage.

fn the drive mode of vehicle opefafion, the inverter converts the dc link
voITage from the inductor into a Qariable frequency voltage, which is supplied
to the SC/LIM load. In the braking mode, the roles of the PDR and inverter are
reversed, with power flowing in the opposite direction, from SC/LIM into the
wayside power éource. Inverter driver logic and capacitors for the transient
suppression circult are mounted atop the inverter.

The thyristor devices in the PDR and inverter incorporate modular packaging.
Each thyristor module is common to both units and con+ains two thyristors with
their respécfive gating circuits, voltage sharing circuits, and water-cooled

heat sinks. Figure 1-15 shows the module.
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{ a. FRONT VIEW SHOWING L1QUID-COOLED THYRISTORS
AND GATE FIRING CIRCUITRY

F-21436 -A

’ b. SIDE VIEW (ALONG RIGHT EDGE) SHOWING
. VOLTAGE SHARING NETWORK

Figure 1-15. PDR/Inverter Thyristor Module
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Figure 1-16 shows the inverter fully assembled, but without the side covers
in place. Figure 1-17 locates the inverter as installed in the test mockup.

Load Break Switch

The primary spurces'of electrical protection for the LIMPS componen+$ are
the high-voltage load break switches mounted in the load break switch (LBS)
enclosure. : The three-phase, high-voltage, input power is supplied, through the
LBS, to the two LIMPS loads: |

Propulsion power components

Auxiliary power transformer
The LBS enclosure houses two swi+cﬁ assemblies, each comprising autonomous three-
phase switches, suffably fused. Figure 1-18 shows both propulsion power and
-auxiliary power switch assembllies, and Figure 1-17 shows the enc[osureyin#o
which the switches are mounted as installied in the test mockup.

Thé propulsion power swifches, those supplying LIM power, are rated 10 to
12 kv af 630 A. The switch that controls the input to the auxiliary power
transformer is rated 10 to 12 kV at 400 A. Both swifches will interrupt Theif
rated current at rated voltage without sustaining contact damage. The load
break switches are equipped with 24~ to 28-Vdc actuators for closing. A
spring (trip spring) is preloaded and latched during the closing operation.
Appficafion of a 24- to 28—Qdc signal to the latch wiil open the switch. |

The LBS assembly dimensions (H.x W x L) are 1.37 x 0.46 x 1.47 m 7
(54 x 18 x 59 in.). It weighs 470 kg (1035 Ib).

Auxiliary Power Transformer

The auxiliary power fransformer (APT) reduces the high-voltage power sup-
plied from the auxiliary power load break switch to a lower voltage level com-
patible with the electrical power required by the various subsystems of the

prcpulsion system. Electrical power for the water cootant pumps, ventilating

- :
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Figure 1-16. Inverter

F-21423

.,1
0
| oy
3
o
]
o
(75)
_+.
)]
-+
0
_.‘
o®
[17]
+
=
o .
)
Q
o
~
w
po 24
0
£
bu |
@.
)
o]
3
o
0
e ]
@
3
+
|
o)
&
o |
=+ {
o)
o I

2

45

| AIRESEARCH MANUFACTURING COMPANY
OF CALIFORNIA




a. PROPULSION POWER SWITCH ASSEMBLY
(SINGLE FUSE SHOWN)

| 71211-65

_ ' ) Fe21437 A
b. AUXILIARY POWER SWITCH ASSEMBLY

‘Figure 1-18. Load Break Switches
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fans, louver actuator motors, fire protection system, field power supplies,
logic circuits, and other incidental electrical loads are supplied from the
five secondary windings of fhe APT.

The APT ié'exfremely light and compact for its high power rating. These
charac+eris+icé are achieved fhrough the use of direct liquid cooling and
vanadium permendur material for the core laminations.

Figure 1-12b shows the APT installed in the test mockup, shrouded by a
thermal blanket, and without its enciosure panels. The APT, including ifs heat
blanket, mounting frame, andrencldsure, has H x W x L dimensions of: 0.99 x
0.63 x 0.66 m (39 x 25 x 26 in.). |t weighs 701 kg (1546 |b). The APT primary
winding is rated at 8250 Vv, 810 kVA (full load), 1210 kVA (overload).

The secondary windings provide outputs of 140 V (delta-connected), 40 V
(wye-connected), 208 V (wye-connected), rated, respectively, at 314 kVA.(498
kVA overload), 5 kVA, and 100 KVA. \

Controls, Displays, and Instrumentation

The system controls and displays are infended not only to allow normal

- operation of the system, but also to provide functional performance monitoring

and protective shutdown. The four major components are:
.A control quandrant

A control panel

A display'panel

A control cabinet

The control quandrant atlows the system operator to select both a predeter-

mined speed limit and the desired system thrust level. The speed limit auto-
ma+ically overrides the thrust command whenever the |atter exceeds the va]ue

required to maintain the selected speed.

b )
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_The control panel provides an array of pushbutton switches for starting:
and ;huftimg down the sysfem, and also provides various performance indicators
and fault warning indicators. These switches are used primarily to guide the
normal system start sequence, as the buttons are funcfibnally inferlockedAéo
that actuation of an out-of-sequence function will have no effect; the next j,
function cannof be actuated until the prior function has sngnalled its readlness

The display panel contains four meters and four corresponding rotary |
switches for sélec+ing various parameters in the system for display/monitoring
purposes. The selecTable paramefers are mostly nonperformance types (e;g.,’
temperatures and pressures throughout the cooling system).

Figure 1-19 shows the coﬁ#rol quadrant and control/display panels installed
in the vehicle. The combined weight of these three units is 14.1 kg (31 Ib).

The control cabinet accepts command signals'froh the control quadfanf and_i
confrollpanel, compares them with suitable feedback signals>from various sysfem:
components, and provides output signais to the control circuitry of the varioué'
 system components (e.g., the PDR, inverter, and field power supply). ]n addiffoh
+o merely demanding more or less propulsion power for example, the control
cfrcuifry performs many logic functions and checks to take the system through its
various operating modes (e.g., start, transition, run, and brake modes). |

The controi cabinet is a standard 4-drawer, 48.3-cm (19-in.) rack, as is
+hé instrumentation cabinet. Figure 1-20 shows the electronics and packaging
typical of these two cabinets, whose H x W x L dimensions are: 1.05 X 0.58 x
0.58 m (41 x 23 x 23 in.). The control cabinet weighs 124 kg (274 Ib) and the
instrumentation cabinet 163 kg (360 Ib).

One primary objecfive.of the TLRV program is to gather opérafing data on

the LIMPS. For this reason very extensive instrumentation has been incorporated

- §
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a. CONTRUL CABINET DRAWER

7241k-10 F-21438 A

b. INSTRUMENTATION4CABiNET DRAWER

Figure 1-20. Typical Control/lInstrumentation Cabinet Drawers
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into the LIMPS, much more than would be required for normal control and
monitoring. Table 1-9 lists the parameters to be recorded. Both digital and
analog signals are generated, which are conditioned as necessary in the instru-
mentation cabinet fn”+he vehicle equipment bay. Digital data is multiplexed
and TelemeTered to a tape recorder at the ground based data van for subsequent
computer processing. Analog data is fed to onboard oscillograph and tape
recorder equipment.

Cooling System

Direct liquid cooling is a major, +hough Indifec#, contributing factor in
the achievement of high power densities for the LIMPS components. The cool ing
system comprises two liquid cooling loops and a ventilation subsystem. The
liquid loops are divided into a high-pressure loop for flow through the hollow
conductors of the ftraditional elecfrica] maéhinery and a low-pressure loop for
flow through fhe power electronics (thyristors) heat sinks. The high-pressure
loop is closed, with heat being removed by a liquid-to-liquid heat exchanger
that is fed on the cold side by expendable liquid from the cold low-pressure
loop. Figure 1-21 shows the liquid cooling system schematic diagram.

Tﬁe ventilation system inducts outside air from the forward roof area of
the PCU compartment, blbws it through the compartment, and exhausts it through
floor louvers near +He rear of the compartment. |t features both inlet and
outilet Iouvers? water separators, and‘high—capacify blowers.

Figure 1-22 shows some of the cooling system components.
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TABLE 1-9

LIM PARAMETERS AVAILABLE FOR RECORDING

EU Channel

Sensor

AiResearch _ System | Manufacturer, - =
Measurand Parameter Units | Mnemonic] (See Note 2) | Format | Range Model or PN Location |Notes
101 INV Ad OUT kV INVVA ‘1 10 0-1.5 Caddock INV (3)
voltage RMS - PS 101-1 output
102 INV Bg OUT kV INVVB 2 10 0-1.5 | Caddock INV (3)
: voltage RMS PS 101-1 output
103 INV Cé OUT kv INVVC 3. 10 0-1.5 Caddock [NV (3)
voltage - _ PS 101-1 output ,
107 LIM Ad IN A LIA L 10 0-1000 | AiResearch INV (3) (4)
current RMS - 2002508 output :
108 LIM Bg IN A LIB 5 10 0-1000 | AiResearch INV (3) (&)
) current RMS 2002508 output
109 LIM Cé IN A Lic 6 10 0-1000 | AiResearch’ INV (3) (L)
current RMS ' 2002508 output
113 LIM avg MW LIMP 7 10 +1000 None None (3) (5)
power RMS : (6)
115 LIM Hz FE 8 10 0=-60 Top sync | (3)
electrical condenser
freq
116 LIM thrust, kN THR 9 10 +17.79 | Solvere LiM (3)
uncorrected VM1 9-4A1 1inkage .
141 LIM winding | °C LTI 549 13 0-260 | Thermal Systems | Primary
temp (2002278) #2 13-14
142 LIM winding °c LT2 50 13 0-260 Thermal Systems | Primary
temp (2002278) #2 25-26

% See page 61.
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Sensor
AiResearch : EU Channel System | Manufacturer, ,
Measurand Parameter Units | Mnemonic | (See Note 2) | Format | Range Model or PN Location |Notes
143 LIM winding | °C LT3 51 13 0-260 | Thermal Systems| Primary
temp (2002278) #2 33~34
144 LIM winding | °¢ LTk 52 13 0-260 | Thermal Systems| Primary
: temp (2002278) #2 L3-LL
145 LIM winding °c LTS 53 13 0-260 Thermal Systems} Primary -
temp B , (2002278) #2 53-54
146 LIM winding %t LT6 54 13 0-260 Thermal Systems| Primary
temp - ' (2002278) #2 65-66
147 .LIM winding °c LT7 55 13 0-260 Thermal Systems| Primary
“temp (2002278) #1 23-24
148 LiM winding °c LT8 56 13 0-260 Thermal Systems] Primary
temp ' (2002278) #1 33-34
149 LIM winding | °c LT9 57 13 0-260 | Thermal Systems| Primary
temp (2002278) #1 L3-4L4
150 LIM winding OC LTiO 58 13 0-260 Thermal Systems} Primary
temp (2002278) #1 53-54
151 LIM winding OC LTi1 59 13 0-260 Thermal Systems Primary
temp _ (2002278) #1 63-64
152 LiM winding | °¢C LT12 60 13 0-260 | Thermal Systems| Primary
temp (2002278) #1 73-7h
153 LIM OUT °c CLIM 61 12 0-260 | Tylan FG 645 LIM OUT
coolant line
temp .
154 LIM backiron | °c ‘ LBTI 83 13 0-100 Thermal Systems} Primary
‘ (2002278) #2 19

temp
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Sensor
AiResearch EU Channel System | Manufacturer, ;V
Measurand -|” Parameter '} Units| Mremonic | (See Note 2) | Format | Rarige Model orF PN° °~ '} Location }Notes
155 LIM backiron | °c LBT2 84 13 0-100 Thermal Systems | Primary
temp _ -+ (2002278) #2 68
156 LIM backiron | °C LBT3 85 13 0-100 Thermal Systems } Primary
temp (2002278) #1 19
157 LIM backiron | °C LBTL 86 13 0-100 | Thermal Systems | Primary
temp (2002278) #1 68
158 Speed limit y SLC 33 10 0-5 Spectrol Speed
command dc 930-279 quadrant
159. Thrust v THRCOM 34 10 2.5 Spectrol Thrust
command ‘de 930-278 quadrant
160 Vehicle land | m/s VEL 35 10 0-25 Nucleus NC-7 Trailing
speed . vehicle
161 LIM m/s2 | AcC 36 10 +10 (3)
acceleration | peak '
201 Sync cond A SCIA 10 10 0-1000 | None None (3)(5)
Ad current RMS S :
202 SC B& A I SCIB 11 10 0-1000 None None (3) (5)
current RMS _
203 SC Cé A SCiC 12 10 0-1000 | None ‘None (3)(5)
current RMS :
204 SC 38 VAR MVAR SCQ 13 10 +2 None None (5)
RMS
205 SC field kA SCIF 14 10 0-3 AiResearch Field (3) (&)
current dc 2002506 power (7)
supply
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TABLE 1-9 (Continued)

F
Sensor
-AiResearch EU Channel System | Manufacturer,
Measurand } Parameter Units | Mhemonic (See Note 2) | Format | Range Model or PN Location [Notes
206 SC field v SCVF 15 10 0-150
voltage dc _
207 SC field ¥ SCRF 16 10 0.02 to | None None (5)
resistance 8 : - 0.06
208 SC vibration | g SCVB1 37 11 0 to 5 | Endevco Upper (3)
) peak 2217E lateral
209 SC vibration | g SCvB2 38 11 0 to 5 | Endevco Upper (3)
peak 2217E vertical
210 SC vibration | g SCVB3 39 11 0 to 5 | Endevco Upper (3)
> peak ' "2217E longitud
(approx.)
211 SC vibration | g SCVBL Lo 11 0 to 5 | Endevco Lower (3)
peak ' 2217t lateral
213 SC vibration | g SCVB5 L1 11 0 to 5 | Endevco Lower (3)
peak 2217E longitud
(approx.)
214 SC temp °c SCT1 62 12 0-260 Thermal Systems | Upper ball
(2002278) bearing
215 SC temp ¢ SCT2 63 12 0-260 Thermal Systems | Lower ball
. (2002278) bearing
216 SC temp °c SCT3 64 12 0-260 | Thermal Systems | Upper
' (2002278) roller
, : bearing
217 SC temp O¢ SCTL 65 12 '0=-260 Thermal Systems { Inner
(2015043) winding
i
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. . Sensor
AiResearch ) EU Channel System } Manufacturer;
Measurand | Parameter Units | Mnemonic | (See Note 2) | Format | Range Model or PN Location | Notes.
218 SC temp SCTS 66 12 0-260 Thermal Systems | Mid
- (2002278) winding
219 SC temp SCT6 67 12 0-260 Thermal Systems | Outer
(2002278) winding
220 SC temp SCT7 638 12 0-260 Thermal Systems | Stator
(2002278) lamina-
tions
221 ' SC temp SCT8 69 12 0-260 Thermal Systems | Housing
(2002278)
222 SC temp SCT9 70 12 0-260 Thermal Systems | Lower
(2002278) dynamic
. seal
223 SC temp SCT10 71 12 0-260 Thermal Systems | Brush
(2002278) heat sink
224 SC temp SCTI 72 12 0-260 Thermal Systems | Internal
(2002278) ambient
225 SC temp SCT12 73 12 0-260 Thermal Systems ‘Internal
' (2002278) hous ing
226 SC coolant €SCS 74 12 0-260 Tylan FG 645 Stator
temp | : ouT
227 SC coolant CSCR 75 - 12 0-260 Tylan FG 645 Rotor
temp ouT
228 SC brush SCT13 107 14 0-260
temp . ' :
229 SC brush SCBP 108 14 to
position 1.27
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TABLE 1-9 (Continued)

Sensor . 5
AiResearch ' EU Channel System | Manufacturer, :
Measurand Parameter Units | Mnemonic | (See Note 2) | Format Range Model or PN Location |[Notes
301 PDR AZ IN kV PVA 17 11 2.0~ Transrex Aux trans ] (3)
: voltage RMS 2.5 (2000972)
302 PDR BZ IN kv PVB 18 11 2.0~ Transrex Aux trans | (3)
voltage RMS 2.5 - (2000972)
303 PDR C# IN kv PVC 19 11 2.0- Transrex Aux trans | (3)
voltage RMS ’ 2.5 (2000972)
30L PDR AZ IN A PIA 20 11 0-100C | AiResearch PDR input } (3) (&)
current RMS 2002508
305 PDR B@ IN A PIB 21 11 0-1000 § AiResearch PDR input § (3) (L)
current RMS | 2002508
306 PDR €2 IN A PIC 22 11 0-1000 AiResearch PDR input [ (3)(4)
current RMS 2002508 ' _
307 PDR avg 3¢ MV PDRP 23 11 +2 None None (5)
power IN RMS
308 POR o command | Vdc | PDRA 24 - 11 None (3) (&)
309 PDR OUT °c PDRTI 87 13 0-100 | Thermal Systems | Lower
air temp , 5001-19A
310 PDR QUT °c PDRT2 88 13 0-100 Thermal Systems | Lower
air temp . 5001=-19A
311 PDR OUT °c PDRT3 89 13 0-100 | Thermal Systems | Upper
air temp . 5001-19A
312 PDR OUT °c PDRTY 90 13 0-100 | Thermal Systems | Upper
‘ air temp ) ' 5001=19A
313 PDR OUT ¢ PDRT5S 91 13 0-100 Thermal Systems Logic box
air temp . 5001-19A
*- 7
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TABLE 1-9 (Continued)

~ Sensor
AiResearch EU Channel System | Manufacturer,
Measurand | Patameter = | "Units | Miemonic | (See Note 2) | Format | Range | Model or PN Location- [Notes

314 PDR OUT °c PDRT6 92 13 0-100 Thermal Systems { Logic box
air temp , 5001-19A

401 Inductor °¢ CIND 76 12 0-260 Tylan FG 645 OUT line
coolant temp

501 - INV Ag A INTA 25 11 0-1000 | AiResearch INV output}(3) (&)
current OUT RMS 2002508

502 INV B A INIB 26 1 0-1000 | AiResearch INV output|(3) (&)
current OUT RMS _ 2002508 '

503 INV C# A INIC 27 11 0-1000 } AiResearch INV output](3) (&)
current OUT RMS 2002508

50L Dc Tink KV DV1 28 11 +2 Caddock PDR output](3)
voltage dc PS 504-1

505 Dc link A DIt 29 1 0-1000 | AiResearch PDR output](3) (4)
current dc 2002508

506 Link ripple A IDIR 30 11 0-300 AiResearch PDR output}(4)
current " RMS 2002508

507 INV IN ¢ INVT1 93 13 0-100 | Thermal Systems | INV input

. air temp 5001-19A '

508 INV avg MW [INVP 31 11 *2 None None (5)
power

509 Mode monitor,| V M 32 0/1 None INV
start/run dc controls

" 601 Primary MPa PPP 48 12 10-2.08 | Bourns

Pump IN gage 2005831901
pressure
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. Sensor
AiResearch : EU Channel , | System | Manhufacturer,
Measurand Parameter . Units] Mnemonic| (See Note 2) | Format | Range "Model or PN Location Notes

602 Primary o¢c | TEMIN 9L 12 0-100 | Tylan FG 645

pump IN temp ' ' .

603 input coolant |°C cl 77 12 0-100 Tylan FG 645

temp: PDR, FS,
INV

604 Output coolant]®c o 78 12 0-100 | Tylan FG 645

temp: PDR,
FS, INV
605 Aux trans °c CIND 76 12 0-260 | Tylan FG-645
coolant '
temp
607. . . | Closed loop |MQ RCC 95 10 0-8 | Balsbaugh
’ ‘resistivity cm ' 900M/900-.01T

608 Open loop MO RCO : . 96 10 0-8 Balsbaugh

resistivity cm {1 900M/900~.01T

609 Boiler IN °c CBI 80 12 0-260 | Tylan FG 645

coolant temp

613 #1 pressure Vv S1 L2 12 208/160 | Custom Compon-

switch ac psig ents 8G

614 . #2 pressure v S2 43 12 282/238 | Custom Compon-

switch dc psig ents 8G

616 #4 pressure v Sk L 12 30/psig | Custom Compon-

switch dc , - ents 8G

801 Collector rad | CAVP 45 {11 . | -0.157 ] cal Best Junction

' arm vert ' to 0.262] 805080 | box
position ' ‘
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TABLE 1-9 (Continued)

Sensor
" ” ' 22
AiResearch EU Channel System | Manufacturer,
Measurand } Parameter .. | ..Units {Mnemonic } (See Note'z) Format Range .Model or PN . Locatienv; Notes
802 Colliector cm CAE L6 11 0-30 Research Top of
arm 7101-12 arm
extension :
803 Collector N CAD L7 11 Arm joint
arm drag ‘
force
G68 Thrust rad |GTDP 99 14 0-1.69 (1)
deflector :
position
G79 Air duct kPa GADP 100 14 (1)
pressure gage
G166 Crew REF v GCRS 101 14 071 Cockpit | (1)

signal
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TABLE 1-9 NOTES

~Installed on vehicle by AiResearch.

Additional channels:

103 IR1G-B hours
104 IRl G=B minutes
105 IRIG~B seconds
106 frame count

These measurands are connected also for analog recording

of .instantaneous values.
Hall-effect device.

Calculated in the signal conditioner from other
measurands.

Analog signal is unfiltered.

The current pickup is located between the power supply
and the free-wheeling diode. The peak supply current
value is approximately equal to the constant current
in the synchronous condenser field coil,
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DIA —DiA

31.8 MM 31.8 MM
(1.25 IN,) (1.25 INJ)
2.3 L/S 2.3 L/S
H DIA (36 GPM) (36 GPM)
. 63.5 MM 3.05 M/S 3.05 MW/S
w— (2,50 IN.) (10 FPS), (10 FPS)

E;Au M 19.1 M4 @ POR ""@
‘ (1:00 IN.) (0.75 IN.)

S 8

9! INVERTER l

25.4
) (‘? L7 (1,00 IN.)
pd

= .:q FIELD POWER

= Ha0

TANK

207 kPa
(30 PSI}

DIA
25.4 MM

(1.00 IN.)
HIEN 0,51 L/S
(87 GPM) DIA
BOILER A 1.22 M/S 19,1 MM
(4 FPS) {0.75 IN.)
ap 0.76 L/S
19.1 MM -7
(0.75 INJ) - (12 GPM)
‘ AUX IL IARY -
b Wt TRANSFORMER -~
BOILER B :
-
Z 0.64 L/S
I (10 gp) 19 MM
%8 34,5 kpa (0:7h IN.)
alz (5 PS1)
1 76.2 MM
)l( (3.00 IN.)
@ v ROTOR T@
31.8 MM : — ——— — 7 <x
(1.25 IN.) | BRUSH __ ?
ACCU — A
b STATOR I
BT B O s ] L bIA
(1.25 IN.) __DIODE _ _J : —3] 3 M
BEARINGS .
A ARVA 1525 w0
SYNCHRONOUS 2.4 L/S
CONDENSER > (37.5 GPM)
« P DIA
= 63.5 MM
' SEM\G {2.50 IN.)
a2 L5 L/S
AR (71 GPM)
, , : - 2432 kPa
2 (360 PS1)
CP 1.53 WS
— , | . — (5 FPS)
DIA ) G_{E —~ DIA \
89 MM = = 63.5 MM DIA
(3.5 IN) == F- . (2,50 N . 63.5 MM
16.7 L/S e P 7.)3#}/;3 (2.50 }N.)
L) 2,44 WS . 3.00 L/S
261 GPM L e . g
G380 o 282 m Q== (8 FPS) (75 GPH)
- (200 Psl) — 1333 :;‘;?) .
LEGEND: 1.22 W/S (
(4 FPS)
® THROTTLE W(  vent ) =1 cneck varve
® VALVE - PRESSURE SWITCH _E}. FIXED ORIFICE
@ FLOW METER GJ PUMP
@7 TEMPERATURE SENSOR PRESSURE SENSOR $-88551 ~A
3

Figure 1-21. LIMPS Liquid Cooling System Schematic
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d. HIGH PRESSURE ACCUMULATOR
Figure 1-22. (Continued)
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f. VENTILATION BLOWER ASSEMBLY~-~ONE OF TWO SHOWN
(Continued)

Figure 1-22.
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SECTION 2

MOCKUP ASSEMBLY

The geographical areas of primary importance in the TLRV,program‘inc!uded

Bethpage, Néw‘Yérk, where the vehicle was built; Torrance, California, where

the LIMPS and wayside power system (WPS) were built; and Pueblo, Colorado; where
the Transporfafion Test Center is located. Considerable distances were involved
between the LIMPS site and the vehicle site, both during its manufacture and
during LIMPS insfallafion/field testing. Further, fheIthicIe development
.preceded the LIMPS development by nearly one year. Based on these circumstances,
along with -the diversity and complexity of the LIMPS componenfé, it was decided
early in the prograh to reconstruct Tﬁe portion of the vehicle that would serve
as the comparTmen+ for the LIMPS power conditioning unit hardware. This struc-
ture came %o be referred to as the mockup and was intended to:

Act as a shipping container when the LIMPS was transferred from
Torrance, California, to Pueblo, Colorado.

Simulate the vehicle dlmen5|onally in size and shape to help mini-
mize interface problems, '

_ Provide a test enclosure for assembly of the system for component and
system checkout tests.

Thié approach proved to be extremely beneficial; several interface diffi;ulfies
were revealed and rectified during development phases when corrective actions
werefreiaffvely easily accomplished. Considerable design time for the cooling
system plumbing was saved by observing the equipment assemblage in its
installation rather than having to visualize it from dozens of drawings.
Determination of the accepfabfiify of various electromagnetic fields was

possib!e, Static tests were eXpedifed'fhrough ease of access and the whole
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shipping cycle was shortened by AiResearch being able merely to button up

the mockup and load it on a commercial truck bed. At the Transportation Test
Center (TTC) reinstallation of the system components into the actual vehicle
(the TLRV) was also considerably simplified.

Figures 2-1 and 2-2 show, respectively, the mockup (1) near the finish
of its fabrication, and (2) installed on an adjustable, movable stand,
buttoned up and ready for shipment to the TTC.

Figures 2-3 and 2-4 show, respectively, the cooling system plumbing
layout, and the mockup on its stand with its roof panels removed, under-
going trial fitting of the cooling system plumbing. Various skid-plates,
intercostals, the sidewall hat section, mounting brackets, subfloor spiumbing
holes, and:o+her LIMPS installation provisions can be seen in Figure 2-4.

Figure 2-5 shows the mockup in the test cell being prepared for the

static tests with most of the LIMPS components insfalled;
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Figure 2-2. PCU Mockup Awaiting Shipment
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Figure 2-4. PCU Mockup during Trial Fiffing
of Cooling System Plumbing
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Flgure 2-5. PCU Mockup in Test Cell
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SECTION 3

STATIC TEST INTRODUCTION

The tests performed on the system as it was assembled in the full-scale
mockup of the LIMPS poﬁer conditioning unit compartment are termed static solsly
because no movement of fhe LIM was al lowed. All.ofher components of the system
were operated in their normal dynamic manner, as if the whole assembly were
beiné operated on a vehicle moving along its test track. The tests were per-
formed at the high-volfége test cell of the AiResearch Manufacturing Company,
Torrance, California.

OBJECTIVE

The primary objective of the tests was to verify the basic performéncé of
the assemblage of compénenfs as an integrated, predictable system. This overall
Qoal was approéched methodically in broad steps by éhecking the following charac-
Teris+ics‘6f the system:

) Proper operation of the cooling system

Y ) Proper operation of the proftection system

° Ability to withstand rated vol tage

o Ability to carry full-load current

e Ability to acceﬁT input power and produce thrust

e Ability to start and accelerate the system from zero speed
) Ability to self-1imit to a selected speed

® Ability to produce regenerative power during braking

° Deviation of measured system parameters from theoretically

predicted values
CONCLUS IONS

Table 3~1 summarizes the pertinent statistics of the test.

n
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TABLE 3-1

 LIMPS STATIC TESTS SUMMARY

- N— T ———
Run Time
AT:. 480 V 2 hr, 42 min, O sec
4160 V . 3 hr, 11 min, 18 sec
8250 V - ’ 1 min, 45 sec
'.TOTaI ' _ 5 hr, 55 min, 3 sec
Maximum lInput Voltage 8250 V Iine-fo-iine (full rated)

Max imum Inpuf Current

Dc Link ' 600 A (129% of rated)
LIM ‘ ' 438 A (84% of rated)
Synchronous Condenser 444 A (79% of rated)

488,25 rad/sec (4650 rpm),

Max imum Synchronous Condenser Speed 99, of rated speed

: All.aspecfs of the test objectives were satisfied. The system demonstrated
the ability to withstand full volitage, to carry load currents én the order of
magnitude of rated current, and to produce thrust. The power conversion system
was able Toiproduce variable-voltage, variable-frequency power, and to commutate
The.inverfe} in both the start and the run modes. The use of water cooling for
major electrical components at high voltage was successful. A problem in start-
ing Qnder locked-rail conditions was discovered, identified, and analyzed. It
was concludéd that failure to achieve transition from the start to run mode was
due fo the iow LIM impedance associated with-a locked secondafy, but under con-
ditions whe?e the vehicle is free to move, the system wiil start and run. A
prdblem in Thyris+or voltage sharing and operation at full voltage was encount-
ered. Design changes were incorporated in the voltage sharing circuitry and a

thyristor matching procedure was instituted to overcome this difficulty.

N
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The ultimate result of the tests was demonstration of system readiness for

actual field operational testing.
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SECTION 4

TEST FACILITIES

Fabrication and testing of the LIMPS was performed in the laboratory
facill+ie§ of AiResearch, Torrahce. The propulsion system power components
were mounted in an aluminum enélosure (refer to Section 2), which was a full-
scale mockup of the propulsion system compartment in the TLRY. The aluminum
enclosure and the bropulsion system Qere located in a test cell, énd the control
system was:sef'up‘in the control room of the cell.

Figure 4-1 shows the test cell with the mockup in-place.

Figure 4-2 is the power connection diagram for the lab facility. The
eIecfrfcal power for the 4160-V tTests was supplied from a 2500-kVA transformer.
The transformer rating would permit operation of the power system at nearfy
full-load current for a limited time. The 8250-V tests were run with a 750 kVA-
transformer, and Ioad*cufrenfs had to be limited to less than 100 A (about
200 percén# of rated transformer current). |
DATA ACQUISITION

The LIMPS data acquisifion system (DAS) comprised an analog recording
system and a computer-controlled digital recording system, together with
appropriate éensors and signal conditioning circuitry. Figure 4-3 is a sche-
matic block diagram of the entire system. As indicated, +He pertinent system
variables were measured by use of an appropriate sensor installed in the pro-
pulsion system itself. The output of each sensor, usually a voltage, was
conditioned (amplified or attenuated), isolated where needed by operational
amplifier buffers, converted +o dc if initially ac, and generally operated upon

by circuifry to produce ‘an output signal proportional to the input signal
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a. FORWARD VIEW,SHOWING(FOREGROUND) LEFT TO
RIGHT, INDUCTOR, PDR,AND LOAD BREAK SWITCH
ASSEMBLY

F-2144) ~A

e G :
b. REAR VI:W SHOWING LIM INSTALLED BENEATH

7 MOCTKUP AND SYNCHRONOUS CONDENSER

{RIGHT “QREGROUND)
Figure 4-1. Mockup with LIMPS Components Installed in the
: Test Cell during Static Tests
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.TO 12 kV PAD (15 MVA TRANSFORMER)

I

,; 12 kV A
2500 kvA b 16 KV Yo
- 12 kV A 12 kV
750 kVA : AN 1000 kVA WA b
|
CONNECTION FOR | CONNECTION FOR
4160~V TESTS ! 7 8250-V TESTS
_____.—._____._—_.q__.(...__.__.__.-___.____—_..—..—._.v_—
g - o
15 kv, 1200 A )MAIN BREAKER | )600 A
- | Bus':I
LIMPS PDR
I NPUT, v
4160~V AND
8250y TESTS LIMPS PDR LAB TRANSFORMERS
INPUT, FOR LIMPS
L80-V TESTS AUX1LIARIES
$-88530 -C

Figure 4-2. Facility Power Distribution
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Figure 4-3. LIMPS Data Acquisition System
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(sensor oufpu+), séaied so that full range of the system variable corresponded
to 0 to 5 Vdc or +2.5 Vdc. The conditioned signals were fed into either the
digital or the analog recording system.

The analog system was used prjmari|y for on-line continuous recording of
critical parameters where Transiéﬁ} information was required. The system con=
sisted of an ultraviolet iight beam oscillograph recorder and signél.condi+ion-
ing necessary to drive high-frequency galvanometers. The signals were recorded
on 27.9-cm'(11—in;) wide, light-sensitive recording paper. The number of channels
recorded and their scale factors were selected to provide good Eeadabili#y and
resolution.

The computer-controlled digital system was used primarily for recording all
parameters during steady-state conditions and providing engineering calculations.
The sensor outputs to be recorded were conditioned and then sampled by the data
system at a rate of two sémples per channel per second. These digital data
were then transmitted fo the IBM 1800 computer for storage and processing. This
data was then fransmitted to a cathode ray oscilloscope (CRT) in the test cell .
ontrol room for use by the test conductor. |In addition, data were displayed as
the output of a line.prinfer when the test conductor requested a data point.

This was accomplished by a keyboard entry on the CRT. The digi+al data acqui-
sition software was set up on a priority basis: (1) save all data scans and
store on magnetic tape, (2) perform engineering calculations, (3) transmit data
to CRT, and (4) print out reqﬁesfed data points. This sysfem.was adopted to
'éssure the retention of all data for later analysis and reduction. With this
setup, }he CRT was updated approximately every second. Data printout was nor-

mally available within two to three minutes after a data point was requested.
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INSTRUMENTAT ION

Problems in measurement, and techniques used in thelr solution varied with
the type of variable méasured.
Voltage |

Measurement of PDR input voltage, dc |ink voltage, and LIM voltage presented
a special problem in that all were above 4000 V under rated conditions. Preci-
sion resistance dividers were used to reduce the dc |ink voltage and the LIM
voltages to signal levels. For the full-voltage *esfs; the PDR input voltage
was measured by using the output of a. low-voltage wlnding on the auxiliary
power transformer, which is propof+ional to the input voltage. The signals
representing these voltages were'buffered and conditioned to provide 0 to
5" Vdc or iZ.S'Vdc signals for recording.
Current

All current measurements were made with AlResearch~designed, Hal |-effect
current sensors. These sensors have no direct connection to the current carry-
ing lines and, therefore, impose a very low burden. All units are magnetically
shiéldéd and femperafuré compensated to achieve sfabilify and reduce noise.
Their output was buffered and amplified to provide 5.0 Vdc or +2.5 Vdc levels
tfor recording.

Flow

Coolant flows were measured with fﬁrbine-fype flowmeters. The frequency
output of these meters was buffered and conditioned to prdvide a 5.0 vdc analog
signal proportional to flow and suitable for recording.

For the locked-rail tests, thrust was measured with a universal strain

gage-type load cell mounted between the LIM and a stationary test fixture. The
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load cell 6u+pu+ signal was amplified and buffered to provide a +2.5 Vdc signal
for recording.

Vibration

Componehf vibration was measured with piezoelectric accelerometers and
charge amplifiers. All charge amplifier output signals were buffered and con-

ditioned to provide 2.5 Vdc signals for recording.

TemEerafure

All temperature measurements were made with platinum resistance temperature
sensors. The outputs of these sensors were conditioned and filtered to provide
an output signal of 5.0 Vdc for their full-scale range.

LIM Frequency

LIM frequency was obtained from one phasé of the LIM voltage sensor. This
ac signal was conditioned with a frequency-to-dc converter to provide a 0 to 5
Vdc signal proportional to the frequency of the LIM voltage.
Power

Average power was computed by multiplying insTan+anebus values of voltage
and current and obtaining the average value of that product. This signal was
then conditioned and buffered fo provide a 0 to 5 Vdc signal for recording.
Reactive VA |

Threé-phaséiheacfive VA was measured by multiplying each line current by
the (Iine-To-line) voltage between the other two lines on an instantaneous
basis and averaging the result. The output signal was conditioned to give
a 0 to 5 Vdc full-range signal.
DATA DISPLAY/PRESENTATION

Both analog and digital methods were used to acquire and display data.
Analog data was recorded on an ultraviolet light beam osci | lograph recorder.

The signals to be recorded were conditioned and amplified to provide 2.5 Vdc
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or 5.0 Vdc signal leveis. The oscillograph recorder was run at a chart speed

of 2.54 or 25.4 cm/s (1 or 10 Ips), depending on the nature of the test. The
high paper speed was useful in recording transient conditions and in providing
resolution of traces during steady-state conditions. The resulting oscillograph
charts were used for preliminary analysis during testing before proceeding to
other test conditions. Charts were also retained for more detailed reduction
and analysis later in the program.

The computer-processed digital data were displayed in the test cell control
room on a CRT and were also printed out on a line printer in the data center.
The CRT display provided real-time data feedback to the test conductor. Several
different displays, called page options, were available for the CRT. Changes
in displays were initiated by the test conductor through the CRT keyboard. Page
options consisted of displays of overall system performance, heat balances, cool-
ant system condi+ion§, and major component performance. All sensor outputs were
converted to engineéfing values, calculations were made, and these sensor values
and calculafions.were printed out on a line printer. The data were displayed in
the form of tabulations and flow charts fhaf schematical ly represented the TLRV
system. During testing, printouts were made for all test conductor flagged
poinfs., These printoufs were available for review before proceeding to new
test conditions. The sampling rate of the digital sstém was such that a data
record was obtained every second. These data records were stored on digital
tape for posttest refrievé! and subséquenf engineering calculations.

The printout pages of the digital data corresponded in format fo the CRT
displays. One printout page lists values of all the measurands in tabular
form. A second page is a power flow diagram and shows voltages, currents,
thrust, frequency,'and real and reactive power values at pertinent system

points., The third page is a heat balance diagram that |ists and compares
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calculated values of the losses with values of heat carried away from the ma jor
components by the cooling water. An example of the poWer flow printout sheet
is shown in Figure 4-4.

Problems

Several pfobJems were encountered with the insftrumentation and signal con~
ditioning, generally in the following categories:

] Manufacturing

° Concept/Design

) Scaling

(] Noise

Most of the problems associated with manufacturing were readily found and
corrected: improper wiring, missing wiring, and loose connections. Some of
these problems, however, required considerable troubleshooting and consumed

" time due to system complexity. Mos+ of the éoncepf/design-relafed problems
involved grounding and the effective matching of impedances. Scaling errors
were the kind typically associated with the measuremenf of ac quantities.

Some channels were scaled in RMS units, others in peak units, and still others
in average units; thus the resolution of scaling problems was relatively
complex.

Noise on signals is always a serious problem with a system |ike LIMPS,
due to the existence of high voitage levels and large transient currents.
Problems were éncounfered due to incorrect grounding of signal conditioning
circuitry, improper. impedance matching, and inadequate common mode re jection.
Many of fthese problems were corrected, but the design objective for the signal-

to-noise ratio was never achieved.

]

[/
ley

(Ganrnert| AIRESEARCH MANUFACTURING COMPANY 82
. OF CALIFORNIA




ANVAINOD ONIINLOVINNVYIN HOUVYISIHIY |(an

k% TACRY  kxx

%%  POWER FLOW DIAGRAR  &xx

TI4E 9= 4-14 . PAGE 1}

READ ING 43 NATF /20773
=
e
o
o
z
> 0,909 PF v
435,839 Ki ok g o g o ok e A e o
479,10 KVAR * Co%
527,65 v & + 706.35 KG
268.8 A % + (1557.2 LB)
Bk fe gk A ok ok e ek LI Rk S TRRRRRLEH
0,112 PF ) # % ) %
9541,2 KVA. #kkdomisokdopkkrkbs 519,8 KW ek iokuksdiohiks * * P
“TOT7.599 KW % T = 1117.0 V » Ty % * *
fos) 232649 V * * T4.3 AR % * * R Ao e X o ke ek o ok
(% 136648 A * * 465.3 A * * 336.1 A *
J T e e e e ke A A PDR desnale e ek Aok sk kR INV gk ok ek w g
* % * % *
* % x * * ok e ek o Aok %
* * * : * % 15,1 HZ % ®
T e e T T Aok dk R Rk ok Rk * 427,999 KVAR = *
* ® - 252,0 A * &
* e E e L sSC *
& * *
* % &
* & - %
t- P23 53 33 2. 2-8 5223
% *
* %
* 172,1 DEG *
&
&
* bH 4 KU
% i5.,3 Vv
# 1937.0 A

Figure 4-4.

Typical Computer Program Printout
of Power Flow Diagramm



SECTION 5

TESTS PERFORMED

PRECIMINARY SUBSYSTEM TESTS

Cooling System

The cooling system, which uses deionized water as the coolant for major
system components, was ear|ier shown schematically in Figure 1-17. The system
used to deionize the water is shown in Figure 5-1. This system was operated
prior to any e}ecfrical'sysfem.fes*s to assure édequa+e dielectric characteris-
+ics of the cooling water. Initial cooling system tests involved pump operation
to verify plumbing integrity and to set and verify the desired pressure levels
and flow rates at various points in the cooling loops. This was accomp | ished
with water actually flowing through the powér conversfon components, but with
no propulsive energy applied to the power conversion system. In ad justing the
pressures and flow rates, i+ was found that for the half-system built, two
(rather than three) pumps in the high-pressure loop were sufficient to provide
the desired flows. Accordingly, the third pump was not energized during the
static test program. It was left in place, however, to avoid a redesign of
the pldmbiqg layout.

After .initial difficulties with plumbing infegrify were overcome, the
cooljng system performed well, though not Qifhou+ incident. One motor failure
was experienced near the end of the program; the cause was not fully determined.
A possibility was that contamination of the cooling water caused blockage of the
water line providing lubrication for fhe mbfor upper bearing. The motor was
replaced with a new unit. Another pr$blem was the occurrence of repeated water
leaks at Tygon tubing joiﬁfs between the PDR and inverter thyristor modules

and the thyristor heat sinks. Nonelastic deformation, which apparently is a

= 84
@ AIRESEARCH MANUFACTURING COMPANY
-~ Of CALIFORNIA




~
2RSS W TP
-

LOW~PRESSURE

SSLENCID

50,8 MM
(2 iN)

a LOW-PPESSUFED
" RETURN PUMP
2
=
-
%
3
; ! AMB IENT
: BLEED
2
<
=
E —_—— | —
: MCTOR, -
23 ‘ .
= 440-480 v, 37.3 <M o
3 (50 HP) .
: | (1-t/2 1n)
g3 SESESLT UG
o 2 :
- 50.8 MM COND. CELL 50.8 14
» < ‘ (2 %) (z 1) ™
31.75-MM (1-1/2 IN.)
\ (1-1/L-IN.) T
1136-LITRE
oy MAIN PUMP, 3450 kPa +
I ,‘ (500 PSIG), 4.73 L/
K7 \ (75 GPM) .
l 3.1 MM
’ (1-1/2 IN.)
7 50.8 it B.J. 76.2 tn
(2 1)
W 28 voc
\/ 50.8 HH
7\ (2 )
50, 8-MM
- (2-IN.) BYPASS
i3 ' LR SWITCH
(2 n.) ‘
19 MM
(374
IN.) 25,4 MM 25.4 HN .
P@_v (1 1N.) 58 (2 IN)) e
.8 MM B
) (2 IN.) r—————M - .
I J; FILTER, 0.0076 MM
G o P Capac iy (0.003 IN.), 4.73 L/S HEAT EXCHANGER, 2.92 u?
(46 CU FT) CAPACITY 2003 o oy, o2
50.8 MM !
(2 1N.)
c.T. H20 ouT

W.T. H IN
Fer

\ ——% EXISTING CART

Figure 5-2. Facility Deionization System

5-88534 -A



property of this tubing, could cause leakage in the low-pressure cooling loop
. . l :
if the sysTgm»remains inoperative for long periods of time.

instrumentation and Control System

Those portions of the control and instrumentation system required to
regulate the sfaf+up and shufdoﬁn sequences were tested with the pbwer conver=-
sion system  deenergized. The manual startup and shutdown sequence was checked
by operation of the pushbutton controls and simulation of fthe appropriate
feedbacks during simulated startup and shutdown. Automatic shutdown Qas checked
by simulating malfunctions and observing the resulting signal that opened the
high-voltage switches. Instrumentation channels were calibrated pfior to actual
system operation.

PCU_Control and Protection System

The PCU control and protection system was tested prior to actually energiz-
ing the power conversion system. Again, the appropriate responses on the part
of the control sysfem.fo simufa+ed requests for thrust and braking were noted,
on a signal level. Likewise, appropriate responses to simulated failure modes
were'obser%ed, again on a signal level. After correction of some initial
difficulties the system perfprmed well. DUring.The later system tests, the
response of the proftection éysfem to actual malfunctions, such as inverter
commutation failures, was fast and effective.

in aqdifion to the subsystem tests, a dielectric test was performed on the
high-voltage elements of the system prior to energizing them.

SYSTEM TESTS AT 480 V

Basic No-Load Testing

Initial system testing was conducted at 480 V to insure the lowest possibil-

ity of dielectric failure. Ffigure 5-2 shows the test setup. Field power for
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the synchronous condenser was supplied by the fa;ili#y; the pumps were fed from

a facility source; the auxiliary transformer was not energized; and the PDR

itself was fed from the 480 V bus in the test cell. During these tests, the

| system started, made the transition from the start mode to the run mode, and
operated satisfactorily. Figure 5-3 shows oscillograms of the line-fb—neufral

and |ine-to-line voltages during this test. Figure 5-4 shows an oscillogram of
SC basic variables during operation at about 18 Hz. These voltages are at the
oufpuf terminals of the inverter with the SC connected, but the LIM not connected.

Qperation in Brake Mode

Figures 5-5 and 5-6 show system operation in coast and brake modes. Fig-
ure 3-5 shows the system initially in the run mode as indicated by the positive
value of the dc link voltage. Figure 5-5 also shows the dc link voltage
decreasing to approximafely zero, which occurred when the +hrusf command lever
was set to zero position. Figure 5-6 shows the transition into the brake mode
when the thrust command lever was set into the braking quadrant. The dc Iink
voltage becomes negative at thls transition, indicafing.fhe transfer of power
from the SC‘back into the power system, This wou|d,'in actual vehicle opera-
tion, decelerate the TLRYV,

Deceleration Testing

in addition to running and braking tests, deceleration testing was con-
ducted at 480 V. Figure 5-7 depicts the results. The two curves are graphs
of speed vs time, one with no field current, the other with a field current of
about 300 A. The difference between the two curves represents the decelerating
torque due to the iron loss corresponding to these test conditions. It is
interesting to note that the siopes of the curves are relatively constant,

indicating that the decelerating torques are approximately constant rather than
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varying with the square or the cube.of the speed. This would suggest that the
ma jor parf‘of no-load losses under these conditions is due to frfcfion rather
than windage.
SYSTEM TESTS AT 4160 Vv

The 4160-V system test sefup (Figure 5-8) was similar to that for the
480 V tfests. The power for the SC field was supplied by a facility source;
the power for the pumps was supplied by a facility source; the auxiliary power
transformer was deenergized; and the main PDR was energized from the 4160-V
facility source. For some of the tests, the LIM was disconnected, for some
it was connected but had no rail installed, and for some ff was connected with
a locked (stationary) rail.

Tests with LIM Discéhnecfed

1. No-Load, High-Speed Testing

The initial 4160-V tests were intended to determine whether the SC and
power convefsion elements could operate at approximately rated speed. These
tests were run with the LIM disconnected and were cdnducfed'incremenfally,
that is, the machine was run up to a given speed and the vibration levels
carefully monitored; speed was then increased, and the vibration levels again

-monitored. The effects of any critical speeds were thus .investigated with
assurance that the SC vibration levels were not sufficienf.fo cause serious
damage. The specimen was operated in this fashion at speeds up to 94 percent
of rated synchronous machine speed. The vibration levels were relatively iow,
less than 1 g peak in the frequency range of interest, as shown in Figure 5-9,

Table 5-1 summarizes some of the 4160-V, no-load tests.
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TABLE 5-1

PARTIAL SUMMARY OF 4160~V, NO-LOAD SYSTEM TESTS
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101

CF

QSD

i

Dc link current

= Maximum frequency

Field transition ffequency
Mode transition frequency
System commutated in run mode
Inverter commutation failure

Quick shutdown

‘If; lgc» ‘fmax.’ for frs Mode
Date Run A A Hz Hz Hz Transition Result Remarks
LIM Disconnected
13 Jul 73 - 1250 | 150 5.0 2 5 Yes C, ran
8 Aug 73 4 1950 § 240 | 7.0 7 7} Yos C, ran
- 16 Aug 73 1 1275 75 24 .1 1 - - Yes C, ran Speed limit
| 2 900 270 14.8. - - Yes -1 CF (QSD)
-3 1613 60 | 24.1 - - Yes .C, ran Speed limit
LIM Connected, No Rail
13 Jul 73 1 1250 | 150 5.0 2 | 5 Yes C, ran 38.1-mm (1.50-
. -in.) airgap
LEGEND: = SC field current




- This testing also provided data for evaluation of Thé operation of the SC
and the inverter as a dc moTor. in theory, the combination should exhibit a
speed vs field current curve that is roughly hyperbolic at constant input
voitage. Figure 5-10 shows such a plot based on test rasults.

2. Speed Limit Mode Testing

In addifion, the: speed |imiting feature of the LIMPS control sysfem~wa$
demonstrated. In the speed |imit mode, the SC speed increases to the setting
of‘fhe speed limit lever. At this point, the dc link curreﬁ+ drops to essen-
tially zero, and the system coasts down to the lower end of the speed band
inherent in the speed limit cfrcuifry. Then the dc current increases to the
value corresponding to the thrust command lever setting, and this current is
maintained until the speed increases to the speed setting. The dc link current
agaih decreases to zero and an infenfjonal limit cycle results. One such
cyéle is shown in Figure 5-11; the operafion is smooth and in accordance with
design.

3. - Locked-Rail Testing

Probabiy the most relevant aspect of the locked-rail testing was the dis-
covery and definition of the starting problem, specificaliy, the difficulty
experienced in achieving Transifion frequency and in commﬁfafing the inverter
current at the transition from the start made to Thgfrun mode. After a descrip-
tion of test procedure and results obtained the impifcaflons of the results are
discussed and the nature of the starting problem itself Is pinpointed. The
solution of this problem is subsequently described in subparagraph 4.

The locked-rai l Tesf setup was similar to that shown in Figure 5-8, except
that the LIM was connected, wifh a reaction rail section installed in its air-

gap and bolted to the test bed. This rail section was designed for the LIMRV
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program, but differs only slightly from.ThaT designed for the TLRV LIM In
electrical characferisfics. It does, however, have provision for water cooi-
ing, as shown in Figure 5-12, which made it possible to run the locked-rail
tests without overheafing.fhe rail.

For the initial locked-rail tests, the control system was connected so
t+hat as soon as the thrust command iever was moved from zero position the
field current automatically increased from zero to about 375 A.- Then, when
an SC frequency of about 2 Hz was attained (field transition frequency), the
field current automatically increased to a value determined by a bo+en+iometer
setting controlled by the test operator. The mode transition frequency at
“which the mode automatically changed from start to run was set at about 5 Hz.
Under these conditions, the locked-rail tests were initiated 24 July.1973.
At a dcylink current of 185 A, the. maximum frequency'affained was about
0.8 Hz., Mode transition was not achieved.

On 25 July the testing sequence was as follows:
a. Run No. 1

With field current of 375 A and dc link current of 250 A, the SC frequency
increased to about 2 Hz (field transition frequency), at which point the field
current increased to 1500 A. Thereupon the SC frequency decreased to less than
1 Hz. When the thrust command lever setting was increased to obtain a dc‘llnk
current of about 440 A, the SC frequency increased to about 1.6 Hz, whiéh-was
approximately the maximum attained. A transition from start to run was not made.
E. Run No. 2 |

At a dc link current of about 250 A, the SC acceléra+ed to the field
transition frequency, about 2 Hz. At this point, the field current increased

automatically to 1500 A, and the SC decelerated. When the dc Iink current was
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incfeased to 400 A; the SC frequency increased to slightly more than 2 Hz, and
when the dc link currénT was increased to about 625 A and the field current
decreased to 825 A, an SC speed corresponding to a frequency of 4f2 Hz was
afTained. Mode transition was not achieved;
c. Run No. 3

For this run the mode transition frequency was set at 3.5 Hz. WITH a dc
link current of about 275 A, the SC accelerafed to the fie]d.franslfion frequency
of‘abouf 2 Hz, at which point the field current increased to 900 A, correspond-
ing to the control setting for this run. The SC decelerated, but aécelerafed
‘again when the dc Iimk current was increased to 625 A. With 625-A dc current
and 940-A field current, the mode transition frequency of 3.5 Hz was attained
and the mode transition was achieved. A quick shutdown initiated by an fnverfer
commutation failure féllowed imﬁediafely.

d. Run No. 4

The control for the post-transition field current was set at 1270 A. With
a field current of 1270 A and a dc link current of 625 A, the SC frequency
increased to 3.1 Hz and mode transition occurred. A quick shutdown again
fol lowed immediately, the inverter again having failed to commutate.
In. commenting oﬁ these results, it should be observed that to start the
system, two basic requirements exist:
1. The SC must accelerate to the transition frequency, and
2. The SC voltage at the time of transition must be sufficient to
cémmuTafe whatever dc link current exists at the time of transition
to the run mode.
Test results clearly indicate that to satisfy the firsf-requiremenf

(accelerating to the transition frequency), a high dc link current and a low
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field current areﬂneeded. This is reasonable, since a high SC armature curfen+
{{corresponding to a high dc link current) genefafes a high core Joss, which acts
to decelerate fhe SC. Conversely, fo-meeT the sécond requirement (adequate SC
voltage to commutate at the mode transition), a high’field cgrfenf and a low
dc 1ink current are needed. These tests indicate (with the 3-Hz transition
frequency adopted thus far) that the conditions just described errlap in a
negative sense. That is, with a sufficient dc |ink currenf and a field current
low enough to accelerate to the transition frequency, thefe is not a high enough
field current nor a low enough dc Iink current to effect commutation after the
transition. Validating these contentions by reference to the test data Just
reported (and also summarized in Table 5-2) in Run 2 at a field current of
1500 A (which is less than rated value), we note that the machine decelerates
with a dc link current of 300 A, On the other hénd, in Run 4, we find Théfv
making the transition at about 3.1 Hz with 625~A dc link current and 1270-A
field current results in a commutation failure, that is, *the SC voltage Is
insufficient to commutate the inverter. | | |

Subsequent efforts to find a combination of the variables that allqw start-
ingvand transition into the run mode with adequate commutation may be described’
as follows:

The efficacy of a higher field current was investigated by setting the
field transition frequency very close to the mode transition frequency (about
5 Hz, Run 7, 3 Aug”73). That is, the machine was operated in the start mode
at a lbw fleld current until it reached the transition frequency, at which point
the field current increased to 2100 A and mode transition occurred. A commuta-
tion failure followed immediately. On that run, the peak LIM voltage was about

140 V. For that run and subsequent runs the LIM alrgap width was decreased
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TABLE 5-2

PARTIAL SUMMARY OF 4160-V, LOCKED-RAIL SYSTEM TESTS

A

LIM
If, ldesr {fmax.» | for | Tr» Mode Airgap, mm

Date Run* A A Hz Hz Hz Transition §Result (in.)

24 Jul 73§ 1 375{ 185 0.8 2 5 No 38.1
’ (1.50)

25 Jul 73] 1 1500 | 437 1.6 |2 5 No 38.1
' (1.50)

2 825|625 | 4.2 12 5 No 38.1
(1.50)

3 9401625 | 3.5 |2 3 Yes CF 38.1
(1.50)

4 {1270} 625 [ 3.1 2 3 Yes CF 38.1
(1.50)

26 Jul 731 1 1800|675 | 2.7 |2 3 No 38.1
(1.50)

2 |1800}650 § 2.6 (1.6 | 2.6 No 38.1
(1.50)

3 |1800f587 3.3 [1.6|3.3 Yes CF 38.1
: (1.50)

27 Jul 73| 1 1912 {506 | 2.5 1.6 | 4 No 38.1
(1.50)

2 11425 |534 3.0 1.6 | 4 No 38.1
(1.50)

3 285 {506 | 6.7 No 38.1
(1.50)

3aug 73 | 7 2100 410 | 5.0 |5 5 Yes CF 31.7
: (1.25)

13 Aug 73| 1 225 ts4a0 | 7.5 17.6 | 7.6 No 31.7
(1.25)
3 | - Iss5 {6.5 |s 8 No 31,7 .
: (1.25)
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TABLE 5-2 (Continued)

LIM
s ldes § Tmax.» fo’ fr, Mode Alrgap, mm

Date Run* t A A Hz Hz. Hz §Transitlon fResult (in.) .
13 Aug 73} 4 750 {264 | 5.7 |6 6 Yes Decel 31.7

(1.25)
6 2251165 | 2.6 |8 8 No 31.7

(1.25)
7 2251630 § 7.6 |8 8 No 31,7

(1.25)
8 825 {360 | 7.5 8 8 Yes. CF 31.7

(1.25)
14 Aug 73] 1 225 {300 { 8.8 12 12 No 31.7

‘ - (1.25)
2 863 1225 {10.2 }ji12 |12 Yes Decel 31,7

(1.25)
3 L 26351705 12,0 |12 f12.0 wo speed 31,7

Limit (1.25)
4 825 |240 |11.8 iz |12 Yes Decel 31.7

(1.25)
14 Aug 73 5 863 390 §11.8 {12 |12 Yes Decel 31.7

. (1.25)
6 855 |405 l12.0 }t12 112 Yes Dece! 31.7

: (1.25)

7 | 8631450 f11.8 12 12 Yes CF 31.7

(1.25)
8 | 863|300 f11.8 |12 12 Yes Decel 31,7

h (1.25)
9 1050 | 390 11.8 12 12 Yes Decel 31.7

‘ (1.25)
10 1200 {420 {11.8 12 12 Yes Decel 31.7

: (1.25)
11- {1425 aso li1.s L1z {12 Yes Decel 31.7

(1.25)

-
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TABLE 5-2 (Continued)

LM
e o d tdeol fmax.s  for | fro Mode Alrgap, mm
Date  JRun*] A | A hz Hz Hz §Transition | Result (in.)
15 Aug 731 1 1275 1600 § 11.8 12 12 Yes CF 31.7
(1.25)
2 1650 § 450 | 11.8 12 12 Yes Decel 31.7
- (1.25)
.3 1575 {540 | 12.0 12 12 Yes Decel 31.7
' (1.25)
4 1612615 | 12.0 j12 § 12 Yes cF | 31.7
(1.25)
5 1875 | 570 § 12.0 12 12 Yes Decel 31.7
(1.25)
6 -} 2175 {720 } 12.0 12412 Yes CF 31.7
' (1.25)
7 1950 § - 11.8 12 12 Yes CF 31.7
(1.25)
8 1725 {540 | 11.8 12 12 Yes CF 31.7
(1.25)
9 1650 j465 | 11.8 12 12 Yes CF 31.7
' (1.25)
"% = ||M connected directly to inverter terminals
LEGEND: 1 = SC field current
e = Dc link current
fmax. = Maximum frequency
fo = Field transition frequency
fr = Mode transistion frequency
Decel = Sysfem‘commufafed but SC decelerated, usually resulting in
a reversion to start mode and quick shutdown.
CF = |nverter commutation failure
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from 38.1 to 31.7 mm (1.5 in. o 1.25 in.,). The rationale for this change was
+hé+ increasing the magnetizing reactance of the LIM would force more current
into the SC and consequently less into the LIM, thus increasing the accelerating
torque for a given inverter current.

Another factor Tha+ could abet commutation in the run mode is a higher mode
transition frequency. For a given field current, +he higher The-+ransl+lon'ffe-

quency, the higher the SC voltage available tfo commutate the inverter ihmediafely

after transition into the run mode. Therefore, to investigate how much this

could help, the mode fransition circuitry was defeated and the system was run
in the start mode with as low a field currenf‘deemed feasible (225 A) aﬁd as
high a dc link current considered safe (750 A). The maximum SC speed attained
corresponded to a frequency of about 12 Hz. Accordingly, the field transition
frequency and the mode transition frequency were set at about 12 Hz, and the
system was operated again, with the 31.7-mm (1.25-in.) LIM airgap. The results
are shown in Table 5-2 (see entries with 31.7-mm (1.25-in.) airéap). The
conclusive runs are 5 and 6, 15 Aug 73. On Run 5, at a dc |ink current of
570 A and a field current of 1875 A after transition, the SC detelérafed after
fransifionv?o the run mode, causing the systém to revert to the start mode and
thus initiating a quick shutdown. On Run 6, at a dc |ink current of 720 A énd
a field current of 2175 A, a mode transition followed immediately buf.a commuta-
tion failure occurred. Oscilliographic records of Runs 5 and 6 are reproduced in
Figures 5-13 and 5-14, respectively.

These results led to the conclusion that it was not practical to start and

run this system under locked-rail conditions at this facility.
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4, Locked-Rail Tests with External Resistors in Series with the LIM

The solution to the starting probleh described in subparagraph 3, which
was Implemented for_+Hé static testing at Torrance, was the addiffon of
external resistors in series with the LIM. Theré are two reasons for using
these resistors in the lines between the iﬁVerTer and the LIM. One relates
to the ability to predict the starting characteristics of the system on the
test track; the other is a prac+ica!'onerwi+h respect to runnihg the s+a+f¢
locked-rail tests at Torrance. Analyzing the test results previousiy described,
it is noted that the inverter current divides between the SC and the LIM. The
SC may be considefed a passive impedance in séries with a back emf; the LIM
is simply a passive impedance under sfarfing conditions. Thus, the higher»
the LIM impedance the more current flows in the SC for a gliven inverter current
and a given back emf and frequéncy. Therefore, adding series resistors to the
LIM circuit would enable 1t to divert more inverter current into the SC armature
winding and increase its accelerating torque without increasing the dc link
current, which must be commutated in the inverter. Thus, adding these series
resistors represents a pragmatic approach to making a successful transition
in tThe terms previously described. That is, adding series resistors should
increase the ability fo attain the transition frequency and also to commutate
the inverfer.currenf after transition to the run mode. For these reasons,
then, the next sequence of tests was run with external resistors connected in
series with the LiM,

The results are summarized in Table 5-3. As Indicated, with an external
resistance value of 1.2 ohms per phase, the system did start satisfactorily.
The transition frequency was attained, the transition from start to run was

achieved, and commutation in the run mode was adequate.
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PARTIAL SUMMARY OF 4160-V, LOCKED-RAIL SYSTEM TESTS WITH

TABLE 5-3

EXTERNAL RESISTORS IN SERIES WITH LIM

' Thrust, LiM
res } 12 {ldcs | 'LiMs | Vsco I VLM, kN Freq, | Alrgap, mm
‘Date Run johmj A A A A A (ibf) Hz (in.)
17 Sep 73}F 2 }1.2§ 2550 }378 256 ¢ 216 430 | 5.34 12.0 31.7
' (1200) o {1.25)
3 §1.2]1838 360 293 | 248 4565 | 5.34 11.6 31.7 .
(1200) (1.25)
5 |1.2% 338 | 225 191 159 318 | 1.34 12.2 31.7
: A {300) (1.25)
‘6 J1.2% 2100 } 399 308 | 255 407 | 6.68 11.6 31.7
(1500) | (1.25)
7 11.211125 1450 300 §272 583 1 6.14 12.9 31.7
(1380) - (1.25)
8 10.6] 1875 }600 446 {403 ¢ 495 1 13.8 13.4 31.7
‘ : (3100) (1.25)
19 Sep 73} 1 (0.6} 1875 | 555 439 | 446 504 | 10.7 10.8 31.7
(2400) (1.25)
2 §0.611913 §570 451 § 382 539 | 12.46 12.2 31.7
(2800) (1.25)
3 10.56]11875 1525 413 § 356 454 1 12.32 "} 11.3 31.7
: (2770) (1.25)
4 11.231913 1405 320 § 265 594 16.14 1 12.5 31.7
: : . (1380) (1.25)
5. }1.21 ** 1540 | 399 | 329 698 | 8.01 16.5 31.7
(1800) (1.25)
6 1.2] ** 1456 337 {338 590 {6.58 i 13.2 31.7
: - 1(1480) (1.25)
70 Sep 73 | 1 1.2) ** 1384 308 {245 494 | 6.40 1 12.0 38.1
_ . | (1440) | (1.50)
2 §1.2% ** 1420 318 | 273 512 | 6.85 | 12.8 38.1
: (1540) (1.50)
3 0.6 ** £486 375 | 314 642 | 7.83 15.5 38.1
(1760) (1.50)
4 jJO0.6}1 ** 361 439 | 371 486 | 12.64 11.9 38.1
(2840) (1.50)
5 10.6§ ** 1456 509 [ 338 562  12.81 15.3 38.1
: (2880) (1.50)
*6: 0 | ** 1600 276 {191 265 | 5.34 11.9 38.1
(1200) (1.50)
¥ = Quick shutdown
** = No oscillograms recorded
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Once it was determined that the system would start and commufafe in the
run mode with a resistance of 1.2 ohms per phase in series wffh the LIM, an
additional question of interest arose: How small can these series resistors
be and éTiII-permif adequate starting? Thé expérimenfél search for an answer
to this question was carried to the point of ascertaining that the system would
start and commutate adequafely with 0.6>ohm per phase in series with the LiM.
Additional testing to determine what smaller resistance might be effective was
deferred in the interest of collecting load data on the system.

Achieving the mode transition enabled the demonstration of system ability
to operate at load currents on the order of magnitude of rated currents. For
example, in Run 8, 17 Sep 73, the dc |link current was 129.percen+ of It+s rated
value, the LIM current was.84 percent of ifs‘raTed value, and the SC rated
current was 71 percent of its rated value. These do not repreﬁen+ full—volfage,
full-current tests; however, they do demonstrate that the system is capable of
operating at load CUrfenfs on the order of magnitude for which it was designed.
Figure 5-15 reproduces an oscillogram of mode transition during a Iocked-rafl
test with an external resistance of 1.2 ohms per phase. Figure 5-16 is an
oscillographic record of steady-state operation in the run mode wlfhvan LiM
airgap of 31.7 mm (1.25 in.) and an external resistance of 1.2 ohms per phasé.
Figure 5-17 is a similar oscfllogram with a LIM airgap of 38.1 mm (1.5 in.)

-and an external resistance of 0.6 ohm per phase.
SYSTEM TESTS AT 8250 V

Figure 5-18 shows the 8250~V (rated voltage) test setup, which dfffered
from the 4160—V»se+up in that the auxiliary transformer was energized from the
facility 8250~V transformer. The pumps for the cooling system were supplied

by the auxiliary power transformer, but the field PDR supplying the SC fieid
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Figure 5~16. (Continued)
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~urrent was fed from the facility power source previously used in the 4160-V

test series because of the limited capacity of the 8250-V source. The main

PDR was supplied from the 8250-V source. The LIM was,coﬁnecfed with no ratl.
lnifially, the system was subjected to full voltage for 5 min, with no

gate signals applied to the PDR. The purpose was to ascertain sysfém cababil!fy

to withstand full voltage without dfelecfric breakdown, it being wa{l known

that fa}lures sometimes occur after the iniffal moment of full-voltage applica-

tion. Results were satisfactory; no failures or diffiéulfies were encoun+ered.:

The system was then operated at full voltage with no load. Flgure 5-19
shows test results oscillographically, indicating that with a dc link current
of 180 A, a field current of 1800 A, and a mode transition frequency of about
12 Hz, the system started and commutated satisfactorily in the ruﬁ mode. |71
achieved a maximum frequency of about 13 Hz on this run. Under These test
conditions, the system met design operaflng specifications.

These results essentially reflect achievement of the major objJectives of
the high-voltage, no-load tests. - It was demonstrated that the LIMPS could
operate at full voltage and that the powér conditioning unit control system
was functioning properly. In én effort to operate the sy§+em at rated speed,
testing was:confinued on 2 and 3 Oct 73. Some difficulties with noise_bn the
instrumentation channels and associated quick shutdown initiation circultry
were encountered. However, at the end of Run 2 (2 Oct 73), which ended in
a commutation failure shutdown, examination of the applicable osclllogram
(Figure 5-20) showed clear evidence that a commutation fallure had occurred.
investigation revealed that 12 thyristors in the PDR and |i in the inverter
tad failed. The fallures in the PDR were djégnosed as being associated with

~epeated di/dt "hammering" during turnon. The snubber circuits were changed
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Figure 5-19. (Continued)
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SC POSITION
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Figure 5-20. SysTem 8250~V Test, Commutation Failure
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LIMPS 8250~V NO~LOAD TEST,
COMMUTATION FAILURE, 38,1~ "MM (1.5-1N.)
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and turnon delay times and storage charge characteristics of the thyristors
were matched to correct this problem.. The failures in the inverter were |
apparently caused by vqlfagetfailures of two signal power level diodes In
the carrier generator circuit, Eesulfing fn the Iéss'of gate signals to one
phase. Higher volfage-rafing diodes have been substituted.

TEST STATiSTiCS

Table 5-4 lists pertinent data for the static test Series.

TABLE 5-4

STATIC TEST STATISTICS

Maximum Input Voltage _ | - 8250 v, l'ine-to-line (rated voltage)
Input Voifage‘fesf Levels Runnfng Time

480 V : 2 hr, 42 min, 0 sec

4160 v | 3 hr, 11 min, 18 sec

8250 v h 1 min, 45 sec

*Total 5 hr, 55 min, 3 sec

Maximum SC Speed : 488 rad/s (4650 rpm), 94 percent of
‘ rated speed

Percent of Rated Load Currents

Dc link 129
LIM 84
SC 79

*Total running time does not include component testing.

131

“GAHQ AIRESEARCH MANUFACTURING COMPANY

B OF CALIFORNIA




SECTION 6

F1ELD TEST {NTRODUCTION

Section 6 is the first of four that comprise Part 3, the field test portion
of this report. Section 6‘provides brief introductory, background, and sﬁmmary
material on the field test program. Subsequent éecflqns describe the fesf
"facilifies, data ‘acquisition and processing, and data analyses in that order.

The LIMPS field tests were conduc+éd in early 1976 and included about |
100 vehicle runs, 63 of which produced LIMPS data. The LIMPS data runs are

summarized in Table 6~1.

TABLE 6-1

DATA RUNS SUMMARY

‘ ‘ Data Analysis
Run No. | Test Objectives per Test Log Reference*
183 initial speed and transition tests 189-190
194-197 LIM drag and LIMPS familiarization 133
200-211 Speed limit control and LIM drag tests
212-220 j Speed upgrading and'bréking tests 222-223
‘221—224 LIMPS performance test 173-176, 180-187,
191, 204-217
237-239 Inverter voltage and PDR power test 221
240-242, 245 Inverter voltage checkout 221, 204-217
246-259 Reaction rail temperature test 193, 226f234
264-275 ReécTidn rail temperature test, 175-177, 192,
' transition checkout 196-222

*Specifies applicable page number.
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TEST PROGRESSION

The initial ffeld test activity was.preparafory in nature and included
checkout and preliminary testing of all the facilities/equipment to be used
during the +es+fng. The major areas of prebaraTory effort were the LIMPS,
the wayside power system, the TLRV electrical substation, the TLRY, and the
supporting ground equipment and crews. Upon completion of fhese<+asks, the
per formance portion of the field tests was begun and conducted épproximately
in the following sequence. .

Pulsed Mode Tests

The LIMPS was operated at very low speeds, below the point at which the
transition from start mode to run mbde occurred. This not only provided valu-
able initial experience in operaffng the propulsion system and handling the
vehicle while it was propelled by the LIM, but produced data Ih the areas of:

Control system response under start mode logic |
_Operational constraints

Real and réac+ive power'disfribufioh

Filtering effectiveness of the synchronous condenser
Pulsed mode LIMPS operation

Star+/Run Transition Tests

The TLRV was then permitted to accelerate to speeds that would permif the
start-mode to run-mode transition. This was én area of considerabie concern,
since during static testing of the LIMPS.ex*erna! resistors in the LIM circuit
had been required to achieve transition. However, as predicted, with the
vehicle free to move, transition occurred readily. | |

Transition performance was so good, in.facf, that it was not necessary to
perform. some of the planned testing to map out the timiting condlitions for
transition, fn view of the reduced scope of fhe tégt program,
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Data was obtained, however, during these and other tests, which demonstrates
that transition can be attained over a wide operat?ng range.

Per formance Tests

A series of tests was conducted to thoroughly expliore acceleration-cruise-
ldecelerafion per formance of the LIMPS. The vehicle was accelerated under
successively higher thrust commands. The higﬁesf vehicle speed affained over
the 500-m electrified guideway was 20'm/s. Electrical performance data was
acquired during accelefaTion, cruise, and regeneration braking.

BACKGROUND

The decision to deemphasize high-speed air cushion vehicle research
(as described in the preface to this report) had two effects on LIMPS fieid
testing. The obvious first effect was diversion of both interest énd resources
from the TLRV as a test bed vehicle for air cushion research. The second effect
was an indirect compromise of the scope of LIMPS testing by diluting the available
LIMPS funds. The net result was a shortening of the originally contemplated
35,000-m (22-mile) long electrified guideway to a mere 500-m (1500 ft). This
guideway length Iimitation, in turn, constrained the LIMPS test regime to a
relatively low-speed and |ow-power operating envelope, both much lower than
the LIMPS capabilities. Since interest in the LIMPS concept remained high,
due to its applicability to more conventional traction systems, the LIMPS test
program was continued in spite of these inherent test facility limitations.

,Thus,rfhe LIMPS test program functioned to obtain data, though |imited in scope,

to investigate the following overall characteristics of the system:

] LIMPS steady-state characteristics
° LIMPS performance during the following operating modes:
Start
134
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Transition
Run
Coast

Regenerative braking

e LIMPS vehicular control characteristics
° LIMPS influence on the wayside power system
° LIMPS thermal characteristics

| - OBJECTIVES
To satisfy the speciflied data requirements, the following general test
objectives were defined.

System Performance during Start Mode

The ob jectives under this classification were to obtain steady-state data
Aon performancé of the system and its components fn the pulsed-commutation
mode, investigate operating techniques at very low speeds, and approach the
- mode transition sbéed sys+éma+ically._ Attainment of these objectives was
sought through Tésfs addressed to: |
(a) InvesflgaTe the confrolrsysfem résponse under start-mode logic, in
terms of:
1. Magni{ﬁde and duration of the dc link current pulses
2. Inverter current phasing with respect to the synchronous
condenser rotor position
- 3. Inverter current as a function of thyristor gating at the
command of the zero crossover detector
(b) Determine the operational constraints in the pulsed mode manifesfed
by: |

1. Rate of current rise |imiting by the control system
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(c)

(d)

(e)

(f)

(g)

2. Built-in time delay between appiica+ion of current pulses

3. Maximum attainable sYnchronous condenser speed as |imited by
the real powér transfer through the dc |ink, at gfven'currenf_
command and field current

ldentify +Ee real and reactive power distribution throughout the

LIMPS during pulsed-mode operation at specified dc |ink current

and inverter frequency values.

Demonstrate the filtering effecfiveness of the synchronous condenser

vs the LIM relative to the dispoéifion of the current harmonics

as a function of the dc link current command and inverter frequency.

Measure the generated currénf harmonics reflected back into the way-

side electric syéfem'dc I ink current as an indication of potential

source of interference with communication and signal equipment.

Define qualitatively the pulsed-mode operaffon +hrough phasor dia-

grams, or through the loci of such diagrams, based on tThe fundamental

frequency components of the electrical quantities on the inverter

side.

Generate pulsed-mode LIMPS performance data

System Performance during Start-to-Run Transition

The objectives under this classification were to demonstrate that start-

to-run mode transition-will take place properly, without external resistors

in the LIM circuit, when the vehicle is free to move (see Section 9) and

identify the parameter limits within which mode transition will occur. Attain-

ment of these objectives was sought through tests designed to:

I./ v
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(a)

(b)

(c)

Establish the minimum synchronous condenser speed at which Inverter

| ine commutation can be sustained following a start-run +ransi+ion,

as a function of:

f. " Thrust command

2. Synchronous condenser field current setting

Determine, if necessary, the go/no-go regions of successful start=-to-.

run transition, for given dc |ink current, field curfen+, and Transi-

tion frequency'values; by indlca*ing Qhe+her the sfaf? mode +ermina+ed

in: |

t.  Successful transition

2. Insufficient synchrbnous condenser sbeed, below transition
frequency

3. Transition attempt resulting in commutation failure and QSD

Using test data (dc |ink voltage and current, LIM voltage, and fre-

"quency) taken just after start-to-run transition, compare the inverter

regulation with that based on normal ized converter char+s.'

Low=-Speed Run-Mode Per formance

The objectives under this classification were to demonstrate satisfactory

" operation of the propuision system within the speed regime permitted, obtain

performance data on acceleration and cruise, and demonstrate operation at

+he maximum speeds possibie with the 500-m electrified guideway. Attainment

of these objecfiveé was sought through tests addressed to:

(a)

(b)

Determine the real and reactive power flow throughout the propulsion -
system, at specified LIM thrust and vehicle speed.

Establish the voltage stress level at, and the adequacy of, the

~damping resistor connected to the synchronous condenser floating

- .
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(c)

(d)

(e)

neutral, as a function of LIM thrust and vehicle speed, by exfra-

polating low-speed test results to the higher speed regime.

Define qualitatively fhe run~mode operation through the phasor

diagrams {(or through the ioci of such diagrams) of the funda-

mental frequency components of the electrical quan+lfies on the

inverter side.

Prepare vehicle performance curves, subject to data Ifmifafions at

low vehicle speed, time from start, and distance from start with

such electrical propulsion system parameters as:

1. Real power

2. Reactive power

3. Dc link voltage

4. Dc link current

5. Thrust command

6. Thrust

7. Electrical frequency

Generate run-mode LIMPS performance da+aAsuch as:

1. Thrust developed vs slip frequency, normal ized to the dc |ink
current |

2. Harmonic content

3. Real and reactive powef flow

4, Efficiency vs power level

5. Current unbalance at several current and slip frequency values,
in Terms of symmetrical componeﬁfs of the fundamen+a| frequency

terms
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Low-Speed Braking Characteristics

The objectives under this classification were to obtain performance data
on regenerative braking, and investigate the influence of the wayside power
system on braking capability. All previously low-speed run-mode test objectives
are again applicable; the following additional tasks cover only those objectives
that pertain solely to the braking mode:
(a) Determine as a function of the braking éfforf the minimum vehicle
speed at which the propulsfon system reverts to the start mode.
(b) Establish an envefope of electrical brake fédTng, assumfng that (1)
the wayside power system is receptive to regeneration, and (2) regener-
ation is unacceptable due to a nonreceptive wayside power system.

Influence of Vehicle Operation on Wayside Power System

The ob jectives under this classification were to ascertain the Influence
of véhicle operation on the wayside power system, and deTerm{he the harmonic con-
tent, phase balance, symmetry, and power factor of the wayside poher system,
Attainment of these objectives was sought through tests addressed +o:.

(a) De+erminé the harmonic content of the |ine current. These harmonics

| are generated by the PDR and reflected back to the substation,

appearing as current distortion in the line. As the input éurrenT

to the PDR is the only major load on the wayside power system,

measuring it allows determination of the following:

1. Conducted EMI (low-frequency range of EM| spectrum) through the
power rails back to the substation

2. Correlation with rédiafed EMI data measured at a specified dist-
ance from the power rail, with background noise as a reference

level
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3, Potential interference with communication !ines and equipment in
terms of calculated telephone interference factor

4. Additional copper and iron losses in the power rail and substa-
tion transformer

5. Possible modifications in power system protection (relaying and

instrumentation) because of the harmonic components

Temperatures and Cooling System Per formance

| The objectives under +hisbclassifICa+ion were to investigate The'duraflon
and characteristics of the cooling load and equibmenf berformance, and measure
reaction rail temperature during bofh s+a+IonaEy tests and in the sfarf mode.
Attainment of these objectives was. sought through tests addressed to:

(a) Determine major component heat loads at several current levels,
calcglafe copper losses, which predominate at low speeds; and measure
heat rejected into cooling medium.

(b) Measure heat rejected +hroughA+he boiler system in thermal steady-
state condition and compare with sum of component heat losses from (a).

(c) Investigate reaction rail temperature rise during the vehicle stationary
test as a function of LIM current and s|ip frequency. Compare readings
of temperature sensors located under the stack with those mounted on
rail overhang. -

CONCLUS IONS

As a result of the field testing and subsequent data analyses (see Section
9) the following major conclusions may be drawn concerning the LIMPS character-
istics and operation:

(a) The LIM propulsion system performed according to predictions In

terms of:
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(b)

(d)

(e)

(f)

1. Developing up to rated (22,000 N) propulsive thrust
2. Converting.4160 V, 3-phase, 60-Hz, constant-voltage/constant
frequency power to variable-voitage/variable-frequency power,
in the 0 to 35 Hz frequency range delivered
3. Effecting smooth vehicle control by appropriate thrust, speed,
and regenerative braking commands
4, Delivering nearly 850 kW real power (14.1 percent of rated)
through the dc link at 19.3 m/s (14.4 percent of rated)
5. Overall efficliency cénsisfenT with The power achieved
During the start mode the current or real power that can be delivered
through the dc Iink is'limifed'onlylby the current control loop
response.
The synchronous condenser can effectively filter the inverter current
by absorbing over 95 percent of the curren+-harmonics In both the
pulsed and run modes, as a result of which the LIM current consists
of the fundamental component.
The LIMPS can achieve the transition from start mode to run mode
consistently and reliably at an electrical frequency of 6 Hz or
higher, with a thrust command of 60 percent or higher.

The LIM and synchronous condenser are parallel connected at the

inverter terminals and jointly influence the [ine commuation process.

The potential at the synchronous condenser neutral, which is grounded
through a 10-kilohm resistor, rises as the synchronous condenser fre-
quency. The ground insulation of both machines (LIM and synchronous

condenser) withstands this elevated potential at maximum generated

frequency.
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(h)

(i)

(j)

(k)

(1)

(m)

The current harmonic content of the wayside power system Is character-
istic of a 6-pulse converter operation.

The radiated emission in the vicinity of the electrified guideway,
in general, does not exceed recommeﬁded vaiues.

The reaction rail temperature rise associated wi+H rated LIM thrust
at starting is negligible due to the low frequency power supplied

by the LIMPS.

The steady-state relationship between t+hrust command and dc link
response is linear over the entire control range. Typical settling
time is 1.6 s maximum.

The (nominal) 30~deg‘pha$e-back of the inverter, generally, provides
adequate commutation margin throughout the tested load range. ‘
Inverter thyristor gating with respect fo the synchronous condenser

rotor position rather than the terminal voltage reduces the commuta-

tive margin in the low-speed region.

Additional filtering is not required since no interference was reported

with test site communication or power retaying equipment.
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SECTION 7

TEST FACILITIES

The LIMPS tests were condut#ed within the ambit of facilities especlally
provided for overall testing of vehicle dynamics, wayside power characteristics,
and LIMPS propulsion, at the Transpor+a+!on Test Center in Pueblo, Colorado.
This section vefy briefly describes the major components of the faclliflés pro-
vided, as they affected the LIMPS tests.

VEHICLE FACILITIES

As noted earlier, the primary impetus In development of the TLRV as a
vehicle was DOT interest in a high-speed test bed for vehicle alr cushion/
suspension and ride quality testing. The TLRV was deveioped for this purpose
as was the guideway in which i+bwas intended to be operated. The TLRV vehicle
program Iéd, in time, the LIMPS program. After considerable vehicle develop-
ment effovf, a decision was made to develop and utilize the LIMPS to provide
motive thrust for the high-speed tests planned for the TLRV. In effect, the
vehicle was fo have served as a test bed for both the vehicle air cushion/

suspension system and the LIMPS.

Three jet engines were provided on the vehicle to produce the airflow neces-
sary to éupporf and guide the vehicle and the LIM via their respective air cushion
systems. The air supply characteristics available to Thé LIM are shown in Figure
7-1. The nominal weight of the vehicle, including normal fuel, insftumen+a+ion,
cool ing water, and LIMPS components was about 24,000 kg {(over 52,000 Ib).
| The guideway for the vehicle was provided as a U-shaped trough approxi-
mately 5 km (3.1 miles) in length. The LIM reaction rall was secured to the
center of the floor of the guideway extending about 500 m (1500 ft+) In length,

and upward about 60 cm (23.5 in.).
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Figure 7-1. LIM Air Supply Characteristics
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WAYSIDE ELECTRIC POWER SYSTEM FACILITIES

Power for the LIMPS was obtained from an on-site 12-MVA substation operated
by the Department of Transportation. For this test program, the voltage along
the electrified guideway was 4160 V, 3-phase, 60-Hz, and was regqulated by equip-
ment at the substation. This regulated volfage Qas distributed through appro-
priate switchgear and protective devices Yo three horizonfal power rails.
Figure 7-2 shows the electrical schematic of the LIMPS and ifs supply. The
powér rails are mounted along the top of one side of the guideway. The LIMPS
receives its power from the power rails by means of a vehicle-mounted collector
arm, which siides the collector head within the rails*. Figure 7-3 shows the
col lector head, engaged within the rails, with the collector arm extending to
the vehicle. Approximately 500 m (1500 ft) of power raills were installed along

the guideway, coincident with the LIM reaction rail.

% See Reference (6), page iv.
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SECTION 8

DATA ACQUISITION AND PROCESSING

An onboard digital data acquisiTion system (DAS) sampied a total of 125
electrical and mechanical operating parameters. Selected analog parameters
were also recorded onboard on a oscillograph and a tape recorder. The DAS
parameters were simultaneously transmitted via PCM/FM telemetry to the data van.
Equipment in the data van received the +eleme+ered data for storage, real-time
display of selected parameters, and preliminary processing. All data was sent
to the AiResearch faciiity in Torrance, California, for final processing and
analysis. This section discusses significant aspects of the data collection
and processing activities,

INSTRUMENTAT ION

The LIMPS was instrumented to provide, for digital recordihg,.fhe para-
meters listed in Table 8-1. Parameters available for analog recording are -
listed in Table 8-2.

DATA ACQUISITION

The data acquisition process involved, generally, two distinct sets of
hardware. The onboard set comprised the sensors, signal conditioning, sampling,
digi*izfng, and telemetry transmitter. The fixed station (data van) set com-
prjsed the telemetry receiver, decoders, displays, printers, processors, and
tape recorders.

A 14-channel tape recorder and a.9-channel light beam oscillograph (ultra-
violet) were insfal!ed for analog recording and for quick=-look information for
the test personnel. Both direct and FM recording were possible with the tape
recordef. A slow code was produced by an autonomous time code generator for

both of these recorders, enabling correiation among the two recorders and the
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DIGITAL INSTRUMENTATION

TABLE 8-1

AIRESEARCH MANUFACTURING COMPANY

OF CALIFORNIA

: o , Sensor .
AiResearch . )
Measurand Manufacturer,
No. Parameter Unit-{ Mnemonicf System Range| Model or PN Location
101 INV A9 kv INVVA 0-1.5 Caddock INV OQutput
Voltage RMS PS 101-1
102 INV B9 . kV INVVB . | 0-1.5 Caddock INV Output
' _Voltage RMS ‘ PS 101-1
103 INV Co kv INVVC 0-1.5 Caddock INV Output
: Voltage RMS PS 101-t1 '
107 LIM A A LI1A 0-1000 AiResearch INV Output
Current RMS 2002508
108 LIM Bo A LiB 0-1000 AiResearch INV Output
Current RMS 2002508
109 LiM Co A LIC 0-1000 AiResearch INV Output
Current RMS 2002508
113 LIM Avg 3¢ | MW LIMP *1 None None
Power RMS (Onboard Calc)
115 Electrical Hz FE 0-60 Kearfott Top- Sync
Freq CR41093005 Condenser
116 LIM Thrust | kN THR +17.79 Solvere LIM Linkage:
Uncorrected VM19-4A1
141 LiM °C LT 0-260 Thermal Systems | Primary #2
Winding (2002278) 13-14
Temp
142 LiM °C LT2 0-260 Thermal Systems | Primary #2
Winding (2002278) 26-26
Temp
143 LiM °C LT3 0-260 Thermal Systems | Primary #2
Winding ' (2002278) 33-34 ’
Temp
144 LIM °C LT4 0-260 Thermal Systems { Primary #2
“Winding (2002278) 43-44
Temp
145 LiIM °C LT5 0-260 Thermal Systems § Primary #2
Winding (2002278) 53-54
Temp
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TABLE 8-1

(Continued)

Sensor

AiResearch

Measurand Manufacturer,

No. Parameter Unit § Mnemonic jSystem Range | Model or PN Location

146 LIM °C LT6 0-260 Thermal Systems PrimaryA#2
Winding (2002278) 65-66
Temp

147 LiM °C LT7 0-260 Thermal Systems {Primary #1

- Winding (2002278) 23-24
Temp

148 LIM °C LT8 0-260 Thermal Systems |Primary #1
Winding ' (2002278) 133-34
Temp

149 LIM °C L79 0-260 Thermal Systems |Primary #1
Winding (2002278) 43-44
Temp

150 LiM °C LT10 0-260 Thermal Systems |Primary #1
Winding (2002278) 53-54
Temp

151 LIM °C LT 0-260 Thermal Systems [Primary #1
Winding ' {2002278) 63-64
Temp

152 LIM °C LT12 0-260 Thermal Systems |Primary #1
Winding (2002278) 73~74
Temp

153 LIM OUT °C CLIM 10-260 Tylan FG 645 LIM OUT
Coolant Line
Temp

154 LIM Back~ °C LBT1 0-100 Thermal Systems [Primary #2
iron : (2002278) 19
Temp

155 LIM Back- °C LBTZ2 0-100 Thermal Systems {Primary #2
iron (2002278) 68
Temp

156 LIM Back= °C LBT3 0-100 Thermal Systems §Primary #!
iron {2002278) 19
Temp

157 LIM Back- | °C LBT4 0-100 Thermai Systems {Primary #1
iron (2002278} 68
Temp
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TABLE 8~1 (Continued)
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Sensor
AiResearch
Measurand Manufacturer,
No. Parameter Unit § Mnemonic | System Range }Mode! or PN Location
158 Speed v sLC 0-5 Spectrol Speed
Limit dc 930-279 Quadrant
Command
159 Thrust v THRCOM | +2.5 Spectrol Thrust
Command dc 930-278 Quadrant
160 Vehicle m/s | VEL 0-25 Nucleus NC-7 Trailing
Land : Vehicle
Speed
161 LIM m/s2 | ACC +10 Schaevitz Top of
Acceler- Peak LSDC 89-1 LIM
ation )
201 SC A® A SCIA 0~-1000 None None
Current RMS (Onboard Calc)
202 SC B¢ A SCIB 0-1000 None None
Current RMS (Onboard Calc) |
203 SC C¢ A SCIB 0-1000 | None None
Current RMS (Onboard Calc) |
204 SC 39 MVAR | SCQ *2 None None
VAR RMS (Onboard Calc)
205 SC Field kA SCIF 0-3 AiResearch Field Power
Current dc 2002506 Supply
. 206 SC Field v SCVF 0-150 None None
Voltage . dc (Direct Meas)
207 SC Field n SCRF 0.02 to None - None
Resistance 0.06 (Onboard Calc)
208 - SC Vibra- g SCvB1 0 to 5 Endevco Upper
tion Peak 2217¢ Lateral
209 - SC Vibra= g scvB2 0 to 5 Endevco Upper
tion Peak 2217E Vertical
210 SC Vibra- g SCyB3 0 to 5 Endevco - Upper
tion Peak 2217€ Longitud
(approx)
211 SC Vibra- g . | scvB4 0 to 5 Endevco Lower
tion Peak 2217E Lateral
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Sensor
AiResearch
Measurand Manufacturer,
No. Parameter Unit | Mnemonic | System Range | Modeil or PN Location
213 SC Vibra- g SCVB5 0 to 5 Endevco Lower
tion Peak . 2217€ Longitud
(approx)
214 SC Temp °C SCT1 0~-260 Therma! Systems §Upper Ball
: (2002278) Bearing
215 SC Temp .°C SCT2 0-260 Thermal Systems ] Lower Bail
(2002278) Bearing
216 SC Temp °C SCT3 0-260 Thermal Systems §Upper Roller
(2002278) Bearing
217 SC Temp °C SCT4 0-260 Thermal Systems | Inner
(2015043) Winding
218 SC Temp °C SCT5 0-260 Thermal Systems §Mid Winding
(2002278) : .
219 SC Temp °C SCT6 0-260 Thermal Systems |Outer
(2002278) Winding
220 SC Temp °C SCT7 0-260 Therma!l Systems | Stator
‘ (2002278) Laminations
221 SC Temp °C SCT8 0-260 Thermal Systems JHousing
(2002278)
222. SC Temp °C SCT9 0-260 Thermal Systems §lower Dyna-
(2002278) mic Seal
223 SC Temp °C SCT10 0-260 Thermal Systems §Brush Heat
(2002278) Sink
224 SC Temp °C SCT11 0-260 Thermal Systems | internal
(2002278) Ambient
225 SC Temp °C SCT12 0-260 Thermal Systems § Internal
(2002278) Housing
226 | SC Coolant | °C CSCS 0-260 Tylan FG 645 Stator OUT
Temp
227 SC Coolant | °C CSCR 0-260 Tylan FG 645 ‘JRotor OUT
§ Temp
228 SC Brush °C SCT13 0-260 Therma! Systems §Brush
Temp (2002278) Holder
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o Sensor

AiResearch

Measurand Manufacturer,

No. Parameter Unit | Mnemonic § System Range | Mode! or PN Location

229 SC Brush = { mm SCBP 0 to 1.27 AiResearch Back of
Position LSK 31368 Brush

301 PDR A kV PVA 2.0-2.5 Transrex Aux Trans
Voltage RMS (2000972) ‘

302 POR B¢ kV. - | PVB 2.0-2.5 Transrex Aux Trans
Volitage RMS o (2000972) :

303 PDR Co KV PVC 2.0-2.5 Transrex Aux Trans -
Vol tage RMS - (2000972)

304 PDR Ad A PiA 0-1000 AiResearch PDR Input
Current RMS 2002508 -

305 PDR B9 Ai PIB 0-1000 AiResearch PDR Input
Current RMS 2002508 '

306 PDR C¢ A PiC 0~1000 AiResearch POR lnput
Current RMS 2002508

307 PDR Avg 3¢ | MW PDRP +2 None None
Power RMS (Onboard Calc)

308 POR a v PDRA -6 to 0 None None
Command dc (Feedback)

309 PDR OUT °C PDRT1 0-100 Thermal Systems | Lower
Air Temp 5001-19A

310 PDR OUT °C PDRTZ 0-100 Thermal Systems | Lower
Air Temp - 5001-19A ’

311 PDR OUT °C PDRT3 0-100 Therma!l Systems § Upper
Air Temp 5001-19A

312 PDR OUT- °C PDRT4 0-100 Thermal Systems § Upper
Air Temp 5001-19A

313 PDR OUT °C PDRT5 0-100 Thermal Systems } Logic Box
Air Temp 5001-19A

314 PDR OUT °C PDRT6 0-100 Thermal Systems | Logic Box
Air Temp 5001-19A

401 Inductor °C CIND 0-260 Tylan FG 645 ouT Line
Coolant ' .
Temp
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Sensor

AiResearch

Measurand Manufacturer,

No. Parameter Unit | Mnemonic | System Range | Mode! or PN Location

501 INV A9 A INTA 0~-1000 AiResearch INV Qutput
Current RMS 2002508

502 INV B¢ A INIB 0-1000 AiResearéh INV - Qutput
Current RMS 2002508 o

503 INV C¢ A INIC 0-1000 AiResearch INV Qutput
Current RMS ' 2002508

504 Dc Link kv DV1 *2 Caddock PDR Output
Voltage dc PS 504-1

505 Dc Link A DI 0-1000 AiResearch PDR Output
Current dc 2002508

506 Link Ripple j A DIR 0-300 AiResearch . PDR OQutput
Current RMS 2002508

507 INV IN °C INVT1 0-100 Thermal Systems] INV Input
Air Temp 5001-18A

508 INV Avg Mw INVP 12 None None
Power RMS (Onboard Calc)

509 {1 Mode Moni~ |V M 0/1 None INV Controls
tor Start/ | dc (Feedback)
Run

601 Primary MPa PPP 0-2.08 Bourns Pump Intake
Pump IN Gage 1 2005831901
Pressure

602 Primary °C TEMIN 0-100 Tylan FG 645 Pump Intake
Pump N
Temp

603 PDR, FS, °C Ci 0-100 Tyian FG 645 Pump Outtet
INV IN
Coo!lant
Temp

604 PDR, FS, °C Cco 0-100 Tylan FG 645 OUT Buss
INV QUT .
Cootant
Temp

605 Aux Trans °C CAT. 0-260 Tylan FG 645 Aux Trans OUT
Coolant
Temp
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Sensor
AiResearch —
Measurand Manufacturer,
No. Parameter Unit | Mnemonic | System Range j Mode!| or PN Location
607 Closed Loop | Ma | RCC 0-8 Balsbaugh - | Boiler IN
Resistivity | om 900M/900~ .0t T
608 Open Loop Mn RCO 0-8 Balsbaugh Water Tank
Resistivity § om 900M/900~.01T Return Line
609 Boiler IN }°C Bl 0-260 Tylan FG 645 Boiter IN
Coolant :
Temp
613 #1 Pressure j V S1 208/160 Custom Compon- | LIM, IND, AT -
Switch dc psig ents 8G IN Line
614 #2 Pressure | V §2 282/238 Custom Compon- { SC IN Line
Switch de psig ents 86
616 #4 Pressure J V S4 30/24 Custom Compon- } PDR, INV, FPS
Switch dc psig ents 86 IN Line
801 Col tector rad CAVP -0.157 to Cal Best Junction
Arm Vert : +0.262 805080 Box
Position
802 Col lector cm CAE 0~-30 AiResearch Top of Arm
Arm 7101-12
Extension
803 Coilector N CAD 0-9 AiResearch Arm Joint
Arm Drag 7101=-12
Force
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TABLE 8-2

PARAMETERS AVAILABLE FOR ANALOG RECORDING

AiResearch
Measurand

Parameter No. Unit Range
LiM toofh flux density 17 T 0 to 2
LIM tooth -flux densify. 118 T 0 to 2
LIM tooth flux density 119 T 0 1o 2
LIM tooth flux density 120 T 0 to 2
‘LIM tooth flux density 121 T 0 1o 2
LIM tooth flux density 122 T 0 to 2
LiIM tooth flux density 123 T 0 fo 2
LIM footh flux density 124 T 0 to 2
LIM tooth flux density 125 T 0 to 2
LIM tooth flux density 126 T 0 to 2
LiM tooth flux density 127 T 0 to 2
LiM tooth flux density 128 T 0 fo 2
LM Toofh flux density 129 T 0 to 2
LIM tooth flux dens.ity 130 T 0 to 2
LIM tooth flux density 131 T 0 to 2
LIM tooth flux density 132 T 0 fo 2
LIM tooth flux density 133 T 0 to 2
LIM tooth flux density 134 T 0 to 2
Tooth flux density distr 135 T 0 to 2
Tooth flux density distr 136 T 0 1o 2
Tooth flux density distr 137 T .O to 2
Tooth flux density distr 138 T 0 to 2

-

GanmEvT)| AIRESEARCH MANUFACTURING COMPANY

<.

OF CALIFORNIA

156




TABLE 8-2 (Continued)

|

AiResearch
Measurand
Parameter No. Unit Range

Slot flux density 139 T 0 t0 0.8
Slot flux density " 140 T 0 to 0.8
:SC vélfage (neutral) None = | kV peak 0 to 5
LIM ¢ voltage 101-103 | KVRMS 0 to 1.5
LIM ¢ current . | 107-109 ARMS 0 to 1000
LIM frequency | : 115 Hz 0 to 60
LIM thrust 16 kN +17.79
SC ¢ current | 201-203 | ARMS 0 to 1000
SC field current : 205 kAdE 0 to 3

- SC vibration 208-212 g peak 15
PDR input ¢ voltage 301-303 kVRMS 2 to 2.5
PDR input ¢ current ' 304-306 ARMS 0 to 1000
INV output ¢ current , 501-503 | ARMS 0 to 1000
Dc link voltage (+ fto gnd) None | V peak +4000
Dc link voltage (- to gnd) None V peak +4000
Dc link current : 505 Adc 0 to 1000
Dc tink voltage ' 504 oV dc +2
S€C rotor position None Vdc 0 to 5
Mode monitor 509 _ Vdc 0 to 5
NV o command : None rad 0 to 2.62.
PDR o command ' 308 rad 0 to 2.62
LIM longitudinal acceleration 161 g b
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digital data. The tape recorder could be played back into the oscillograph at
+he end of a vehicle test fun, to provide onsite visualization of the recorded

data.

~ to lie within the ranges of +2.5 or O fo 5 vdc. Subsequent signal conditioning
typically included filftering to eliminate noise and suppress Tranéiénfs, the
derivation of RMS values, and the performance of analog computations, and ampl i~
fication, attenuation, and/or rectification.

A total of 238 analog input signéls were sampled at a rate of 31.25 samples
per second (sps), and 84 were sampled at 250 sps. Sixteen digi+a| input chan-
nels were sampled at 31.25 Sps, and eight were sampied at 250 sps. Three of the
250-sps digital channels were reversed for BCD data from aﬁ onboard time coad
genefafor (modified IRIG=-B). A fourth channel was used as a frame counter,
resetting every second.

A 1-MHz clock in the time code generator is the timing base used to format
data into a PCM data field consisting of 8 bits per word, 128 words per frame,
and 8 frames per data field.

The outputs of the signal conditioners are connected via patchpanels to
an encoder (for telemetry) and/or the analog recorders. The encoder provides
serial digital multiplexed data, which is transmitted via PCM/FM at a rate
of 32,000'8-bi+ words per second, on a frequency of 217.0 MHz, with a power

of 20 W.

Data Van Equipment
The fixed station, commonly referred to as the data van, recelved the
telemetered data from the vehicle and recorded It on magnetic tapes. By the

use of a minicomputer and calibration data stored in a disk memory, this raw

-
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1

data was re-recorded in modified BCD format on engineering units (EU) tapes.
The EU tapes were subsequently transferred to the AiResearch Torrance facility
for further processing and analysis.

A 36-channel oscillograph was available to permit real-time analog recording
(and display monitoring) of selected parameters in{fhe digital dafa‘s+ream
during a test run. Additional inferfacing equipment included a teletypewriter,
an alpﬁanuméric printer, a paper tape system, and a digital plotter.
DATA ACQUIRED

The combination of onboard oscillograph and'+ape recorder produced the

oscillograms listed in Table 8-3. All of the measurands |isted in Table 8-1

were routinely digitally recorded.

]
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TABLE 8-3

0SCILLOGRAMS ACQUIRED

Run Nos. 183, 194-197 Run 183 Run 183
Trace No. Measurand Trace No. Measurand Trace No. Measurand
1 101 1 509 i 509
2 501 2 159 2 159
3 Rotor 3 Rotor 3 Rotor
position Position position
4 201 4 308 4 308
5 505 5 501 5 INV
6 308 6 502 6 305
7 205 7 503 7 306
8 509 8 505 8 504
9 Time code 9 Time code 9 Time code
Run Nos. 198-211, 221-224, Run Nos. 201-224, 237-242,
240-242, 245 245 Run Nos. 212-220
Trace No. Measurand Trace No. Measurand Trace No. Measurand
1 101 1 159 1 101
2 501 2 504 2 501
3 Rotor 3 - 3 Rotor
position 4 SC neutral position
4 201 volts 4 201
5 107 5 102 5 107
6 505 6 502 6 505
7 308 7 103 7 160
8 205 8 503 8 205
9 Time code 9 Time code 9 Time code
Run Nos. 212-224, 237-242
245-259, 264, Run Nos. 246, 259, 264, 266
266, 268, 270-276 268, 270-276
Trace No. Measurand Trace No. Measurand
1 301 1 101
2 302 2 501
3 - 3 116
4 303 4 201
5 304 5 107
6 305 6 505
7 306 7 308
8 - 8 205
9 Time code g Time code
AIRESEARCH MANUFACTURING COMPANY 160
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DATA PROCESSING
Data (engineering units) tapes were processed by a Digital Scientific META
4/1800 computer at the AiResearch Torrance facility to prihf out original and
computed data. Three different print out formats were available:
Data Dump--The da+a from the EU tape, wi?houf computation, is printed.
out with parame+er columns and cons*an+ t+ime rows at 0.128-sec In+ervals

Time Based Computations--Compufted data (e.g., t+hrust corrected for accel-

eration and drag) is printed out with paraMe*ek rows and constant time

columns at 5.120-sec intervals.

Velocify-Based Computations--Similar data is printed out with parameter

rows and consfant velocity columns at 2-m/s intervals.
Computer-aided manual techniques were used in-analyzing the oscillograms.
INSTRUMENTATION ACCURACY V

Instrumentation Description

The LIMPS Is a variable-frequency, variable-voltage power system utilizing
fundamental frequenéies from dc to 165 Hz, with harmonics above ground. The
naximum load current, not including faults, is 1000 A. Figure 8-1 shows a
simplified‘schemqfit of the LIMPS and the principle voltage and current instru-
mentation.

1. Current Measurements

In order to sense LIMPS currents over the entire frequency range and to
obtain isolation between the high LIMPS voltage and sensor output signals,
special Hall-effect current sensors were developed. These sensors comprise a
C-core magnetic iron structure with a fixed gap in which a Hall-effect generator
was placed and on which signal conditioning electronics circuitry was mounted.
The enfire assembly was potted and encapsulated, but with provisions fto elec-

tronically ftrim the gain and to null out offsets.
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Figure 8-1. Simplified Schematic of LIMPS, Showing Key Elements and Instrumentation



Synchronous condenser field current is also measured by a Hall-effect
current sensor. The field current is supplied by an Qngrounded 2700-A phase
delay rec+ifiér fed from a 140-V delta-connected winding on the auxiliary power
transformer. Because the field winding is protected by a freewheeling shunt
diode mounted directly on the synchrénous condenser, and the field current
sensor was mounted within the phase delay rectifier, the sensed signal did
not truly represent the field current. To account for this, special éignal
conditioning, cogafising a hal f-wave rec+lfief and resistor/capacitor network,
was added to the sensor output to simulate +ﬁe field resistive/inductive
delay yhen current was flowing +hroﬁgh the freewheeling diode.

2. Voltage Measurements

Voltage sensing in the dc link and inverter sections was accomplished by
using resistive voltage dividers. Since the only defined vehicle ground of
the power system was that obtained by grounding the synchronous condenser
neutral to the vehicle through a 10-kilohm resistor it was necessary to obtain
these voltages by differential measurement. o

For the PDR inpuf voltages, wﬁich were fixed-frequency, 60—Hz potentials,
the auxiliary power transformer primary was tapped to scale The.inpuT voltage,
the Qayside power voltage, by a factor of approximately 40. The tap voltages
were fed to a second, wye-wye, transformer with a nominal 1:1 ratio and with the
primary side ungrounded. The measured secondary voltges thus represent the
approximate phase voltages for the wayside power. When fhe‘LIMPS was connected
to operate on 4 kV the sensing ratio was nominally 1/20.

3. LIM Thrust Parameters

To determine the LIM performance, the mechanical! output of the LIM was

also measured. . This set of measurements consisted of sensing (1) the speed of
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the vehicle with a "fifth" wheel identical to that used for accurately
measuring test automobile speed, (2) the thrust transmitted to the vehicle
from the LIM, and (3) the longitudinal acceleration of the LiM.

4, Temperature Measurements

In addition to the key electrical and mechanical parameters required for
performance testing, numerous subsidiary paramefers were required to obtain
thermal fnformafion. The sensors used for this purpose were resistive fem-
perature detectors. These devices provide fof larger signal levels than
thermocouples and avoid the extreme shielding and filtering that are normally
required when signals are amplified at low signal-fbmnoise ratios.

5, .Vibration Measurements

Critical synchronous condenser vibration was monitored by triaxial
accelerometers located near the top bearing housing. This instrumentation,
similar to that in the LIM, comprised standard charge-amplifier type accelerom-
eters.

Current Measurement Accuracy

The Hall-effect current sensbrs were calibrated with standard instruments,
an RMS digital voltmeter and a wide-frequency-band, current viewing resistor of
0.00013 ohm +0.2 percent. The voltmeter accuracy for the 0 to 100 mV range was
0.6 mV 10.2 percent of the reading. Thus, for 500~A current, the Instruments
used as a calibration standard possessed a peak measuremenT error of 6.6 A.

Because the LIMPS current flow in circuits that are above ground potential,
the digital voltmeter has to operate with high common-mode voltages. The meter
used for this calibration had the capability of dperafing with potentials ub
to 500 Vdc above ground, but could not tolerate time varying common-mode voltages

over 50 V. Thus, for phase delay angles large enough to cause discontinuous
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currents, common-mode voltages exceaded the meter capability. This occurs at
about 175 A, so calibration data below 175 A could not be achieved. In‘order
fo calibrate over the full range of the system, one calibration point was taken
with the LIMPS power +urﬁed off. Four other points were then taken a+ cufren+
levels of 200 fto 510 Adc. A line of best fi* was then made for the current

and standard deviations were calculated for these calibration curves.

The PDR currents were measured using a 2000 5 curren+ Transformer, a wide
band 0.043 ohm +0.2 percent current viewing resistor and a true RMS digital
voltmeter. The voltmeter accuracy was 0.6 mV +0.2 percent of reading. The
combined cal ibration instruments peak error was +6.6 A. By using current frans-
formers for isolation between the instruments and the suﬁply voltage, the prob-
lem of reading small voltages across current viewing resistors at high COmﬁon-mode
voltages was avoided. |

Table 8-4 summarizes the various current parameters RSS (root-sum-square),
3-sigma errors. |

Voltage Measurement Accuracy

The inverter and dc 1ink voltages were measured by using hlgh-vo|+age resis-
~tive vo|+age dividers. The measured voltage d|v1S|on ratio of fhese dividers,
calibrated at the Pueblo Army Depot, is 2000 to 1, +2.5 percent, when tested at
12,000'Vdc. it shoufd be noted that +his calibration was performed on a direct
currehf basis. In use the divider was actually exposed to ac voltages with a
fundahénfal freqUency up to 165 Hz and harmonics even higher. Under these cir=
cumstances the sfray dlsTrubu+ed capacitances associated with the cables, con=
nectors, circuit boards, and confalners of the dividers combine to produce a

frequency-sensitive sensor with an equivalent circuit shown in Figure 8-2, where
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TABLE 8-4

CURRENT PARAMETERS ACCURACY

‘ AIRESEARCH MANUFACTURING COMPANY
OF CALIFORNIA

Parameter Measurand Tolerance Percent Ful IA Scale
LiM Phase A 107 +48.13 +4.8
LIM Phase B 108 +73.23 +7.32
LiM Phase C 109 +29.26 +2.93
INV Phase A 501 +21.28 +2.13
INV Phase B 502 +20.01 +2.01
INV Phase C 503 +24.94 +2.50
SC Phase A 201 +57.98 +5.8
SC Phase B 202 +27.68 +2.7
SC Phase C 203 +53.78 5.4
POR Phase A 304 +14.90 +1.49
PDR Phase B 305 +15.01 +1.50
PDR Phase C 306 +14.84 +1.50
Dc tink current 505 +13.97 ‘ +1.39
Field current 205 +35.60 +1.39
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Cqy and Cy represent the net equivalent distributed capacitances. |t was not pos-
sible to measure these capacitances buT.es+lhaTes of 5 pF for C; and 960 pF for
C2 appear reasonable.

Over the frequency range consistent with tThe reiatively low vehicie speeds
obtalned during the field tests, up to nearly 20 m/s (45 mph) (24.75 Hz), the
change in the sensor gain is small, less than 0.1 percent for the fundamental,
and gradually increases by about 20 percent for the 17th harmonic.

The PDR voltages are pseudo-phase voltages obtained by establishing a
neutral with a wye-wye fransformer, as shown in Figure 8~1, The neutral ref-
erence point for the 3-phase PDR voltage does not have to be at any specific
point, and the only physical requirement is that the phase voltages be reasonably
balanced to avoid exceeding design |imits of the signal conditioning electronics.
Thus the neutral is determined by the balance of loads on the auxiliary power
transformer (T1) and instrumentation (T2) transformer. To certify the transfor-
mer ratios and phase shifts, it is necessary to test each transformer winding
separately. However, in calibrating the system only the overall voltage measure-
ments were taken to establish the voltage ratios. This ratio was found to be
20.03 +0.25 percent for unloaded transformers. With the transformers loaded,
the individual phase voltage ratios deviated by as much as 2 percent. However,
the average ratioc of all phases for loaded and unloaded transformers varied only
+0.1 percent. Therefore, even though the individual phase ratios are load depen-
dent, the mean ratio of all phases is nearly constant. This accounting compen-
sates for.smal!l unbalances in loads because an Increase in ratio iIn one phase

Is offset by a ratio decrease in the others. Table 8-5 |ists the measured

data.
-
[GammETY) AIRESEARCH MANUFACTURING COMPANY 168
- OF CALIFORNIA




TABLE 8-5

PDR NET TRANSFORMER VOLTAGE RATI0 MEASUREMENTS

Phase Unloaded Ratio Loaded Ratio

A 20.00 19.63

B 20.10 - 20.41

C 20.05 20.00
Average 20.05 20.01
Deviation iO.Z percent +1.98 percent

Oscilloscope measurements did not reveal any measurable phase shift
between the phase voitage of the auxiliary power transformer and the secondary
voltage of T2 for the case where both transformers were unloaded. Thus the
actual! phase shift error was not es+ablished for the system, but it is dis=
cernibly negligible. Oscillographic comparisons of the phase voltage waveforms
indicated that a small amount of waveform distortion did exist. No attempt
was made to determine the magnitude or harmonic content of the waveforms.

The associated signal conditioning was calibrated by injecting voltage
signals equivalent to potentials from the dividers that would correspond to
actual potentials of 0 to 1500 Vdc. Injection calibrations were also conducted
at 100 Hz over the equivalent range of 0 to 500 V and variable-frequency
calibration data was obtained at an‘equiyalenf voltage of 500 V over.fhe
freauency range of 0 to 10 kHz. From a line of bes? fit it was found that
the 3-sigma-deviation was within +0.76 V for the worst case inverter vol+age,
13,0V for the PDR voltage, and *+13.8 V for the dc link voltage.

Table 8-6 lists the overall accuracy, including the da+arsys+em, for

2ach voltage measured..
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TABLE 8-6

VOLTAGE PARAMETERS ACCURACY

Percent
Parameter Measurand Tolerance, V | Full Scale

Inverter A 101 +18.07 | +1.20
Inverter 3 102 +16.80 .12
Inverter c 103 +17.54 .17
PDR . A 301 +6.76 ‘ +0.45
PDR - B 301 +6.34 ' +0.42
POR c 303 841 +0.56
Dc link current 504 +21.09 .41

THRUST MEASUREMENT ACCURACY

The thrust transmitted between the LIM and the vehicle is measured by
sensing the twist developed in an interconnecting forque tube. To calibrate
the system, the LIM was levitated on its own air cushions while being mechan-
icaily loaded by a hydrauljc ram, longitudinally, to simulate forces trans-
mitted to the vehicle. The calibration standard is a tension compression
load cel!l placed between the double acting hydraulic ram and the LIM,

For comparison purposes the LIM thrust was also calibrated with the LIM
supported on shop=type air bearings. The line of best fit for both calibrations
was made and compared for similarity. The deviations from the line of best fit
and the independenf-linearify are given in Table 8-7. The overall accuracy of
the measured thrust, inciuding the independent |inearity, the signal condition-

ing and the data acquisition system is +1475 N (332 1bf).
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TABLE 8-7

THREE-SIGMA DEVIATION FROM LINE OF 8EST FIT FOR LIM THRUST CALIBRATION

Thrust, N (1bf)
LIM Levitated LIM Supported by
Calibration by Vehicle Air Air Bearings
Positive fthrust +866 (194) +1086 (244)
Negative thrust +1274 (286) +1237 (278)

Temperature Measurement Accuracy

Ali temperatures were measured with the same type of resistive temperature
devices as sensors. 1wo temperature ranges, however, were employed, 0 to 100°C
and 0 to 260°C, by appropriately scaling the signal conditioning circuitry.

The accuracy of the instrumentation is given in Table 8-8.

TABLE 8-8
TEMPERATURE MEASUREMENT ACCURACY
Range, °C Tolerance, °C Percent Full Scale
0 1o 100 +3 +3
0 to 260 +7.8 +3

Power and Reactive Power Measurement Accuracy

The power measurements are obtained by direct multiplication of the instan-
taneous phase voltages with their respective currents, summing the three phase
powers and filfering to obtain the total power input To fherPDR, inverter, and
LIM. The synchronous condenser power is obtained by instantaneousty muitiplying
the |ine-to-line voltage with the opposite phase current to obtain the individual
phase reacfive powers. The powers are then summed and filtered to obtain the

total reactive power. Table 8-9 lists the accuracies of the power instrumentation.
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TABLE 8-9

ACCURACY OF POWER AND REACTIVE POWER MEASUREMENTS

Parameter Measurand | Percent Full Scale
PDR power 307 +3.16
INV power 508 +2.85
LIM power 113 +3.35
SC reactive power 204 +3.83

<
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SECTION 9

DATA ANALYSES

This section presents Tﬁe results of the analysis performed with data
obtained during the LIMPS field tests. The analysis is supported by 50 tables
and figures. Many of the iatter include combinations of graphé, osclil lograms,
bar charts, phasor diagrams, and block diagrams, to provide the comp ementary
results concisely on a single page for reader convenience. The major topics
in this section are pﬁfsed-mode tests, start-to-run-mode transition tests, low
speed braking tests, reaction rail Témpefa+ure rise +es+s, and LIMPS influencé_
on the wayside power system. In many cases, measured performénce results are
cqmpared with calculated (theoretical or predicted) results.

PULSED-MODE TESTS

Because the inverter can not be |ine commutated froh the synchronous
condenser until sufficient back-emf is available, a special start mode is
neceséary to bring the synchronous machine up to a minimum operating spéed.
This is accomp!ished by selectively puLsfng sets of machinerwindings through
the inverter, which causes the machine to a;celerafe until a speed is reached
where the generated voltage will permit l}ﬁé commutation. During start mode,
inverter commutation is achieved through cﬁfrenT quenching by the phase delay
rectifier.

This starting operation is accompl!ished automatically by logic and shaft
position sensors. In Figure 9-1 the affected blocks are marked to indicate
the control sequence.

Inverter Commutation

During commutation the inverter current is diverted from one phase to

‘the next phase in a cyclical, three-phase order. The logic that accomplishes

V AIRESEARCH MANUFACTURING COMPANY 1 73
OF CALIFORNIA



-
((GARREYY)
o~

AIRESEARCH MANUFACTURING COMPANY
OF CALIFORNIA

SPEED SPEED { FREQ Fm=0 f>f
CONTROL ERRI 1 pemoo DETECT max
I
THRUST ANGLE
COMMAND
THROST S::zﬂ ! ﬁ DEMOD POSITION Lt o SHAFT
CONTROL LIMIT | Ll ssus:m POSITION
DRIVE
_BRAKE "4 L..._..
SIGNAL
THRUST ABS 90° 'é::" )I(g\é CARRIER
RESET VALUE LINIT GEN
—
10C COMMAND
10C
foc ERROR mgu N
FOBX "} ANGLE
AP COMMAND {
o oFOR| prRecTION
AC RAMP SEQUENCEI OIRECTION gONTROL
yc G1N  |chance _ Jer ~ COMMAND rev)
POR ».{mc=o T
X00 DETECT ookt MEMORY
¥ 1
POR oC INV
DRIVE o/c DRIVE
= - |
N T ——
L
D i+ N s : Gy ‘
beo» + H .
¢ Y .
KESE z - .
i !
Q- -
oul
ed
+
FLaL | FIRE
ug NE<T o NEsT -
. o EVICEL H : GEVICE
[NET) i HEE T
H I
; . |
S T
L. -]
; . R N -
[ e I
| | '
! I\ uL Tt ! . .
s o oRart i i :(\rr‘ I ° l:vm,
L IR et f H \
- ! o
} . L CHERER
i i * FUHMN
t {RE T iTkt
et . FIRLe T1tt VL
' 4 . - e i EARNR .{ } >’ . } ,{ J
| AN FAAIUH ‘ i s vl HEpa Ry hPive
) ; . WLt L OMMANE
| : ! {__Am‘ bt AN T o 1 FIELD
H : I i #38¢
i i i P 3 X
1[ RERNTEY ;
b e T $-10672
= |
o - :
Figure 9-1. Start Mode Control Logic Block Diagram
— 174



this receives its input from the synchronous condenser rotor position sensor

and commands the dc |ink current to zero level a+4+he end of every 60-deg rotor
position interval. In response to this command the PDR firing angle is driven
into the fourth quadrant, to force the dc |ine.curren+ to zero as quickly as
possible. After about a 5-ms interval, dictated by the control circult response,
the next set of fthyristors is turned on, thereby producing 120-deg displaced
three-phase symméfrical inverter cgrren# waveshapes. Tab|e‘9e1 iists the
iﬁverfer thyristor firing sequence. Figure 9-2 shows how the inverter commuta-
tion takes place as Qeil as the relation of the current pulges through the six
inverter legs relative to the rotor position.

Since in fheis*arf mode the inverter is not |ine-commutated by ?ﬁe
synchronous condenser, no commutation margin. is required. Firing of the thyris-.
tors can +Herefore, be initiated in such a way that the voltage and current af
the inverter terminals are 180 deg out of phase and the corresponding displace-

ment factor is unity (see Figure 9-3). However, since thyristor firing in the

TABLE 9-1

INVERTER FIRING ORDER

Th?risTor Positive Negative
Turn-on Inverter Inverter
Time* Leg Leg

T4 +A -B
Ty +A -C

T3 +B -C
Ty ' +B -A
Tg +C -A
Tg ‘ +C -3

*See Figure 9-2.
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Figure 9-2. Inverter Commutation, Pulsed Mode
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_IMPS is referenced with respect to the synchronous condenser rotor position
rafﬁer than the inverter terminal voltage, and since in the starting mode there
is about a 10-deg phase shift between these two quanTifies, the actual displace-
ment factor is only 0.98, just slightly less than the ideal (unity) value.

For maximum real power transfer through the dc link, the ideal! dc current
should be constant at a given operating point. However, due to the control loop
response time, the actual dc link current waveshape, Figure 9-4, differs markedly
frdm its ideal form. Figure 9-4 shows that for a 470-Adc !ink current command
and at 6.5 Hz, the current rise-time is about & ms, the corresponding fall-time
is 3 ms, and the dwel!-time between commutation is 5 ms. The corresponding
average dc link current is only 65 percent of the peak dc link current.

As stated above, the command that corresponds to the conditions illustrated
in Figure 9-4 called for a 470-Adc current. The average dc link current, based
on evaluation of the actual current waveshape, is 460 A, which indicates that
the commanded level was attained. However, in case of a higher current command,
which would require the real dc link peak current value +o exceed 1100 A, the
protection feature of the control system would |imit the current at the 1100-A
level, thereby preventing attainment of the commanded dc link value. No system
per formance data was taken In this latter region.

Pulsed-Mode Performance

The pulsed-mode performance of the LIMPS is shown for ftwo typical operafing
conditions in Figures 9-5 and 9-6, corresponding to 50-percent and 90-percent
thrust commands, respectively. In the first case the rea! power transferred
through the dc link is insufficient to accelerate the rotor of the synchronous
condenser to a value required for the transition to the run mode. In the

second case transition is about fto occur.
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Figure 9-5. Pulsed-Mode Performance Data, 50-Percent Thrust Command
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The oscillogram in Figure 9-5(a) was used To generate The phasor diagram
shown in Figure 9-5(b), which indicated the voltage and current relationship
at the inverter ferminal,>a+ a given operating point. The phasor diagram is
based on the fundamenta! components of the voltage and current waveshapes. The
real and reactive power flow at the inverter terminals for the corresponding
load condition is also given, in Figure 9-5(c). All real power is supplied
from the dc link by the inverter, whi[e both the inverter and the synchronous
condenser are sources of reactive power. Since the electrical frequency is
very low, f = 1.5 Hz, the LIM power factor is relaijely high, about 80 per-
cent, because the resistive components still dominate. The real power supplied
to fhe synchronous condenser is required to make up for the copper losses
(4.1 kW) and the mechanical losses (2.2 kW). Since the frequency remains
constant, no real power is used to change the kinetic energy of the synchro-
nous condenser rotor.

Using the positive reference directions indicated in Figure 9-5, it can
be seen that the inverter current is indeed 180 deg out of phase with the
rotor position, which in turn stightiy lags the terminal voltage.

Similar analysis applies to the case presented in Figure 9-6.

Finally, the power distribution throughout fthe system can be illustrated
with the power flow diagram, given in Figure 9-7. The operating conditions
correspond to those of Figure 9-5. It should be pointed out that the elecfrical
frequency under these conditions is less than 1 percent of the rated value for
which the LIMPS was deéigned. Therefore, the overall system efficiency is not
indicative of the system capabilities at higher frequencies and power levels.
The information presented in Figure 9-7 is also summarized in tabular form in

Table 9-2.
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Figure 9-7. LIMPS Power Flow Diagram, Pulsed Mode



TABLE 9-2

POWER ANALYSIS
(RUN 221, THRUST COMMAND 50 PERCENT)

Component Real Real
or System input Qutput Reactive
: Power, Power, Losses, Efficiency, Power,
kW kW kW Percent kVAR
Phase delay 87.1 77.0 10.1- 88.0 X
rectifier
High-voltage 77.0 67.7 9.3 88.0 X
inductor
Inverter 67.7 59.2 8.5 87.0 5.2
Synchronous 6.3 2.2 4.1 35.0 30.1
condenser
LiM 53.5 1.8 51.7 3.4 38.9
LIMPS 87.1 1.8 85.3 2.1 X

Synchronous Condenser Filtering Capability

The current harmonics generated by the thyristor switching in the inverter
are absorbed primarily by the synchronous condenser. Figure 9-8(a) shows the
inverter, LIM, and synchronous condenser current waveshapes under pulsed-mode
conditions. Figures 9-8(b), (c), and (d) illustrate the current harmonic content
in each component by means of frequency spectrum bar graphs.

The inverter current generates strong n = Kkp +1 order current harmonics,
where n is fthe order of the hérmonics, p =6 for the full-wave bridge connected
converfer, and k is an integer. This relationship applies exacfiy fér the idéal
waveshape, and closely approximates the experimental data.

The ideal LIM current is sinusoidal, and +he test data establishes that

the harmonic content of the LIM current is indeed very small.

~
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Figure 9-8. Synchronous Condenser Filtering Capability, Pulsed Mode



The major portion of the current harmonics is absorbed by the synchronous
condenser because of the low-impedance path provided by the damper winding.
Table 9-3 indicates that a substantial portion of a given current harmonic
generated by the inverter is absorbed by the synchronous condenser as itlustrated
by the relatively low harmonic content of the LIM current. The results demon-
strate the filtering effectiveness of the synchronous condenser.

Starting Time

Because of the rapid thrust bUIIdup the starting mode does not limit the
LIMPS performance. Figure 9?9 indicates that from the time the thrust command
is applied until the 90-percent full-thrust level is attained requires about
1.6 s. Also shown is the start mode response of the LIMPS from standstill fo
the point of transition to the run mode. The rate of dc Ilnk current buildup
is iimited only by the 1.5-s (adjusTable) jerk limit designed into the control

circuit.

186

o

(€

. AIRESEARCH MANUFACTURING COMPANY
N~ OF CALIFORNIA

!




 TABLE 9-3

PULSED-MODE HARMONIC CONTENT - (RUN 221, THRUST COMMAND 50 PERCENT,

FREQUENCY 1.5 Hz)

Order : Synchronous
of inverter LIM Condenser
Harmonic Current Current Current
1 100.0 100.0 100.0
2 2.8 2.5 5.3
3 1.1 1.0 1.3
4 3.9 2.0 6.6
5 25.3 . 3.0 34.2
6 2.2 1.0 4.0
1 14.3 1.5 21.0
8 3.3 0.5 7.9
9 2.2 0.3 2.6
10 5.5 1.2 7.9
11 18.7 4.0 25.0
12 5.5 1.3 10.5
13 3.8 1.2 6.6
14 2.7 - 0.4 6.6
15 2.2 1.0 1.3
16 2.7 1.0 7.9
17 11.0 1.0 17.1
18 7.1 1.2 13.2
19 3.8 1.2 6.6
20 3.3 0.7 2.6
21 1.6 1.0 1.3
22 4.9 0.3 2.6
23 7.1 0.8 10.5
24 9.3 2.5 11.8
25 3.8 1.1 5.3

h 4
GCARRETYT,
-~

NOTES: 1. Harmonic content given as percent of
actual fundamental specified current.

2. Bold typeface numbers denote harmonics
of principal interest.
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START-TO-RUN-MODE TRANSITION TESTS

As the synchronous condenser frequency attains a preset value, nominally
f1= 6 Hz, the so-called star t=to-run-mode fransi%ion is initiated by the
control system. The transition process includes (1) a final zero dc link
currenflcommand under the start mode regime (i.e., clearing the dc link by
current quenching from the phase delay rectifier end), and (2) the retardation

of the firing angle from 180 to 150 deg. As thyristor gating is reapplied

the inverter continues to operafe, but now in the |ine-commutated mode.

Successful Transition

Figure 9-10 illustrates how a successful Transifionv+akes place. At
the instant t., indicated also by the abrupt change in the mode-monlfof
signal trace, The.dc ink current is commanded for the last time to a zero-
current level. As the thyristor gating is reapplied, the firing delay angle

is advanced by 30 deg, as shown.

The conditions just after transition can be best examined with reference

~to the phasor diagram, which represents the fundamental components of the

inverter, LIM, and synchronous condenser currents, and the corresponding

terminal voffage. The transition frequency is fq = 6.8 Hz, and the thrust
comménded is about 90 percent. The power éondifiqns are also shown. The
reactive power requirement is 0.60 kVAR/kW.

The conditions under which run-to-start-mode transition occurred in a

consistent, reliable manner are listed in Table 9-4.

Effects Encountered during Transition Tests
The following paragraphs discuse several of the effects observed during

Transition tests.
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TABLE 9-4

LIMPS RUN-TO-START-MODE TRANSITION CRITERIA

Electrical frequency >6.5 Hz
Thrust command >60 percent

Synchronous condenser

field current 21300 A
LIM airgap <3.81 cm
1. Insufficient Synchronoué Condenser Speed

In Figure 9-5, because tThe +hrust command was only set to a 50-percent
value the synchronous condenser did not attain the transition frequency, and
therefore transition was pof achieved. The vehicle was +fave|ing at a steady

1 m/s speed. The synchronous condenser field current was 1400 A.

2. LIM Propulsion System Reversion 1o Pulsed Mode

As soon as the electrical frequency falls bélow-flr= 4.0 Hz (equivalent
to a synchfonous condenser speed of 13.1 rad/s (125 rpm)), the LIM propulsion
system reverts to the pulsed mode. This normal operating condition is itlustra=-
ted in Figure 9-11.

3. Transition Followed by Commutation Failure and Quick Shutdown

Figure 9-12 shows an operating run where just after transition a commutation
failure occured. The A-leg of the inverter failed to commutate after 1ts first
current puise. As soon as the commutative failure was sensed by the LIM propul-
sion system confrollcircui+, a quick shutdown was initiated. The synchrohous
condehser.fleld cuffén+ was 1400 A, and the thrust commanded was approximately

60 percent. The transition frequency was set to about 6.0 Hz, which is insuffi=

cient for 1ine commutation.
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Figure 9-12 also points out that using the synchronous condenser rotor
position as the inverfér thyristor gating reference signal may not be fully
desirable. The problem is discussed in some detail below, with reference to
the phasor diagram in Figure 9-12(b).

4. Inverter Firing with Respect to the Synchronous Condenser Rotor Position

The gate firing signals for the inverter thyristors are derived from the
rotor shaft position sensor. The consfanf—amplifude, sinusoidal output of
this sensor represents a signal that is in phase with the no-load emf of the
synchronous machine. Thus the thyristor firing delay angle is measured with
respec+ to the no-load voltage. It is shown, below, that the so-called volt-
age behind the subtransient reactance--rather than the no-ioad voltage--
should be used as a reference signal for firing the inverter thyristors.

During commutation two of the three positive or negative terminals of
the inverter are momentarily short circuited. Since commutation occurs at
+he{ra+e of six times the frequency of the inverter, the LIM and synchronous
condenser are constantly in a transient state. Under such repeated transient
conditions the main field of the machines cannot collapse, and only the flux
associated with the leakage paths can vary. This is in agreement with the
well known principle of constant flux | inkages.

Since the main flux of the machines is essentially unaffected by such
rapidiy changing {oad conditions, the overlap and the dc |ink voltage of the
inverter are governed by the leakage field characteristics of the two ac
machines. Therefore; in terms of the customary single-phase representation,
reactance Xg, the subtransient (6r commutation) reactance of the machines,
and V;, which represents the voltage behind the subtransient reacfance, gov-

ern the |ine commutation process. The significance of Y;is that its
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| ine-to~1ine value is the voltage that circulates the commutating currents
between phases. In a fourth quadrant operation (i.e., in the inverter mode)

commutation must be completed before this commutating voltage changes its

polarity; otherwise a commutation failure occurs.

Generally, the no-load voltage and the voltage behind the subtransient
reactance are not in bhase. The relationship between these two voltages Is
a function of the load. Therefore the shaft position sensor output alone
cannot provide information on the phase relationship of the commutating volt-
age. For example, for the éase shown in Figure 9-12(b), the firing of the
inverter thyristors is delayed by 150 deg with respect to the no-load volt-
age. However, in reference to V; (the true commutating voltage), the flrlng
delay is actually 10 deg more. Thus, rather than having a 30-deg interval
for overlap and device turnoff time, only 20 deg are available for the same
functions. This meané t+hat the maximum inverter load Tha*.can be safely com-
mutated by the synchronous condenser is appreciably reduced.
The problem is particularly noticeable at the fwo extremes of the
operating range: |
Low speed--Synchronous condenser copper losses are appreciable com=
pared defhe-fofal abparen+ power, and therefore, the power factor
differs from the ideal cos¢ = 0 value for the synchronous  condenser.
As a result, the inverter load angle (i.e., the phase difference
between VS and E)‘appeérs, which reduces the commutation margin as

indicated above.

Very high speed--The thyristor turnoff time, about 200 ps, becomes

an appreciable portion of the commutation margin. At 165 Hz

rated frequency, this represen+s 12 electrical degrees.
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RUN-MODE TESTS

This subsection presents the data acquired during the run mode tests,
which covers the operating regimes when the synchronous condenser frequency
exceeds a preset transition frequency, nominal ly fT = 6.0 Hz, and the generated
emf in the synchronous condenser becomes sufficiently high to assure reliable
line commutation.

Because the available electrified guideway was only 500-m long, the test
covered only the lower end of the power and speed range for which the propul-

sion system was designed, as indicated in Table 9-5.

TABLE 9-5

OARAMETERS WITH TEST RANGE L IMITED

Test Parameter Run No. Maximum Test Value
Actual Units Percent of Rating
Inverter frequency _ 268 35.6 Hz 21.6
Dc link power | 223 850 kW 14.1
Dc link voi+age 223 1520 V 17.1

Iln terms of current and thrust, however, the propulsion system was tested
at near-rated values, as indicated in Tabie 9-6.

The thrust commanded by the operator controls the dc | ink current accord-
ing to the transfer function shown in Figure 9~13. The steady-state values
obfained during the individual test runs are also shown.

Steady-State Performance

The steady-state performance of the propulsion system Is described here
with reference to its phasor diagram, derived from the oscillographic traces

of the appropriate electrical quantities. As an illustration, results from
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TABLE 9-6

PARAMETERS WITH TEST RANGE NEAR RATED VALUES

Maximum Test Value
Test Parameter Run No. Actual Units Percent of Rating
Dc |ink current 223 580 A 85.3
LIM current 245 424 A 80.0
Synchronous‘condenser current 245 477 A 84.4
Fleld current 1 2n 1740 A 96.7
LIM thrust } 245 20 kN - 90.1

two operating points are shown here, representing fthe steady-state conditions
at a high thrust command (Figure 9-14) and at 2 low Thfusf command (Figure
9-15), respectively.

The phasor diagrams also show the major difference.befween the start and
the run mode. In the former mode of operation the inverter is commutated by
quenching the dc link current by the PDR; in the latter the inverter is 1ine-
commutated by the synchronous condenser. Because of the | ine commutation
process, to prevent commutation failure, sufficient commuiaffon margin Is
required to allow for commutation 6verlap and thyristor turn-off time.
Therefore, the inverter firing delay angle must be less than 180 deg; In fact
dufing the performance tests the firing delay angle was set at a nominal 150
deg. In the phasor diagram the inverter current lags behind the terminal
voltage by approximately 150 deg, since its phase relationship is also dic-
tated by the inverter firing delay. The corresponding displacement factor is
about 0.85, indicé+ing that to operate the inverter in a { ine-commutated mode
at a SO—deQ commutation margin requires a sizable amount of reactive power.

The synchronous condenser functions as such a source of reactive power. The
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tabulated real and reactive power balances at the inverter terminal, calculated
in the two given operéfing ¢ondi+ions; also confirm the large, approximately
0.5 kVAR/kW, reactive power requirement of the inverter.
Since commutation overiap increases with increasihg dc
control circuit adjusted the inverter firing angle as a function of the dc.llnk
current, as shown in Figure 9-16. |
The relafi§nship between the normalized dc current and the overlap angle is

shown in Figure 9-17, indicating good agreement between the calculated and

“test data.

Since the overlap angle observed during the performance tesfs with rated dc
link current did not exceed 17 deg, the originally selected 30-deg commutation
margin is required only at or near rated frequency, where the thyristor turn-

off time becomes signif{éanf with respect to the overlap angle, as indicated

in Table 9-7.
TABLE 9-7
INVERTER COMMUTATION MARGIN REQUIREMENTS
Required
Over lap Commutation

Frequency, Thyr istor Turn-of f Angle, Margin,

Hz usec deg deg deg

15 200 1.08 Y 18.08

60 200 432 | o 17 21.32
120 200 s | 7 25.64
165 200 11.88 o 17 28.88
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The power flow diagrams in Figures 9-18 and 9-19 quantitatively illus-
frate the LIMPS steady~state performance at 100~ and 50-percent thrust com-
mand, and points corresponding to Flgures 9-14 and 9-15, respectively. To
place these results in perspec*lve, the efficiency vs output power of the
LIMPS has been plotted over -the entire speed range of the system (Figure 9-20),
indicating that the system efficiency values derived from the test data at the
low-speed and low-power level are consistent with the design data.

Run Profiles

Vehicle and LIMPS performance can best be judged by examining the run
profiles of key electrical and mechanical performance parameters during typi-
cal performance tests. Within the limitation of the 500-m-long guideway, the
propulsion system was able to accelerate the vehicle up 1o 19.3 m/s, at an

average acceleration of 0.57 m/sz. A éummary of the test runs is given In

Table 9-8.
TABLE 9-8
TYPICAL ACCELERAT ION PERFORMANCE SUMMARY
Test Run Thrust Max imum Max imum Average
No. Command, Thrust, Velocity, Acceleration,
Percent kN m/s m/s
223 100 19.2 19.3 0.57
224 50 12.2 11.4 0.31
245 90 20.0 16.0 0.48

In the run profiles, shown in Figure 9-21 through 9-30, the performance
paramefersvare plotted against distance or t+ime. Again, for perspective, the

results are also expressed as a percentage of the rafed’values.
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Synchronous Condenser Filtering Capability

As in the start mode, the current harmonics generated by the inverter are

absorbed by both the LIM and the synchronous condenser. Their relative shar-
ing, at a given operating point, is illustrated In Figure 9-31, which shows
the current waveshape In the inverter, LIM, and synchronous condenser, respec~-
tively, and the corresponding harmonic content in terms of the frequency

spectrum.

Synchronous: Condenser Grounding

In full-wave bridge~connected converters (both in the rectifing and
inverting modes) the dc link midpoint oscillates at triple frequency with
respect to the electrical neutral of the ac input. To limit circulating cur-
rents in the groundloop, the synchronous condenser neutral is grounded through
a 10-kilohm resistor. The resulting voltage stress level at the synchronous
condenser neutral is given.in.Figure 9-32, which shows the peak value of the
neutral-to-ground voltage as a function of the electrical frequency. Extrapo-
lating to the rated frequency, the maximum additional voltage stress, which
affects the ground insulation in the synchfonous condenser and in the LIM, is
approximately 750 V. |

LIM Performance

Figure 9-33 shows calculated LiM thrust vs slip frequency, at constant
current, and at four constant electrical frequencies. Note the marked impact
of the end effects at the Iéw élip frequenciés, as indicated by the signifi=-
cant thrust reduction at increasing speed values. Superimposed on these cal-
culated curves, the test data points are also shown. The experimental data,
normal ized to the same current values as the calculated curves, is grouped

into three frequency groups, 0 to 10, 10 to 20, and 20 to 40 Hz. Results
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Figure 9-33. LIM Thrust Performance Data
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generally agree well with the calculated performance curves. The test data
points are all clustered in the low-slip-frequency portion of Figure 9-33
because the field test covered only the low end of the frequency range for
which the LIM was designed. |
LOW-SPEED BRAKING TESTS

During electrical braking the vehicle speed is greater than the (synchro-
nous) speed of the LIM travel ing wave, or in other words the excitation fre-
quency is less than the mechanical frequency. In fthis mode of operation the
LIM develops negative thrust, which acts to decelerate the vehicle. The reduc-
tion in vehicle kinetic energy with time manifests itself as mechanical input
power to the LIM (i.e., fhe _IM operates as a generator).

Electrical Braking Characteristics

Two types of electrical braking were observed: regenerative, and dynamic.

1. Regenerative Braking

Electrical braking with regeneration performance data is shown in Figure
9-34, 8y examining the oscillographic traces of the inverter voltage and cur-
rent, real power flowing into the inverter, and therefore through the dc link,
can be observed. The corresponding phasor diagram is also shown. The power
returned through the dc link is quite small, about 22.4 kW, compared with the
power input to the LiM, 270 kW. The LIM input power is divided into losses
(primary and secondary) of 153 kW and output power of 117 kW. The LIM output
power supplies the losses in the synchronous condenser (110 kW) and the regen-

eratad power to the dc link.
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Figure 9-34. Regenerative Braking
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2. Dynamic Braking

Because of the losses in the LIM and synchronous condenser, electrical
braking does not necessarily mean that electrical power is regenerated into
the wayside electrical power system. Such a case, of no power delivery fo the
wayside, is shown in Figure 9-35 where despite the zero dc link current the
LiM still provides a near-rated electrical braking force. This braking mode
is referred to as dynamic braking.

The power conditions can be discussed with reference to the accompanying
phasor diagram. The LIM developed approximately 14.5 kN negative thrust or
braking force, nearly 90 percent of its rated value, which provided a 0.5 m/s2
average deceleration. Since the vehicle speed at that time was 16.5 m/s, the
LIM absorbed the kinetic energy at a 240 kW rate. The losses in the LiM
secondary and primary were about 45 kW and 115 kW, respectively, correspond-
ing to a LIM current of 475 A, and a slip frequency of -2.4 Hz.

The voltage and current data also show that at constant (zero) thrust
command, as the vehicle speed decreases, the excitation frequency decreases
and thereby the LIM slip frequency and thrust remain approximately constant.

Since the inverter current is zero, (1) the LIM and synchronous condenser
currents are equal in magnitude, but 180 deg out of phase, and (2) the phase
angls between the inverter voltage and synchronous condenser current phasors
is approximately 80 deg, which means that real electrical power (about 80 ki)
.is being transferred from the LIM to the synchronous condenser.

Dus to the concurrent slowing of the synchrdnous condenser, with a rotor
momant of inertia of 33.4 Ns3, the excitation frequency drops at a rate of 0.8
Hz/sec, which corresponds to a small, approximately 4-kW, apparent mechani-

cal power input.
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REACTION RAIL TEMPERATURE RISE TESTS
Summary

The temperature rise of the reaction rail due fo secondary LIM losses is
of particuiar interest during vehicie start. Since the starting segment of
reaction rail exposure time can be relatively long at low acceleration rates,
it is important to determine if the pofén+lal for reaction rail overheating
exists under various starting conditions.

To investigate the reaction rall temperature rise, locked-rotor tests
were conducted to obtain experimental data. By setting the vehicle mechanical
brakes, the LIM was held stationary with respect to the reaction rail. The
propulsion system was then energized for periods of up to 5-s duration. The
reaction rail temperature was measured directly with a suitably placed thermo-
couple. In addition, the temperature rise was calculated from LIM electrical
data. For most test points, the measured and calculated values are in reason-
able agreement.

The test results show that the temperature rise at start is quite low.
For a typical starting thrust of 10 kN, the maximum reaction rail temperature
rise would be about 3.3°C (38°F).

Test Conducted

The vehicle was positioned on the guideway with respect to two thermo-
couples mounted on the reaction rail such that one was In the approximate geo-
metric center of the motor and the second was under one of the LIM guidance
air cushions. The jet engines were operated throughout the test series to
provide air for levitating the vehicle and motor. The mechanical brakes were

locked on in order to hold the vehicle in a fixed position on the guideway.
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The.fhermocouple outputs were continuously recorded on a strip chart
recorder throughout the test series. In add{fion, onboard analog recordings
of key electrical parameters were also made.

A total of 14 runs were made during Thé locked-rotor test series. At the
start of sach run, fhe LIMPS was energized at fixed thrust command values for
pei iods of.up to 5-s duration. Several minutes were allowed between runs such
that fhé reaction rail temperature under the LIM could decay to an ambient
value. |

Throughout the test series, the reaction rail temperature under the LIM
air cushion showed a nearly constant value of 60°C (140°F). This was due fo
the continuous flow of warm air supplied to the air cushions which acted to
stabilize the local reaction rail temperature.

Reaction Rail Temperature Rise

Table 9-9 lists the temperature rise per unit time based on the measured
temperature data and on calculations using the analog recordings of selected
electrical paraméfers. The thrust command,which was fixed throughout each run,
is also shown. Run 254, conducted at a thrust command of 100 percent, is not
shown due fo a quick shutdown and restart which renderedbfhe data unintelligible.

A plot of temperature rise per unit time vs thrust command is shown in
Figure 9-36. Both measured and calculated points are shown.

Measured Temperature Rise

A typical strip chart recording of the response of the two thermocouples
is shown in figure 9-37. The time, t = 0, has been arbitrarily set to coin-
cide with the start of the run. Prior to this time, it can be seen that the

temperature under the motor has stabilized to a value of 52°C (125.6°F), which
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Figure 9-36. Reaction Rail Temperature Rise vs Thrust Command
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TABLE 9-9

MEASURED REACTION RAIL TEMPERATURE RISE

AT/ Thrust
Run Measured Calculated* Command,
No. - °C/S °F/S °c/sS °F/S Percent
246 0.294 0.53 0.43 0.77 30
247 .31 2.36 1.62 2.91 55
248 1.56 2.80 2,54 4.57 65
249 0.93 1.67 0;84 1.51 52
250 2.22 4.0 1.55 2,79 | 60
251 4,17 7.5 3.74 6.73 68
252 | 4.69 8.44 5.67 |10.16 70
255 3.55 6.39 3,74 6.73 77
256 4,93 8.88 4,25 7.65 80
2517 0.76 1.36 1.44 2.59 55
258 5.61 10.1 6.69 12.04 80
259 5.0 9.0 6.47 11.65 90

*See page 232 for method of calculation.

is the initial temperature value, T, for +his run. When the LIMPS is energized,
the response of the thermocoupl!e under the LIM shows large osciliations due 1o
the presence of the strong magnetic field. After 5 seconds the LIMPS is deen-
ergized, and shortly thereafter the temperature under the LIM attains a maxi-
mum value of 64.7°C (148.4°F), which is the final value of the temperature, T,
for this run. The temperature continues to drop in a slow decay, as the heat

in the reaction rail is dissipated to the surroundings. The temperature of

the reaction rail under the LIM air cushion remains approximately constant.

This characteristic was typical for all runs.
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: The initial and final values of the reactlion rail temperature under the
LIM are given in Table 9-10. The period of time that the propulsion system

was energized was obtained from the electrical data.

TABLE 9-10

MEASURED REACTION RAIL TEMPERATURE DATA

| initial Final

| Temperature (Ty), Temperature (Tg),

} Run °C °F -°C °F Time, s

! 246 43.6 110.4 44.0 11.2 1.5
247 - 45.9 114.6 47.7 117.9 1.4

; 248 47.2 117.0 50.3 122.6 2.0

§ 249 48.7 119.7 51.6 124.8 4.0

3 250 49.4 121.0 54.6 130.2 2.3

| 251 50.6 123.1 60.6 141.1 2.4
252 52.0 125.6 64.7 148.4 - 2.7

255 53.8 128.8 70.1 158.2 4.6

256 52.9 127.3 72,7 162.8 4.0
257 46.6 115.8 503 122.6 5.0
258 49.5 121.2 75.3 167.6 4.6
259 53.6 128.5 72.1 161.7 3.7

Calculated Temperature Rise

During each run, onboard analog recordings of the following selected
electrical parameters were made:
LIM voltage, A phase
LIM current, A phase

Dc link current
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In addition, the LIM thrust was recorded during The last three runs (257

through 259). The thrust command values were obtained from the ftest log.
Typically, the LIMPS attained steady-state conditions within one second

after being energized. Using the steady state portions of each analog +face,

the LIM airgap power was calculated as fol lows:

P = 3 x Vi mx | yx PF =3I R
LIM AIRGAP LIM LiIM T PRIMARY

Thg A-phase values for the RMS LiM voltage VLIM’ and RMS LIM current |LlM
Qeré based upon the assumption of a balanced Sjphase system. The power factor
(PF) was taken from the displacement of the voitage and current fraces with
respect to each other. The LIM primary resistance per phase, Rpp|Mary WS
evaluated based upon the known LIM characteristics (0.288 ohm at 177°C (350°F)
and measured LIM winding temperatures.

In the locked-rotor condition, the total airgap power is dissipated as
heat in the secondary. The power input per unit length (1 ft) of reaction
rail was calculated by dividing the total airgap power by the number of poles
times the pole pitch: (5 x 450.9 mm x 25.4 mm/25.4 mm = 2.254 m).

The reaction rail heat capacity per degree temperature per unit ltength
was evaluated. For the purposes of this evaluation, the reaction rail cross
section was broken up infto two parts, the vertical section 42 .1 cm2 (6.52 in.z)
and the horizontal base section 12.1 cm2 (1.87 in.z). Only the vertical section
was assumed to act as a heat sink for the energy transfered across the LIM
airgap. Knowing the specific heat and density of aluminum, one can calculate

the temperature rise per unit time as follows:

p /2.254 m 4 o
AT _ _LIM AIRGAP = 4,10 x 1072 PLim atreaP x  Ciw v s
At kW. s
10.18 —5¢
m -0C
P /7.40. ft
AT _ _LIM AIRGAP _ -2 P o
(At |83 s 7.38 x 107 "LIM AIRGAP x F/, . s)
-©% Fr.oF
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Table 9-11 lists the calculated reaction rail temperature rise per unit

time and other pertinent information.

TABLE 9-11

CALCULATED REACTION RAIL TEMPERATURE RISE

LIM Power, kW Frequency Temperature
Run | Dc Link Input JAirgap J§ Range, Rise,
No. | Current, A | Power |Power Hz Remarks °C/S | °F/S
246 160 17.1 9.9 jo0o 1 Transition 0.43 | 0.77
247 260 70 39.8 0 3.8 |No transition 1.62 | 2.91
248 300 112 61.8 0 3.5 [No Transifion 2.54 | 4.57
249 250 44,2 20.4 0 1 No transition 0.84 | 1.51
250 300 88.4 37.5 0 4 No transition 1.55 } 2.79
251 450 160.6 90.8 0 5 No transition 3.74 |} 6.73
252 530 218 136.8 0 6 Transition and QSD | 5.67 |10.16
255 412 158 90.7 0 5 No transition 3.74 | 6.73
256 480 195 102.5 0 6 Transition and QSD 4.25 7.65
257 289 62.7 34.9 0 2 No transition 1.44 | 2.59
258 525 256 161.1 0 6 No ftransition 6.69 |12.04
259 600 244 156.5 0 6 Transition 6.47 }11.65

The maximum reaction rail temperature under typical starting conditions may

be estimated by using the data from Run 258.

132,000 kg (60,000-1b) TLRV would be 0.36 m/s (1.18 fps) per the measured thrus¥

The acceleration rate of the

of 9.86 kN (2217 Ibf). The time of exposure to the airgap power of a point on

the reaction rail that is initially in Iine with the leading edge of the LIM

would be:

+€Xp = \/

-
GCARRETYT
-

.
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2 x physical motor length

acceleration

_ 2 x 2.55 m=3.76 s

- 0.36 m/s
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Therefore, the total reaction rail temperature rise at this point on the reac-
t+ion rail would be 25.2°C (45.3°F) based upon»The measured reaction rail ftempera-
ture rise per unit time of 6.7°C/s (12.04°F/§). The maximum rail temperature,

1 an ambient rail temperature of 65.5°C (150°F) is presumed, would Tﬁen be

only 90.6°C (195°F).

TESTS RELATED TO THE WAYSIDE POWER SYSTEM

In addition to the acquisition of LIMPS performance data, another program
objecfive was compilation of data reflecting the influence of the LIMPS on the
wayside.

Harmonics produced by the converter are conducted through the power rails
and appear in the supply power system. Further, the harmonics will be rad-
iated from these conductors, and the vehicle as well, potential ly producing
local élecfromagnefic inter ference.

Despite the lower power level of the tests described in this report, some
preliminary information was obtained in the following two areas.

Conducted EM1

Figure 9-38 shows the waveshape of the PDR current, which also flows in
the power rails. The corresponding frequency spectrum, in bar chart form,
shows the amplitudes of the first 25 harmonics. The harmonic content of the
measured current is lower than that of the ideal no-load value. This finding
is consistent with predictions, sfnce at the measured power level (about 850
kW) the overlap angle Is large (about 17 deg), and as the overlap increases
the magnitudes of the harmonics decrease, with the higher orders decreasing

more rapidly than the lower ones.

Radiated EMI
Broadband radiated emissions were measured in accordance with the proce-

dures outlined in SAE Specification J551c.
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Figure 9-39 shows the measurements of the emissions with all systems
deenergized (ambient conditions), with the rail energized and the LIMPS not
operating, and with the vehicle traveling at a speed of 15.6 m/s (35 mph).

Of particular interest s the prominence noted at approximately 202 MHz ,
which occurs with the rail eﬁergized, both with and without the vehfcle oper -
ing. These circumstances lead to the hypothesis that the source of this fre-
juency is external to‘fhe LIMPS and the wayside, but that the wayside in this
configuration happens to be tuned to this frequency.

I+ should also be noted that no interference with test site communica-
tion facilities or elegfric power system relaying equipment was reported,

sither during or following the LIMPS field tests.
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Figure 9-39. LIMPS Broadband Radiated Emissions




