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PREFACE

The fina documentation submitted under the ASDP Self-Synchronous Propulslo' ‘ System ,

© Final Project Report — R78-14

Volume I - Program Synopsis
Volume II - Detailed Technical Discussion
Volume III - Appendixes

. ‘Traction Motor F!nal Report — R78-15
o Volume I '~ Technical Discussion
Volume II -~ Appendixes .
' Gear Drive and Axle Coupling Final Report — R78-16
Volume I - Technical Discussion
“Volume I - Appendixes’
Relia,bility Analysis Rep’ort}- R78-17 '
Safety Analysis Report — R78-18
. Maintainability Report — R78-19.
Drawing Package

* ' Specifications

‘e j‘_ Miscellaneous Backup Data
The major report emanating from this program is the Final Project Repori:, De'l:co"" '
Ele‘cti'_o;nics No. R78-14, which was prepared in three volumes, as shown above*,.

| The program technical effort is discussed in detail in Volume II of this report, Contained

‘ in Volume Il are the following sections:

I 5__ “Introduction _ A% System Design
I  Summary ' VI  Testing
or Conclusions VII Developmental System-Final
IV . - Recommendations Status

- RI8M4-2 o | B 11
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v contain ?the conclusions and recommendations respectively. Section V is a detailed ’
discussion and de scription of the design including system functional charactenstics, _' %

assurf;ancé“ 'Section VI covers the testing in detail, including developmental, major
component and system level testing. Section vi contains a description of the changes ‘
‘made- during system testing, the status of the final configuration, and a discussion of :
' unresolved problems. : f
Volume I summarizes the contents of Volume 11 and follows essentially the same outline.
Volume III contains appendix material which was considered either too bulky or too de-
tailed to mcorporate into Volu.me . The appendixes included are as follows: ‘:

’“Appendix A - Train Control Electronics (TCE) Flow Diagrams

5 ;Appendix B Train Performanee Analysis Computer Program

- §v~:Appendix C - Listof Drawings and Specifications e
o ._Appendix D Diagnostics Unit RAM Memory Code Identiflcation fy‘ -
- Appendix E Diagnostics Unit Subroutine Flow Diagrams. .

. Appendix F - Motor Power Supply System, U.S. Patent No. 3, 866 094

' ;Appendix G Mapham‘Inverter and Analytic Model Descrlptionv ‘

This present report Volume I of R78~ 14, summarizes the contents of Volume 1I and

follows essentlally the same outline.

v

o

.

R78-14=2



DELCO: ELECTRONICS DIVISION ¢ SANTA BARBARA OPERATIONS ¢ GENERAL MOYORS CORPORATION

- T TABLE OF CONTENTS .
L Section = “Page ‘ _
I- - :Introduction ST
- © . .#L1 Program Scope and Objectives ‘1-1
'~ 1.2 Program Background “1-1
I  Summary : 2-1.
- e N .
o .2,1 Design Summary .2-1
, ) 2.1.1  Functional Description 2-1
—_ R 2.1.2 Equipment Description 2-2
' ‘2.2 Testing Summary 2-8 -
- 2.2.1 Developmental Testing 2-8
2.2.2 Major Components Tests 2-9
- 2.2.3  System Level Tests 2-10
- ., 2.3 Manufacturing Summary 2-11
. 2.4 Problem Areas , 2-11
B 2.5 Final Configuration Status 2-15
‘2.6 Remaining Development Activities 2-16
- mo Conclusions 3-1
7" Program Related Conclusions 3-1 ..
", Technical Conclusions - 3-2
— . Summary 3-5
v iRecoxynmerlxdations 4-1
- ‘PhaseI . - - 4-1
. Phase 11 4-2
= v o System Desigh 5-1
. 5.1 Overall System Description 5-1
- o 5.1.1 General 5-1
i'alh ) . 5.1.2  Motoring Mode Operation - 5-5
, ' 5.1.2.1 Inverter Stage 5-5 .
5.1.2.2 Cycloconverter Stage 5-10
- 5.1.2.3 Motor Field Excitation 5-11
_ 5.1.2.4 Motor Current Commutation 5-11
% 5.1.2.5 Motor Torque Production 5-11
- 5.1.8.1 Fleld Excitation 5-13
N

R78-14-2 - - v



DELCO: ELECTRONICS DIVISION 5 SANTA BARBARA OPERATIONS ® GENERAL MOTORS

" Section

" B3

vi

5.2

5.4

5.5 -

5.6

5.1.3
' 5.1.3.1  Fleld Excitation , RO
5.1.3.2  Braking Effort Control .~ 5-138
5.1.3.8  Brake Refectifier .-5-15
Train Control Functional Characteristics R 5=15
5.2.1 Introduction - o 515
'5.2.2. Traln Control Operation B - 5-16
5.2.3 Fail Safe Considerations ; ' 5=21
Motor Control Characteristics - 5-25
'5.8.1 Motoring Mode o o - 5=25
'5.3.2  Braking Mode ‘ : - 528
5.8.2.1  Phase Delay Braking Response = 5-28.
©5.8.2.2 Field Control ‘ - -5-31 "
5.3.3 Drive Response to Line Voltage Variations . 5=31
5.3.4 . Operation Over Rail Gaps " 5-36
'5.3.4.1  Motoring Mode - ' 5-36
5.3.4.2  Dynamic Braking Mode +- 5=-37
Train Performance Analysis o 5f38
- 5.4.1 Performance Analysis Computer Program o o 5-38
'5.4.2 Performance Requirements ' .7 B=b1-
- 5.4.3  Analysis Results o 554
System Simulation Activitles . o - '5-80
.5.1 Introduction - ’ . 5260
.5.2 Simulation Effort Objectlves .5=-60
.5.3  Simulation Description - - . .. 5-61
'~ 5.5.3.1  Simulation Configuration '5-61
5.5.3.2 System Model Description - 5-62
' 5.5.4 Achievements and Status ~ 5-65
Major Component Characteristics ‘ 5-70
'5.6.1 General - ‘ o 5-70
5.6.2 Electronic Control Unit : ‘ 5-71 -
5.6.2.1  Traln Control Electronics - . -5-T1
5.6.2.2  Motor Control Electronics (MCE) . 5-86
5.6.2.8 Electronic Control Unit Packaging 5-91 .
5.6.3 Line Filter Inductor - 5-96.
5.6.8.1 Functional Requirements ' 5-96
5.6.3.2 Design Approach 5-96
5.6.8.3 Design Description _ , . -97’

oo

Braking Mode Operation

TABLE OF CONTENTS (continued)

CORPORATION

W



“R78-14-2

TABLE OF CONTENTS (continued)

5.6.4

5.6.5

5.6.6

| 5;6.7-‘
'5.6.8
5.6.9

© 5.6.10
,5.6.11'

5.6.12

Power Control Switchge ar

5.6.4.1 Functional Requirements
5.6.4.2 Design Approach
5.6.3.3  Design Description

Resonating Inductor Module

.B5.6.5.1- Functional Requirements

5.6.5.2  Design Approach

-5.6.5.3  Design Description

Power Converter Assembly

5.6.6.1 Functional Requirements

5.6.6.2 Design Approach :
5.6.6.3 Circult/Component Descriptions
5.6.6.4 Packaging Description

Céoling System

5.6.7.1 Functional Requirements
5.6.7.2. Design Approach
5.6.7.3. Design Description

. Traction Motor

5.6 .8.1 Requirements
5.6.8.2 Design Approach
5.6.8.3 Design Description

Gear' Drive -and Axle Coupling

5.6.9.1 Requirements
5.6.9.2 Design Approach
5.6.9.3 Design Description

Motor/ Gearbox Coupling

5.6.10.1 Requirements
5.6.10.2 Design Approach
5.6.10.3 = Design Description

Dynamic Brake Resistor

5.6.11.1 Functional Requirements
5.6.11.2 Design Approach

' 5.6.11.3 Design Description

Truck Connector Box

5.6.12.1 Functional Requirements
5.6.12.2 Design Description

5101
- 5~101
5-101
~.5=101

,5-106 -
5112

‘§5-112

-5-114 .
5-129
.5-143 .
5-143
' 5-143
" 5-145
;57154
- 5-154
.-5-154
. 5-156

5-159°
,5'I59:
.5-161
5-/63
. 5-163
5-164
5-164
~ 5-164
" 5-164 -
9-164
'5-167
- 5-169

5-169 -
5-169

- vid



DELCO. -ELECTRONICS.

Cwvidi

BT

5.8

" TABLE OF CONTENTS (continued)

5.6.13 Ground Brush

5.6.13.1 Functional Requirements
5.6.13.2 Design Approach
5.6.13.3 Deslign Description

5.6.14 Speed Sensors ’

5.6.14.1 TFunctional Requlrements
5.6.14.2 Design Approach
5.6.14.3 Design Description

5.6.15 Diognostics Unit

5.6.15.1 :Requirements

5.6.15.2 Design Approach

5.6.15.3 Dlognostics Operating Concept
5.6.15.4 Diognostics Design Concept
5.6.15.5 Diagnostic Hardware

5.6.15.6 Diagnostics/TCE/SBS Interfaces

 5.6.15.7 Final Status of Diagnostics System Unit -
5.6.16 Equipment Size and Weight Summary -
'Equipment Interfaces

5.7.1 Equipment Location
5.7.2 Mechanical Interfaces

5.7.2.1 Under -Carbody Equipment
5.7.2.2 Truck Equipment

5.7.3  Electrical Interfaces

Product Assurance

5.8.1 Reliability Analysis

'5.8.1.1  Fallure Modes, Effects and Criticality
Analysis ' _ .
5.8.1.2 Reliability Predictions

5.8.2 Safety Analyses

5.8.2.1 Fire Hazard Analysis
5.8.2.2 Fault Tree Analysis

'5.8.3  Maintainability Analysis

5.8.8.1 Malntenanée Concept
5.8.3.2 Maintainability Demonstration Plan

DIVISION ®© SANTA BARBARA OPERATIONS ¢ GENERAL MOTORS CORPORATION

 R78-14-2

Y



A 4.‘
L : TABLE OF CONTENTS (continued)
- Secti"on
" VI ot . Testing _
LR ‘6.1 Developmental Testing
e 6.1.1 Cycloconverter Gate Drive Development
- 6.1.2 Brake Control Circuit Development
6.1.3 = High Frequency Motor Tests
6.1.4 Cycloconverter Output Current Capability Test
-~ 6.1.5 Motor Shock Torque Tests
' 6.1.6 Coolant Fluid Testing
6.1.6.1 Flash and Fire Point
— 6.1.6.2 Autogeneous Ignition Temperature
6.1.6.3 Compatibility
6.1.6.4 Pour Point and Viscosity
6.1.6.5 Electrical Properties
6.1.7 Heat Sink Dev_elopment
.. 6.2 Major Component Testing
T 6.2.1 - Resonating Inductor Module
' PR 6.2.2 . Inverter Module
. 6.2.2.1  Gate Driver Circuits
6.2.2.2 SCR's and Diodes
6.2.2.3 dV/ét Suppression Circuits
, 6.2.2.4 Diode Current Sensing Circuits
6.2.3 TField Supply Module
6.2.3.1 Field Supply Transformer
— 6.2.3.2  Coupling Capacitors
6.2.3.3. Power Control Relay
‘ e : 6.2.3.4  Signal Relay
e 6.2.4 Cycloconverter Module
' ’ 6.2.4.1  Gate Driver Circuits
: 6.2.4.2 Cycloconverter SCR's
- 6.2.4.3  dV/dt Suppression Circuits
6.2.4.4 Surge Suppressors
6.2.4.5 SCR Voltage Senzors
. : '6.2.5 Brake Module
' 6.2.5.1 Gate Driver Circuits
_ 6.2.5.2  Brake SCR's
, o : .6.2.5.3 CEMF Sensing Transformer
~ ff-, _ ~ 6.2.6 .Power Control Switchgear (PCS)

~ R78-14-2

Page

‘6-2
"6-3
64
66"
6-9
-6=9

6-11
6-11

6-12
"6-12
6-12 -

6-12
6-13
6-14

6-15 " -
6-15_

6-15 .
6-16

6-16 -
- 6-17

: 6‘_17‘. .
6-17 .

6-17
617

6-17

"6-18
6-18
'6-18

6-19
6-19
6-19
6-20
6-20
6-20

. 6-20



DELCO  ELECTRONICS DIVIBION ® SANTA BARBARA OPERATIONS * GENERAL MOTORS CORPORATION

6.3

. . 6 2.12° Traction Motor

#

 TABLE OF CONTENTS (contimued)

6.2.7 Line Filter Inductor

R 6.2.8 Dynamic Brake Resistor
. 6.2.9 Rotor Position Sensor

6.2.10 Coolant Flow Te'sts

. 6.2.11 Traln Control Electronlcs o -

6.2.11.1 ' TCE Component and Board Checkout
6.2.11.2 . Software Checkout
6.2.11.3 Test Conaole Testlng and’ Operation

6.2.12.1 “Test Conducted at Delco Products
6.2.12.2 Tests. Conducts at Delco Electronics

6.2.13 Gear Drive and Axle Coupling

' 6.2.13.1 Engineering Tests
6.2.13.2 Qualification Tests

- 6.2.13.3 ' Acceptance Tests
System Level Testing .
" 6.3.1 Introduction | |
© 6.8.1.1 Overview ' ' !
- 6.3.1.2  Scope
6.3.2 Laboratory Facilities
6.3.2.1  Equipment
6.3.2.2 A Lab Dynamometer
6.3.2,3 B Lab Dynamometer
6.3.2.4 Laboratory Instrumentation

' 6.3.3 Motoring Mode System Level Tests

6.3.3.1 Introduction — Chronological Summary
6.3.3.2 Summary of Demonstrated Motoring
Performance Characteristics

6.3.3.3 Synopsis of Motoring Mode Developmental
Problems and Solutions

6.3.3.4 Significance of Motoring Mode Problems

i.6.3.54 Braking Mode System Level Tests

6.3.4.1 Introduction and Chronological Summary
6.3.4.2 Summary of Demonstrated Performance
Characteristics

6.3.4.3 Braking Mode Problems

6.3.4.4 Significance of Braking Mode Problems

R78-14-2

?6424,
.6-28
6-31
631
6=82.
. 6=33

6-34°
6-34.
° ‘;6_;’345
6-34
©6-35"
1 6-35"
6-38

6-39
6-40

| 674_,1
6-41

. 6-44

6-58

6-95

6-97
. 6-97

6-98

~6=107

6-113



DELCO. ELECTRONICZ DIVIGION © SANTA BARBARA OPERATIONS ¢ GENERAL MOTORS CORPORATION

PEEDTRN

Section .-

7.1

7.2

7.3

7.4

R78-14=2

TABLE OF CONTENTS (continued)

Developmental System — Final Status

Configuration Changes and Status

S 7.1.1 Electronic Control Unit (ECU)

7.1.1.1  MCE Modifications
7.1.2 Power Converter Assembly Chassis

7.1.2.1 Inverter Module
7.1.2.2 Capeitor Module
7.1.2.3 Cycloconverter Module
7.1.2.4 Field Supply Module
7.1.2.5 Brake Contrel Module

7.1.3 Input Line Filter

7.1.4 _ Resonating Inductor Module

7.1.5 Cooling System
7.1.6 Traction Motor

. Unresolved Motoring Mode Problems

7.2.1 Inverter-Cycloconverter Interaction and
Cycloconverter Cate Timing

7.2.2 Cycloconverter Voltage Transient Protection
7.2.3 Low Torque, High Speed Motor Commutation
7.2.4 PFA Optimization

Braking Mode Unresolved Problems

1  Excessive Voltage Across Cycloconverter
2 Improved Current Sensors

.3  Braking Module SCR Voltage Stress
4 Loss of Control of Braking SCRs

7.3.5 Field Supply Current Transformer

Tasks Required to Develop a Production Configuration
7.4.1 Laboratory Development

7.4.1.1 Motoring Mode
7.4.1.2 Braking Mode

7-4

"'7'A—1 '
Coel

7.9
. 7-2
7-3
C7-3

7-3
74

7-6

78

7-9
7-9

7-12
7-14

7—‘14 3
7-17
7-19

7-22
‘n-23

- 7-23
727
7-27

7-28
7-28

‘7-29

7-29

7-29
7-31

7.4.1.3 Mode Transitioning and Operational Sequence

Sequence Verification

Laboratory Qualification Tests
Pueblo Test Update

-3 -2
TN
[N\

7-36

7-36

- 7-38

X1



DELCO ELECTRONICS DIVISION © SANTA BARBARA OPERATIONS ¢ GENERAL MOTORS CORPORATION

LIST OF ILLUSTRATIONS

Figure Page
2-1 Propulsion System Functional Block Diagram 2-2
2-2 Propulsion System Block Diagram 2-3
2-3 Propulsion Equipment Location 2-5
2-4 Monomotor Truck Drive 2-6
2-5 AC Traction Motor 2-6
2-6 Gear Drive and Axle Coupling 2-7
2-7 Power Converter Assembly 2-8
2-8 ASDP Propulsion System Motoring Performance 2-12
2-9 ASDP Propulsion System Dynamic Braking Performance 2-12
5.1-1 Propulsion System Block Diagram 5-2
5.1-2 Hardware Family Tree 5-3
5.1-3 System Block Diagram - Motoring Mode 5-8
5.1-4 Input Inverter Stage 5-9
5.1-5 Cycloconverter Circuit 5-10
5.1-6 Generation of Self-Synchronous Rotating Stator Field 5-12
5.1-7 System Block Diagram - Braking Mode 5-14
5.2-2 Fail Safe P Transformation Mechanization 5-22
5.2-3 Microprocessor Failsafe OQutput Control 5-24
5.3-1 Timing Diagram, Motoring Mode 5-27
5.3-2 Dynamic Brake Rectifier Phase Control Characteristic 5-29
5.3-3 Timing Diagram, Dynamic Braking Phase Control 5-30
5.3-4 Timing Diagram, Regenerative Braking Phase Control 5-32
5.3-5 Timing Diagram, Dynamic Braking, Field Control 5-33
5.3-6 Pove r Supply and Line Filter Equivalent Circuit 5-34
5.3-7 Capacitor Bank Voltage Response to Applied Line Voltage 5-35 .
5.3-8 Line Filter Input Current Response to Step Applied Voltage 5-35
5.4-1 Analysis of Power Losses 5-47
5.4-2 Depiction of Critical Speeds 5-48
5.4-3 Logic for Analysis of Cases . 5-50
5.4-4 Diagrammatic Definition of Cases in Accelerating State 5-52
5.4-5 Diagrammatic Definition of Cases in Decelerating State 5-53
5.4-6 Speed and Distance as Functions of Time 5-57
5.4-7 Acceleration/Deceleration Performance Profile . 5-57
5.4-8 Vehicle Operating Profile 5~58
5.4-9 Motor Duty Cyclo 5-59
5.5-1 ASDP Hybrid Simulation 5-62
5.5-2 Simulation Interface Diagram 5-63
5.5-3 Motoring Mode Control 5-64
5.5-4 VCO Volts vs Motor Torque 5-66
5.5-5 Open Loop Response 5-68
5.5-6 Jerk Rate vs VCO Control Change Rate 5-69
5.6-1 TCE Input/Output Functional Mechanization 5-74

xii : \ R78-14=2



DELCO  ELECTRONICS ' DIVISION °© SANTA BARBARA OPERATIONG ® GENERAL MOTORS CORPORATION

LIST OF ILLUSTRATIONS (continued)

n 5.6~2" /- Microprocessor Functional Block Diagram 581
head 5.6-3  -: Preregulator and Commercial Power Supplies 5=82"
o - 5.6-4 . Grounding Philosophy - 5«85
5.6~5. ' Electronic Control Unit . 5-92
— 5.6~6.' .. ECU Assembly — Front View 7 5-93
5.6<7:' " - Line Filter Inductor — Front View '5-98
. 5.6=8 ' " Line Fjlter Inductor — Side View - 5-99°
: 5.6-9 .- " Line Filter Inductor - 5-100
~ 5.6-10" . Schematic Diagram of PCS Circuit - 5-102
5.6-11" - Power Control Switchgear Assembly :5~104
5.6-12 * . Power Control Switchgear Assembly . 5-105
— 5.6-13 :© Resonating Inductor Circuit Diagram " 5-108. . .
5.6~14 . Resonating Inductor Module . 5-109
- 5,6-15 - Resonating Inductor Component Assembly 5-110
— 5.6-16  Power Converter Assembly 5-113
. 5,617, . Inverter Module Schematic Diagram 5-115
5.6-18. Capacitor Module Circuit Diagram 5-118
5.6~19" Field Supply Module Schematic Diagram 5-121
- 5.6~20: Cycloconverter Module Schematic 5-123
5.6-21-. Cycloconverter Blocking Voltage Conditions .5-125
5.6+22 SCR Voltage with Synchronous Gating 5-125
— 5.6-23.  Brake Control Module Schematic . 5-128
. 5.6-24 =~ Power Converter Assembly ~ 5-130.
5.6-25 © Power Converter Assembly Chasis -8-130 .
_____ 5.6-26 - Inverter Module 5-132
5.6-27°  Inverter Module _ 5-133
5.6-29 - Spiral Groove Heatsink ' - 5-185.
5.6<30.-. Capacitor Module - 5-136
- 5.6-31" . Field Supply Module , - 5-137
5.6-32  Cycloconverter Module . “5-139
5.6-33 - Cycloconverter Module Assembly 5-140
— . 5.6-34  Brake Control Module - 5-141
5.6-35  Brake Module 5-142
5.6-36. . Cooling System Schematic : 5-147
- 5.6-37 - Cooling Assembly — Top View 5-149
5.6-38 ' Ceoling Assembly — Side View 5150
5.6-39 - Cooling Assembly - 5-151
, 5.6-40 Characteristic Curves During Motoring for E~-6497 Synchronous ;o
. - .. Motor Final Design 5-155
' 5.6-41 - Characteristic Curves during Dynamic Braking for E-6497 S
- Synchronous Motor Final Design 5-155
-~ 5.6-42 . ASDP Traction Motor -5-157
5.6-43 - Traction Motor Sectional View - 5-157 ¢
¥ 5.6-44 Motor Rotor : 5-158

- R78-14-2 =~ = ' . xiii



F

Al‘ Lo BN -

g:gn.c:.m,snmm'mpmgc\mcn'cpg:x;_mo;rmcicnppjmgnmm'mmm:q.

LIST OF ILLUSTRATIONS (continued)

xiv - -

AN - _ - ' \
‘PELCQ LECTRONICS DIVISION ® SANTA BARBARA OPERATIONS © GENERAL MOTORS CORPORATION

=45 " : Double-Sided Flexible Coupling Axle Deflections 5- 160;.
6-46. Gear Drive and Axle Coupling ‘5 162
6-47 Motor/Gearbox. Coupling 5-165
6~48-.. Coupling Disengagement 5-164"
6-49 » . Dynamic Brake Resistor — Repetitive Duty Cycle 5-168

.6-50. - Dynamic Brake Resistor 5-168 -
,6-51. " ‘'Dynamic Braking Resistor 5-169
.6-52"7 Truck Connector Box Layout 5~170
6=53:.. Ground Brush and Speed Sensor Installation 5-172
6-54 . .Rotor Positlon Sensor 5-173
.6-55 -+ Diagnostics — Front View 5=179
+6=56.-° Diagnostics ‘ 5-180
. 657 Diagnostics — Rear View 5-181
.6-58 *~  Main Loop 5-187
650 . Main Loop 5-188
, 6~60. Diagnostics Operational Status 5-190
5:6~61 - Diagnostics Analog Clrcuit 5-191
.6-62: " GSE Control 5-192
'6:-63 ASDP Diagnostics System Block Diagram 5-194
.6-64 ..  Read/Write Control 5-195
6-65.-  Train Control Electronics Power Supply System 5-197
.71, “Propulsion Equipment Location 5202
1-2 Car Equipment Location’ 5-203
.7-3 “Truck Equipment Installation, Top Vnew 5-205 -
c7-4 Truck Equipment Installation, Side View 5-206
.7=5 - Typical Shock Mount Installation 5-207.
7-6 ° Wiring Installation 5-211
-7 Wiring Installation .. 5-213
o 1-1 Torque Versus Inverter Frequency Developmental Test C6-7T .,
'1-2° - High Frequency Motor Test Waveforms 68
1-3 Cycloconverter Output Current and Inverter Input Power at Very L
e . .Low Speed, 600 Vdc Supply 6-10"
6.2-1 . - Typical Inverter SCR Gate Current and Voltage 6-15 .
6.2-2. .* . Typical dv/dt Circuit Characteristic 6-16
6.2-3 - :Typical Diode Current Sensor Signals 6-16"
6.2-4 Cycloconverter Gate Current Waveforms 6-18
6.2-5 Typical Cycloconverter dV/dt Circuit Characteristic 6-19 .
6.2-6 “PPCE Module Pressure Loss Versus Flowrate 6-22
6.2-7 ~  Simulator Panel 6-25
6.2-8 - Demonstrated Motoring/Braking Test Results 6-29
6.2-9 . Motoring Torque Requirements and Capabxhtxes " 6-30
6.2-10 . Dynamic Braking Performance 6-31
6.3-1 ~ °. ASDP Laboratory Layout . 6-36
6.3-2 . “A’Lab Rotating Equipment . 6-37
.6.3-3 . B Lab Rotating Equipment 6-37
6.3-4  ."Cycloconverter Trigger Angle vs Speed . 6-47
6.3-5

'Torque—Speed Characteristics for Constant Inverter Frequencles - 6-49

R78-14-2

W



DELCO. ';Eu,chnomtcs DIVISION ® SANTA BARBARA OPERATIONS © GENERAL MOTORS CORPORATION

AR 1
1 5 1 [
B R

SODD DD DD
0o Lo oo Lo o LT ey
I IR I
T Y. N

= = - = e

v301u;o:a:a:?:oao:a:o:o:o:&:
DD DI DO DO DO NI DS DO e e e s

SO m oo,
& o Lomeo-co

1 :
0 0 LoD DO - _ - : ' '
O OO X TR WM DO DTN

b
1

]
.

t
TS = OO DD L LY e

N9
X ?xwzo.

R78-14-2

LIST OF ILLUSTRATIONS (continued)

Power -Speed Characteristics for Constant Inverter Frequencies
Overall System Efficiency Versus Speed

Representative B Lab High Power Data Points

Peak SCR Voltage Versus Speed

Typical Inverter SCR Blocking Voltage Waveform

Typical Motor Current and Voltage Waveforms

Typical Cycloconverter SCR Voltage and Current

Typical Field Supply Transformer Primary and Secondary
Waveforms .

Typical Rotating Rectifier Input Current and Field Winding Voltage

Cycloconverter SCR Gate Drive

Cycloconverter Gate Drive Circuit

Cycloconverter Operation and Motor Stator Current Control
Cycloconverter Operation — Motor at Stall

Tlustration of Original Commutation Signal Processing
Tlustration of Stretching Motor Referenced SCR Gate Command
Synchronous Gating Commutation Signal Processing
Mlustration of CIRTS Gating Control

Timing Diagram of CIRTS Gating Control

CIRTS Resonance at Beat Frequency

‘CIRTS Vs CIRPS Gating Logic

Inverter SCR Recovery Time with Added Capacitors

‘DSAS Safe Operating Characteristics and Actual Operating

Characteristics During Fault Conditions

Field Excitation and Surge Protection

Crowbar Trip and Reset

Voltage Across Field Winding of ASDP Slip Ring Motor
Field Rectifier Diode Recovery Characteristics

Rectifier Diode Voltage and Current
Dynamic Braking Performance

‘Field Current Versus Braking Torque — Predicted Versus Test

Data

Relationship Between ac and dc Field Currents
Dynamic Braking Resistor Shunting — Loci of Transition Points
Phase Delay Angle Versus Control Volts

Brking Torque Versus Phase Delay Angle

Brake Module SCR Voltage Capability

Schematic — Reconfigured Cooling System

Layout of dV/dt Circuit in Brake Control Module
Resonating Inductor with Fiberglass Frame

High Speed Cycloconvertier Faulting

Supplemental Motoring Mode Field Excitation

Power Factor Advance Profiles

Cycloconverter Input Short Circuited During Braking
Combined Cycloconverter Brake Control Module
Test Articles — System Laboratory Tests

| Page
650 -

6-51

'6-52.
653
.6-55

655

657

6-57
6-59
6-61

6-64
6-66

"~ 6-67
- 6-68
- 6-69

6-72
6-73

- 8-75
. 6-76"
6-78

'6-83

6-87

. 6-90
. 6-92
Effect of Field Supply Transformer Shunt Capacitance on Rotating ’
6-93

6-99

6-101
6-102
6-103
6-105
6-106

.6~110

7-5

S T-7

7-10

720

7-21

'7-23

7-25
7-26

- 739

Xv



5

5.

5

54
5.
- 5,
5,
5.
: .

5.

5

5

5:
'y

5 .

- 3 3 o S S

2"1
6-1 .
BT
SE-IT
5.65IV " |

e-VI?

6 -VII
e-vm_,

6-IX
6-X

6XL.
6K
6-XIIT
eexrvj
e-acv 3

J(VI

7I

81
.3-T -
.3-11
.3-11
34V
3-v.
141
; 2—1-_ .
e

XVI" s

Rl

.

LIST OF TABLES

: Salient Features of the Self-Synchronous Propulsion System

Production Hardware -Status
ASDP . Propulsion System Major Components ~ Sallent

C haracteristics
, Summary of Train Control Requlrements
.. TCE 1/0 Design Capability

KP - 1/0 Interface Signal Characteristics

'UP - Motor Control 1/0 Interface Signal Characteristics

TCE Front Panel Test Points and Indicators

' ASDP Coolant Tradeoff
. ,Comparison between Pydraul MC and DC 200- 50CS

Power Dissipation and Cooling Requirements per Truck
Cool ing Assembly Components

o Gear Drive and Axle Coupling Asseinbly Design Requirements

Gear Drive and Axle Coupling Assembly Sallent Features -

i Motor/ Gearbox Coupling Requirements
ista.ndard Monitor Lists

- C ocie Callup Placard Example

,'-Keyboard Operations

~,Diagnostic Hardware

Propuls ion System Weight and Size Summary

© Example of Wire List - Low Voltage Wiring

* TFailure Modes Analysis Summary
“‘Significant Problems and Solutions

- Chronological Summary of Events -
"Sujmmary of Changes to Improve Cycloconverter Gate Drive

iSrLak‘inglModc Final Test -

éAS Peak Voltage ‘

o _'.Cool ing Assembly Noise. Test Results

" 'RPS Versus CEMF PFA

- ;_.,P'r‘opu_lsion System Quallficatlon Matrix

DELCO." ELECTRONICS, DIVISION * SANTA BARBARA OPERATIONS ° GENERAL MOTORS CORPORATION

- Page
i
. 2413

575
L BT
5279

" ’5-95

. 5-144
' 5-146
< 5-148
'5-151

'5-160

. 5-161

 5-163.

+5=176
| 5<182

5-184

“5+-199
5200
-5-209.
5-216
6-43
645
. 6-62
6-98

6-108

-1l
7-22
7-37"

R78-14-2



DELCO ' ELECTRONICS DIVISION ¢ SANTA BARBARA OPERATIONS ® GENERAL MOTORS CORPORATION

SECTION I
INTRODUC TION

1, 1 PROGRAM SCOPE AND OBJECTIVES

The Self—Synchronous Propulsion System development was conducted under the Advanced
Subsystem ‘Development Program (ASDP) which is a part of the Urban Rapid Rail Veh1c1e :
and Systems (URRV&S) Program sponsored by the Urban Mass Transportation Administra—
tion (UMTA) and managed by the Boeing Vertol Company. The Self-Synchronous Propul—
sion S'y'ster'n was one of the Advanced Subsystems that had been identified during the Ad—
vanced Concept Train (ACT-1) proposal evaluation that showed outstanding merit and
was planned to be developed for evaluation by the Transit Authorities. The ob]ectlve of
the overall ASDP was to develop advanced subsystems suitable for application in ex1st1ng

©oor future transn, cars.

The ASDP propulsion system was planned to be incorporated into the two-car State-of-
therArt 'Cur (SOAC) train for testing and evaluation at the Transportation Test Center (TTC) .
at ‘P'uebllo,“_cdorado. Other advanced subsystems to be evaluated concurrently witﬁ the
proi).ulllsion 'isystém were an Improved Ride Quality Monomotor Truck and a Synchrorlous

Bralg:e; System.

1.2 “P‘R'OG'RAM BACKGROUND

Direct current motors, primarily the series~-wound type, have provided (and continue to
prov1de) relatlvely good service in electric traction applications for rail transit cars. .
Their .inherent torque~speed characteristics, excellent overload capabilities and relative

'inseﬁéitix’rity to ﬂuctuations in line voltage make them well suited to these applicatious.f

Howover, due to their disadvantages there has long been a desire by many users to re-

place them with commutatorless ac motors. These disadvantages include:

e Requuement for frequent inspection of commutator and brushes
s  Brush replacement and commutator maintenance

e - Large size and weight (low power density)

® Difficult to seal from the environment.

R78-14-2 - 11
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However, up to recently, only the dc motor was considered practical for traction- applica-
t1ons because of the low starting torque and limited speed range of ac motors ~ unless
controlled from a variable frequency, variable voltage source. This only became pract1cal
w1th the advent of high power capacity thyristors which have made possible the develop-

B ment of compact reliable, and efficient static power converters,

Laboratory development conducted by Delco Electronics - Santa Barbara Operations (DE—

SBO) beginning in 1972 under an in-house funded effort had indicated that an ac propulsxon

system: based on a self-controlled synchronous motor would be well suited to transit car

| drive apphcation. The lower weight and reduced size of the traction motor would perm1t
' easy integration with a monomotor truck, improving ride dynamics and eliminating shp—

slide w1thin a truck. The inherently good electrical braking capability of the synchronous
machine would permit greater energy recuperatlon in the regenerative mode and reduces

' vwear of the friction brakes. It was also expected that the brushless motor design- and

solid state controls, combined with liquid cooling, would result in higher reliability and
reduced maintenance. - (The features of the system which made it an attractive candidate

- for trans1t application are summarized in Table 1-1.)

In 1972 DE—SBO partlcipated in the Phase I effort of the ACT—l program with the LTV
Corporatlon. As the culmination of this effort, a proposal was submitted to LTV for the

' ACT—l program in late 1972. After a delay of over a year, Garrett was awarded the

contract for ACT-1 in January 1974 Boeing Vertol and UMTA then started evaluating
advanced subsystems from the "losing" proposals for the ASDP program (formerly ACT-2)
In April 1974 Boeing Vertol issued a sole source RFP to DE-SBO for the ASDP propulsion
system ‘a. proposal was submitted in May 1974. After long delays due to funding limita—
tions, a. contract was. finally awarded to DE-SBO in October 1975.

Contract funded development effort on the propulsion system started in October 1975, The

basic design and engineering effort was conducted essentially in accordance with the orig-
inal schedulc and ‘within planned expenditurcs. PDR and CDR were successfully completed
in February and June 1976, respectively, Fabrication of the Test Article to be used for
system level qualification testing was started in July 1976 and completed in December 1976
During the chcckout of the Test Article propulsion system, technical problems were un-
covered requiring redesxgn and modifications, delaying the system level testing effort and

, resulting in. sngnificant cost overruns. By_October 1977, all of the key technical problems

12 v. | ) : . . | R_78-14-2
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: Utilizes ac Synchronous Machine
i - Inherent dc traction motor performance characteristics

o Brushless operation
- Low weight and compact size (1260 1b.)
L - High reliabllity and reduced maintenance (100, 000 Mile MDBF)
0 Utilizes Solid State Power Converter
o - Stepless control
- High efficlency (79% to 86% system efficiency)

- High reliability and reduced maintenance (100, 000 Mile MDBF)

e . Controlled Environment through Liquid Cooling

- Liquid cooling provides clean stable environment for motor
and electric controller oo

) Provides Regenerative and/or Dynamic Braking

® *  Redundant Propulsion Systems Eliminate "Dead Car" in Service

' Table 1-I. Salient Features of the Self-Synchronous Propulsion System

had béen-resolved except for the following: . A
" . ' An inverter, cycloconverter, motor interaction problem in the motoring-mode
o _which resulted in loss of inverter SCR recovery time and inverter faultiné
- é a The over stressing of voltage surge protection (DSAS)devices in motoring mode

', Al " at the moment of shutdown which results in ramdom DSAS failures. ,
' a The voltage overstressing of the cycloconverter SCR's and voltage surge pi'o.-
o tection (DSAS) devices in the breaking mode at high motor speeds which vresults
“in SCR ‘and/or DSAS failures. ’

Labo’rétofy test results indicated that the propulsion system concept could be succésS‘fully
developed. Ho‘wbvei‘, it was identified that substantial additional funds would be required.
to complete a full-scale engineering development. In addition, it appeared doubtful that -

the potential market was substantial enough to justify the additional required investment.

A decision was made in November 1977 by UMTA and Boeing Vertol to discontinue the
development of the Self—SynChronous Propulsion System. It was decided to complete the

development, fabrication, and delivery of all truck mounted equipment (traction motor,

R78-14-2 ' : ' 1-3
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gear drive, and axle coupling, etc. ), but to stop the system laboratory testing of the s
propulsion electronics equipment after completion of "open loop" testing. The Test |

' .Article and residual material for the four planned prototype systems (partially completed)
were to be’ delivered for final disposition by Boelng and UMTA. A comprehensive set of
reports and general documentation comprise the balance of deliverables under this contract.

- o | R78-14-2
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SECTION IT
SUMMARY

2.1 'DESIGN SUMMARY

2.1,1 FUNCTIONAL DESCRIPTION

In fﬁe""selt"—Synchronous Propulsion System the synchronous ac motor is caused to function
as a commutatorless dc motor by phase-controlling its stator (armature) current by means
of a rotor posmon sensor. This constitutes a direct analog of the dc commutator type
motor, whereby a rotor position sensor, converter, and stationary armature perform the
same funetion as the mechanical commutator and rotating armature,

A simpiified functional block diagram of the propulsion system is shown in Figure‘-’z—i.
‘The capaéitor-coupled-cycloconverter provides a current source output characteristic
and a siirx_pie means of motor field excitation, This power converter, which basically con-

sists of a high frequency inverter and cycloconverter, controls the motor current by fre-

_ queﬁcy'mc')dulation of the interstage capacitive reactance. In effect, the reactance acts

as a controlled lossless impedance in series with the motor terminals, and both controls

motor current and prov1des the converter with a current source characteristic.

The machipe terminal voltage has essentially a sinewave characteristic for efficient,
conSﬁiht flux operation. A high frequency interstage current transformer, which drives
the motor field winding via the rotary transformer and rotating rectifier, provides field
excltatlon w1th dc current proportional to armature current. Thus, the self—synchronous
ac machme takes on the characteristics of a series dc motor.

The mverter sta;,c of the propulsion system consists of three modified Mapham inverters
whlch are gated to producc a three-phase output voltage over a 350 to 1,200 Hz frequency

range. - This sine wave scries inverter provides simpler and more reliable commutation
than force-commutated inverters.

The cycioconverter is an arrangement of six groups of three SCRs. At any instant of time
two SCR groups, one for positive and one for negative current, are gated to form the equiv-
alent of a fdll..wave rectifier supplying current into one motor phase and out of another.

R78-14-2 -~ = ' R |
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Brushless field excitation is provided by a rotary transformer and rotating rectifier. The
prim y of the rotary transformer is powered from a current transformer having primary
windings in series ‘with the cycloconverter input current, As a result, the current trans—
former provides motor field current proportional to armature current, o

‘Tn hraking', ‘the traction motor is operated as a separately excited generator connectfe'd:’ to .
: phase delay controlled dynamic and regenerative brake rectifiers. Field excitation is pro-

vided by "the ‘same high frequency transformer used n motoring, Braking effort in dynamic ,
A ,erative braking is controlled by a combination of field current control and recti—

fier phase control,

2. 1 2 EQUIPMENT DESCRIPTION

The propulsion system provides one motor for each truck of a transit car, a separate gear:

' drive and coupling assembly for each axle,. separate power controls and cooling units, and

miscellaneous equipment to interface with the car. - This configuration provides redundant

K propulsmn units whereby the car may continue to operate at a reduced performance level
' should one drive system become disabled (see Figure 2-2).. CLT

| | &
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Propulsion System Functional Block Diagram
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Figure 2-2. Propulsion System Block Diagram

The system obtains nominal 600 Vdc power from third rail shoes which is routed through a
liﬁe 'filté'r to individual power control switchgear assemblies containing power cpnfactors

aﬁ'd Vo,vjér—cdr'rent protection equipment. The filtered dc power provided to each dr;v'e ‘system
is tﬁén_ 'éoﬁverted' to 3-phase power by the power converter assembly to control the traction

motors.

As shown in Figure 2-2, the traction motors are also connected to the brake modules of
the power converter assemblies. During electrical braking, when the motor is function-
ing és a generator, power is directed back through the line filter for regenerative braking,
or to the resistor grid for dynamic braking., A separate cooling assembly for each dri\}e
system .routesv- liquid coolant through each traction motor and power converter, An elec-
t~~nic control unit containing the low level circuitry for both train control and propulsion
uon'trc;lis mounted in the operator's cab and powered from the car battery. Diagnostic

equipmenf is also provided for system checkout, monitoring, and fault isolation.
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Th' overall arrangement of the propulsion system components on the SOAC car is illus-
trated in ;,Figure 2-8. , - - ﬂ ;

_ The Delco propulsion system is based on the monomotor truck drive. In this drive concept,

-~

Ta sin' ‘le ac synchronous motor is used to drive both axles of one truck. With an. output

‘ shai‘t.._ t each end, the motor is centered longitudinally on the truck and drives each axle
through a single-reduction hypoid bevel gear set designed for bi directional service. -
Torque is transmitted from the gear drive output to the truck axle through a ﬂexible

in which allows relative axle movements for the primary suspension motions

As illustrated in Figure 2-4 the motor and gear drives together form a rigid assembly
"'whic ' '_'hen mounted on the truck frame, significantly reduces the unsprung mass and
truck mass moment of inertia. This reduces the shock loads and stresses on the motor,
, gears, and bearings while improving the ride characteristics. The elimination of slip-
slide etween the two axles of each truck. provides improved traction. Use of a single :
' drive for both axles reduces the overall complexity, maintenance, and cost of the pro—

' pulsion system. "

The ac traction motor isa four-pole, salient-pole self-synchronous machine designed to
_ produce 490 hp (365 kW) from 1646 to 5642 r/min. The motor assembly, illustrated in
Figure 2—5 ‘consists of: ‘ : co B
A salient pole synchronous machine with a three-phase stationary
- armature and rotating field
A three-phase rotating transformer and rectifier to provide dc
Tl field excitation |
- o o A7 rotor position sensor to provide signals to control the switching .
et the commutating thyristors, |

'I“h_e monomoto_r ‘_tru‘ck drive concept depends on the use of a gear drive and cou'p‘ling com-
bination which allows play of the axle with respect to the truck mounted motor/
*gearbox subassembly. The gear drive and coupling' shown in Figure 2-6 consists of a
hollow shaft hypoid bevel gear axle drive and a flexible rubber joint cardan couplmg de-
‘veloped by Brown—Boveri for high speed locomotives and transit cars.

24 | . 'R78-14-2
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The. powcr converter assembly shown in Figure 2-7 contains the electrical power circuits
and compon(,nts required to control one traction motor. The assembly — consisting of a
lightweight frame, slide-out modules, interconnecting cabling and coolant lines, and

a hmged_protectwe cover — is shock mounted to the car's underframe. The electrical
comp‘o'nevnts are vp,acka.ged in replaceable subassemblies (modules) in accordance with the
fundt;oh'they perform. The modular design employs slide-out modules and quick discon-
nect'éléétrical_ and replacement at the subassembly level. The individual modules are
sealed enclosures with liquid cooling provided for each module,

The cooling assembly contains two independent cooling loops, one for the traction motor

“and one for the power converter. Heat is transferred to the ambient air via fluid-to-air

heat-exchangers which used forced convection provided by a fan. The major components’
av: Q two-section radiator cooled by a propeller type fan, two positive displacement
pumps: driven by a single motor, oil filters with replaceable filter elements, and trans-

ducers for pressure and temperature monitoring.
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Ihé}'_yéihaihiﬁg gsubassembllés not covered in this summary (line filter, power confr_ql
switchgéar, dynamic brake resistor, etc.) are of conventional design, similar to ones

utili_z’éd_..‘ihv 'exi'sting chopper controlled transit cars.

2.2.-TESTING SUMMARY

2.3.1 DEVELOPMENTAL TESTING

'.Develdpmehtal tests in support of propulsion system design were conducted in the early
' stag_e_.é of the program using breadboard test hardware from a pre-contract IR&D efforf.
. The major development tests conducted are.listed below: )

. ® . Cycloconverter gate drive development -
Brake control circuit development
_ H\i_g‘h.' ffequency motor tests ’
© Cycloconverter output current capability tests
" Motor:shock torque tests | -
Coolant fluid testing
Ll H:-e'at.si‘n‘k development.

. ® -0 © @
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Th fresults of these early breadboard tests served as inputs to the propulsion system de-
-whlch the Test Article hardware was built. el

2. 2 2 MAJOR COMPONENT TESTS

These tests were conducted on the first item of each major component manufactured in
: order 6 establish its suitability for incorporation into the overall propulsion system for
system level testing. A brief summary of the component level testing follows.

Power Electronics Components

All power ‘electronics subassemblies (line filter, power control switchgear, power con-
verter assembly, ete. ) were subjected to component level checkout and verifmation tests.
Typlcal tests included resistance, inductance, dielectric strength, capacltanc_e, measure-

. ments; yisual and continuity checks, and calibration. The thyristor modules were “also
tested for SCR and diode leakage current and voltage breakdown and the adequacy of the
gate dr1ver and dV/dt suppression circuits, L

Traction Motor

Most: of the traction motor testing was conducted by the supplier, Delco Products, Dayton,
Ohio.. The evaluation of motor performance in conjunction with the ASDP drive electromc s,
however, was performed at DE~SBO during system level testing.

Tests : conducted- at Delco Products included all routine insulation resistance, dielectric
strength res1stance9 no load saturation, inductance, etc., type tests, In addition, the
moment of inertia was established, the overspeed capability verified, and the motor =
weighed. Major motor performance tests included a motoring test at 1800 rpm (60 Hz)

at full’ power (489 hp), a test as an alternator at speeds up to 3000 rpm at full torque
capabillty (1405 1b-ft) and thermal capability at the specified duty cycle. Based on thé‘r‘esults

obtained during these tests it was concluded that the traction motor met or exceeded all per -
formance requirements specifled in Design Verification Test Procedure T-688.

g conducted with the motor at Delco Electronics as part of the system level testing covered
both inotot_'lng and dynamic braklng performance. Motoring capability was demonstrated
throughout the complete torque/speed range specified. Dynamometer limitations did not allow
braking tests to the full torque level at high speed. Analytical predictions made, however,
projected full required braking capability for this untested area. it became apparent during

R78-14-2 © - - 2-9
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: city of the ‘roller bearing used. A replacement ball bearing was selected but its adequacy

could not be verified prior to program termination.

Gear‘-Dr "e' and Axle ‘Coupling

' Ail performance testing on the gear drive and axle coupling was conducted by the subcon-
' tractor. Thyssen— Henschel of West Germany. '

The qua.liﬂcation tests were conducted in two parts, The first series of tests included

27 hours of normal Ioad tests in accordance with a simulated transit car operatlng profile,

100 hours ‘of endurance test at constant speed and torque conditions, and shock torque
tests at gradually increasing torque values. At the maximum specified shock torque -
(24, 000 lb—ft), _the axle coupling failed. A decision was made to redesign the failed
component and requalii'y the complete gear drive and coupling assembly. The second
series of qualification tests consisted of appraximately 30 hours of endurance tests in
accordance with a simulated operating profile, high speed tests up to the maximum over-
speed requirements and shock torque tests up to the maximum axle shock torque specified.

'. .On: the basis of these tests, it was concluded that the Gear Drive and Axle Coupling satis-
. fies the requirements of the specification and that it i1s suitable for incorporation into the

ASDP cars.

2. 2 3 SYSTEM LEVEL TESTS ' »

System level tests were conducted using Test Article hardware representing one propul-
sion system of a transit car. Tests were performed on two different dynamometers. .
Due to their specific capabilities and limitations, one was used for low torque operation
over the entire speed range; the other for high torque tests at speeds up to 2000 rpm,
Al system Ievel testing was performed in an "open loop" mode of operation without the |

o Train Control: Electronics.

Motoring Tests

: The motoring performance tests summarized here are based on the final sets of data

taken a.fter several circuit design changes were incorporated

2-10 R78-14-2
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that:the 'power/torque/ speed performance has been fully demonstrated. Overall system
efficiency (from de lnput to motor shaft output) ranged from 79. 3% to 87. 2% over. the 1000

to- 6000*RPM speed range. This compares favorably with the predicted values of 79% to 86% ,
for th same speed range (proposal estlmate)

Brakingi Tests . g
rbraking tests were also conducted in an '"open loop' mode of operation using two

separate dynamometers Here again only the final sets of test results are summarized

Flgure .‘2-9 shows a composite set of test data taken in the two laboratories. The points
.plotted are the hlghest torque points tested, but they do not represent the max!mum capa-
bllity of the system. The absence of data in the high torque, high speed region of the plot was
due to dynamometer limitations. Analysis and extrapolation of the data indicates that essen-
tlally the full braking torque speclfied for the system can be realized in the dyamic braking

; mode throughout the requlred speed range with additional circuitry changes and higher -
voltage SCRs.' E ! .

2. 3 MANUFACTURING SUMMARY

Fabri’catlon of the Test Article hardware started in July 1976 immediately after completlon
of. the Cr1txcal Design Review. In order to meet the prototype system delivery date of
Apr11 1977 fabrication of the four (4) production units had to be released essentially

_ s1multaneously with the Test Article, Based on the extensive development eft‘ort carried

out both prior to and during the early stages of the ASDP program (as discussed m sub—
‘ section 6 1) it had been assumed that the rigk in releasing the production units for manu—
, facturing prmr to completlon of system level testing with the Test Article was acceptable.

Due to the problems experienced during system lntegration and checkout of the Test

‘ Artlcle it became apparent however, that significant redesign and modification would

be required The fabrication of the production hardware was stopped at this time, pendmg
~ solution of the technical problems uncovered during system level testing. The status
ot,the« producti_on hardware at the time of this stop order is shown in Table 2-I.-

2. 4 PROBLEM AREAS

A series -of problems frustrated initial attempts to operate and test the TA hardware at
the system level Some of these problems involved the motor and some involved the . -

-"RTS-.M—?, o | | , co2-11
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S TYPE , STATUS- QUANTITY
Parts released 918
Purchased Parts Parts on order 162
Parts received 756
) Parts released ' 340
- Fabricated Parts - In process 112
- Painting and Plating 24
Parts complete 204

Table 2-I. Production Hardware Status

power beo‘nversion and control electronics, To define, understand, and resolve these
problems, a series of developmental investigations were undertaken,

The problems involving the motor are briefly as follows:

There was inadequate energy dissipation capacity in a voltage surge protectlon
. circuit intended to protect the motor field winding. This resulted in Zener:

| 7 diode failures. o

" -‘: 2  The bearing seals were defective resulting in contamination of the bearing

- " lubricant by coolant fluid. .

- 3 . The axial load on the "fixed end' motor bearing exceeded the capacity of the

" roller bearing used in the original design.

: Mbdifieation or fixes were developed for all the motor problems except the bearing problem
- where the solution was to reblace the roller bearing with a ball bearing. A replécement

. bearing was selected (SKF 6213 VAG) and will be incorporated into all deliverable motors.

Howekrer, no furthér laboratory testing will be conducted to verify bearing sultabiilty.

Of the ):riajor problems found in the power conversion and control electronics, somefprimeri_ly

affected motoring mode operation and some affected braking mode operation.

‘"Those problems primarily affecting motoring mode operation were as follows:

1. The rise time and amplitude of the SCR gate drive for the cycloconverter,
inverter and brake control modules was inadequate. This contributed to
SCR failures.

R78-14-2 = ' | | 2-18
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" The timlng control of the SCR gate drive for the cyoloconverter was' Inadequate
This also contributed to SCR fallures. L
kN There was an interaction between the inverter, cycloconverter, and 'moto'r This

~

resulted in insufficient inverter SCR ‘recovery time which in turn caused inverter

.faulting beoat

4. The energy dissipation capaclty of the lurge protection circuit for the cyclo-

converter SCRs was inadequate. This resulted in protection circuit (DSAS

5 device) failures.’ ‘ Ty

There was excessive noise in the motor self control circuits, i.e., the RPS

CEMF, and PFA control circuits. This resulted in commutation and power

factor advance control. problems. o :

N , The supresslon of di/dt in the cycloconverter was inadequate This resulted

_in potential cycloconverter SCR degradation or fallure '

Motor field excitation was not adequate when the system operated at high speed )

_ ' and low torque. This resulted in cycloconverter faulting and automatic system
o '-shu.tdown. (@sD)- h o

The motoring mode problems were either completely solved or. sufficiently alleviated to
'permit demonstration of the system in a self control mode throughout the specified torque-
. speed profile. -In two areas the problems were not completely solved and as a result
: there was some degree of fragility to the system operation and reliability. One area m—
.volved that of inverter, cycloconverter, motor interaction (item 3 above). The other
.‘ area involves the failure of the cycloconverter surge protection or DSAS devices (item 4
' above) Additional development work and design refinement is required relative to both

L

4 of these problems. 4

’I‘hose problems prlmarily affecting dynamic braking mode operation were as follows:

1 "'The voltage rating of the cycloconverter SCRs and DSAS devices was
' madequate.

. The voltagc rating of the brake module SCRs was inadequate.

There is a noise problem in the brake module SCR gate drive circuit.
4, ‘The dv/dt suppression circuits in the brake module were inadequate.

N
. o T
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The problems of brake module SCR voltage rating (item 3) and dV/dt suppression (item 4)
were solved as part of the developmental work performed. Time did not, however, per-
mit resolving rhe problem of overvoltage on the cycloconverter during braking (item 1) and
brake module SCR gate drive noise (item 3). These problems were circumvented in order
to obtain dynamic braking performance data over the full speed range. Additional develop-—
ment work is required. |

There Was also a problem which involved both the motoring and braking modes. The input
filter was ‘found to have either insufficient inductance or insufficient damping or both As a
result there was an Inrush current at the instant of power application to the system This
inrush either exceeded fuze ratings or caused a transient which exceeded the voltage rating
of the input filter vcapacitors'_. Fuze values were increased and limited attempts were made
to imprt;ve,however,and to snub the overshoot transient. Lack of time prevented a complete
investigation however and final performance was not acceptable. Additional development

work- is therefore required.

2.5 FINAL CONFIGURATION STATUS

' Extensivemod ifications have been made to many parts of the propulsion system as a result

of s'y‘stem' ‘level test effort. These modifications were made in electronic circuits, in
electronics packaging, in the traction motors, and in the cooling system. Additional
modifications are still required to make the system suitable for transit application

Some oflthe changes, as in the case of the motors, have been developed to a point 'suitable
for vehicle service tests. Other changes, such as those made to the inverter, cycloconver-
ter, and brake control modules, are of a configuration adequate for continued laboratory
development work but are not adequate, in terms of mechanical integrity, for vehicle service
testving. In still other areas, such as circuit modifications to the motor control electronics
(MCE), there aroe extensive make-shift modifications. In these cases, repackaging is

recommended prior to any further development work.

~ status of the equipment drawings and specifications, like the status of the hardvvare,
varies from component to component. It reflects the July 1976 CDR configuration and
design changes instituted by' ECO's between July 1976 and January 1977 when the fabric.a—
tion effort was stopped.

R78-14-2 . 2-15
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.The mechanical des ign drawings and specificatlons have not been’ updated to reﬂect changes
to the-w Test Article config'uration, except in the cases of the truck-mounted equipmenta
Electrical schematics, however, have been updated -to incorporate the changes made during

system_’ level testing and do reflect the "final" configuration. A complete drawing list is
in Appendix C of Volume III of this report. R

2.6 REMAINING DEVELOPMENT ACTIVITIES

- The development of a production configuration requires, in general, the completion of the’
laboratory development and system qualification tests followed by a series of vehicle ‘ser- .
vxce tests The remaining laboratory development tests consist of the following (1) solvmg
the previously discussed problems and completion of the open-loop-character 1zation of the
system for. both the motoring and braking. modes (2) intregration of the MCE with the TCE
and verificatiOn of closed loop control of the system including jerk limiting for both the
motoring and braking modes; (3) verification of mode to mode transitioning; (4) verification
of continuous motor control as opposed to discrete point operation, i.e., with car dynamic

A‘simulation model tied to control of the dynamometer; (5) verification of operation across
simulated rall gaps (6) resolution of previously identified cooling system and packaging
problems, and (7) completion of simulation studies supportive to the development of a closed
loop motoring and braking control including a simulation based demonstration of slip/ slide -
control.,-' ne

Upon completion of 1aboratory development, qualification tests must be conducted to"v'erify
that the equipment meets established design and performance requirements and to provxde
a degree of assurance that it is suitable for integration into the modified -SOAC Some of
these tests would be conducted at the major component or assembly level; however, the
,primary means of qualification would be through system level tests of an integrated
: propulsion system.

The final phase of the required development activity involves the vehicle service tests i

" These would consist of engineering evaluation and acceptance tests of the equipment as
installed In the modified SOAC. The tests, to be carried out .at the TTC, at Pueblo,

' Colorado would serve (1) to confirm laboratory tests and simulations and (2) to demonstrate
the readinels of the system for operational evaluation on a transit property "

26 o | . R78-14-2
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SECTION Il
CONCLUSIONS -

CORPORATION

Based on the experiences and results of the ASDP propulsion system program, several

conclusions can be drawn. These can be grouped into two categories: program related

conclusions _and technical conclusions_.

Prcgram Related Conclusions

) ;., In retrospect, it is obvious that the program was planned on an overly

optimistic, success-oriented basis.

' The schedule from the start of design to delivery of qualified hardware

was unrealistic for a new advanced system,

"ﬂof: - Too much reliance had been placed on the results achieved during ex- '

tensive IR&D effort carried out prior to the ASDP program.,

It had been assumed that a prototype system (called a Test Article in
this report) based on the IR&D designs could be fabricated, checked
out, and debugged expeditiously in a straightforward routine manner.

However, the IR&D effort had heen carried out using breadboard elec- -
tronics and modified commercial motors, which fact, combined with }

some laboratory equipment limitations, had not permitted complete .-

verification of all key operating concepts over the complete motoring

and braking torque-speed profiles. In retrospect, it appears obvicus that the

IR & D effort was not as extensive as originally agsumed.

©  The program experienced several unforeseen problems during Test
Article system integration, checkout, and testing resulting in schedule -

delays and cost overruns., Technical problems arose with the Test
Article which were difficult to troubleshoot and diagnose and which,
in some cases, required extensive cireuit rework to correct., In retro-

" spect, these problems were due primarily to an insufficient allocation

of contingency time for the solution of possible technical problems.

'R78-14-2 .
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Deliverable hardware was prematurely committed to manufacturing.;
. This was deemed to be necessary to meet schedules established fof

" integration of equipment into the SOAC vehicles. As a result, there
" is'a considerable amount of residual material. '
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_ The propulsion system design turned out to be more complex than
o originally envisioned. et

.+ To. establish whether this was due to over-sophistication in the desig"n - ,
approach, to overstated requirements, to the incorporation of too me;ny-“'" N
*-" tpice-to~have" features, or whether this is basic to the concept would

R TRV IR B

| require extensive analysis and evaluation.

Technical Conclusions

Conclusions relative to the technical capabilities of the ASDP propulsion system can be
discussed in relation to the expected advantages and benefits shown previously in Table 1- I.

AC: Synchronous Macbine

- The traction motor development effort resulted in a successful self-synchronous

machine design. Although some problems were encountered during testing, these

v _have been resolved. The development cycle of this motor, however, cannot be

’ ' considered complete until consistent high speed - high torque performance has
ER been demonstrated and actual "in-service' experience has been accumulated.

" It has been demonstrated by testing and ayalyses that all major performance
- requirements (torque/speed, efficiency, electrical characteristics, etc. ) are

met or exceeded

o - The inherent de traction motor performance characteristics
provided by field excitation proportional to armature current
were demonstrated, The high torque required at low speeds
for acceleration was achieved and maximum power operation R
over a 3.4:1 speed range was demonstrated. ‘

7' = Brushless operation was obtained by the successful develop-
-ment of a rotary transformer and rotating rectiffer for field Tk
excitation.. A problem relative to the transient protection of -

&
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. the rotating rectlﬂer diodes was resolved by lncorporating |

' approx1mate1y half of the SOAC motor weight/car.

. CLOW~

bar circuit and fast recovery diodes. .
‘Low weight and compact size of the motor have resulted partly from
high speed operation and partly by the use of liquid cooling Although
the original weight goal was not met, the ASDP tractlon motor still
shows a 2 to 1 welght advantage over most transit dc motor designs
such as the SOAC motors. A comparison of the orlginal weight

. estimate and the final motor weight is given in the following
 The 2 to 1 weight advantage of the ASDP traction motors* '

over the SOAC dc motors is supported as follows: the ,
present SOAC transit cars are utilizing 4dc motors, one ;
for each axle. Each motor weighs 1,560 Ibs for a total .-
motor weight/car of 6,240 lbs. The ASDP propulsion' »
gystem uses two traction motors per car (monomotor truc‘k-

design) , with each motor delivering twice the power of a .
SOAC motor. For weight comparison purposes the basic

. motor weight of 1,569 Ibs was considered, which does

not mclude the weight of the transition (end) frames re- - ‘
quired to connect the motors to the gearboxes and to mount
the motor/gearbox subassembly to the truck frame. The
total motor weight/car for ASDP is then 3,136 lbs which is

Basic Transition __ ‘Total |

Motor Frames
" ‘Original Weight (PDR), 1b 1261 214 " 1475

"' Final Welght (Actual), 1b 1568 | 340 '71"1908

R78-14-2. - .

An additlonal welght saving of 350 1bs {s possible by using. alummum

" for the main frame and for the transition (end) frames.
'High reliability and reduced maintenance cannot be demon-
. strated without actual operation in a transit car environment"‘ |

The elimination of brushes and commutators, and the pro- .
vision of a completely sealed design due to liquid cooling,
however, promises significant improvements.
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Solid State Power Converter

A Exten_sive system level dynamometer testing indicates that the over‘e}lf ‘
design approach is sound. Test results obtained in the motoring mod‘e»‘ :
demonstrated that the power /torque/speed characteristics can be met »
,;throughout the full torque-speed regime. Futhermore, system efﬁcrency
- mea.sured exceeds the. predicted values. All performance venficatxons

. testing was performed in an ""open loop'" mode of operation. No ccmclu—,
- smns can be' made, therefore, relative to "'closed loop!' system operation

using the microprocessor based train control electronics.

S Smooth stepless control of the soltd state power controller' L
" was verified by testing. Control is accomplished by slmply
L varying the inverter frequency. ,

R System efficiency (from dc power input to motor shaft out— s
put) at full power level was measured at 79.3% to. 87.2% - ;

over a wide speed range. This compares favorably with the -
Lo predicted values of 79% to 86% for the same speed range

DR ‘Reliability and maintenance advantages cannot be demon- _
‘ strated without operation in the transit environment. The ' . |

use of solid state components with liquid cooling and the ‘
elimination of most mechanical contactors used in other . -
propulsion systems, however, promises potential for im- T

_ provements in these areas. )

e Liquid Cooling

A anique feature of the Delco propulsion system is the liquid cooling of
kthc motor and the power electronics using a fire resistant coolant (sili—
cone). The effectiveness of the liquid cooling concept was veriﬁed during
_ tthe extensive system level testing. Temperatures monitored inside the
: tract_ion motor were below predicted levels and no high power solid state
| .device fajlures could be attributed to inadequate cooling during testing. -
The only temperature related failure identified (a field supply trans-
_former) is casily corrected by modifications to the transformer and

cooling loop designs.

34 . . | R78-14-2
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Electrical Braking

The test data obtained during systems testing in the dynamic braking - f:
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mode of operation indicated that the full braking torque specified for
the system can be realized throughout the speed range. Test data ob- ' .

tained demonstrated the maximum required capability below 2000 rpm.
At higher‘ speeds, full torque test data could not be obtained due tol L
dynamometer and SCR voltage limitations. Analytical predictions -
correlated with test data indicate, however, that full dynamic brakmg
capability can be provided essentially over the full torque/speed range.

Regeneratlve braking capability was not verified prior to the terminatxon.

of the program.

Propulsion System Redundancy

ProVision was made in the design for redundant propulsion systems.
Each truck is provided with an independent propulsion system to allow
continued transit car operation (at reduced capability) after a faﬂure
in one of the drive systems. « E

Although development is incomplete, the self-~synchronous propulsion system concept is

conSLdered a good potent1a1 for transit car application.

The status of the Test Article hardware and documentation is considered to be such that ,
continuing development can be undertaken, if so desired

R78-14-2
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SECTION IV
RECOMMENDATIONS

It is felt that the self-synchronous propulsion system represents a major advance in the
state of the art, ‘and that development should be re-initiated. However, the point to which
the devel_opmen‘t is carried out should be established based on two economic factors:

(i)'  Life-cycle costs
@)  The potential market.

Since the potential market is highly dependent on the costs, both first and recurr{ng costs,
the deiielbpment Should be carried at least to the point that enables the life-cycle costs to-
be' estimated with a reasonable degree of confidence in thefr accuracy. This can be done-
‘only with respect to a specific, well-defined design. Thus a two-phase program ’i_e -
recommended : e

Phase I
@ . Continue dynamometer evaluation of the Test Article system by completing

‘the ""open loop" testing. One of the remaining major areas of investigation
is the regenerative braking system performance. '

.. Based on the recommended design changes made in Section VII of this re-
) . port and any additional modifications required resulting from further
system testing, update the design and incorporate these design changes
into the Test Article hardware.

e " Include the Train Control Electronics in the system test setup and'c;o-riducf{"
. "closed loop" testing in motoring and braking. It is anticipated that a sys-~
_ tem simulation effort will be required to support the ''closed loop" testing.

'3 ‘ Validate the propulsion system design by a comprehensive dyﬁamometer
test program.that fully qualifies the system with respect to specification
requirements and the operating advantages of self-synchronous ac drives..

° .Conduct a comprehensive analysls to establish system life-cycle costs
“and the operating advantages of self-synchronous ac drives,

R78-14-2 : 44
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Before initiating the Phase 1 effort recommended here, a preliminary life cycle cost
analysis shoould be done on the basis of existing information to establish the economic

: viabilit’yv of this ac propuision system. In additlon, a survey should be conducted to
as sess the potential market: and the transit properties plan to introduce advanced concept
transit cars.‘

Phasell -

. *  Complete fabrication of the prototype equipment for one or two transit
" cars in accordance with the changes recommended earlier.

..-_ 'vji_:o" 'Install propulsion system equipment on one or two SOAC cars along with
' new trucks and brakes.

c Conduct engineering testing at Pueblo with the SOAC car(s) to evaluate
. performance of the propulsion system, monomotor trucks, and
' brakes under simulated transit car operating conditions.

o L Conduct a 10—car demonstration program in revenue service after success— :
o ful engineering evaluation at Pueblo. s

‘Phase II should nof be inftiated until all Phase I efforts are completed. This includes |
demonstration of compliance with all technical objectives under laboratory conditions and
the establishment of favorable life-cycle. costs and operating advantages.

A supple‘mental series of tasks correlated with the two-phase program is also propoSed
_ AThis series of tasks would Investigate and develop more radlcal changes to the system -
which could lead to a more cost effective, lower weight, higher reliability, or more -
efficient configuration Examples of changes which offer the potential of considerable -
benefit are as follows-
. Self-C ontained Cooling of Traction Motors. .
' Preliminary stud fes Indicate that a self-contained liquid cooling system for
each traction motor might be practical. This would greatly simplify the cooling
system and reduce size, weight, cost, and noise.

)

. Use of the Cycloconverter for Braking Control.
The add ltion of a contractor assembly as discussed in paragraph 7.3 would permit
:ouse. of the cycloconverter SCR's for braking control. This offers the potential *

of removing the braking module, 9 SCR's, and related SCR gate drive electronics
o , .from the system. o
4-2. . | | | ~ R78-14-2
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A microprocessor for motor commutation and power factor control. .
- Motor power factor control at intermediate and high speeds is based - on the use
of CEMF a signal which is noisy and difficult to interpret due to cycloconverter
- ‘commutation. Use of a microprocessor would permit use of RPS as the motor
S o commutation timing reference for armature currents at all speeds with power
factor advance (PFA) being added at lntermedlate and high speeds based on an a
priori estimate of desired PFA.,

A Separate Inverter for Motor Field Excitation

i « A separate field excitation inverter although more complex and costly tihan the

' existing transformer, might offer sufficient benefits in performance. . It
would also obviate the SCR over-voltage problems as discussed in paragraph 7. 2.

e

lvad
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SECTION V
.SYSTEM DESIGN

VERALL SYSTEM DESCRIPTION

'u -section provides an overview description of the ASDP self—synchronous propul—

sion system. . Detailed descriptions are provided in ensuing sections of this report.~

5. 11\GENERAL ‘
The ASDP propulsion system consists of the following major elements: train control
electronics (TCE), motor control electronics (MCE), power control electronics, traction .
motor, gearboxes, cooling unit, and dynamic brake resistor., Duplicate 1ndependent pro-
pulsion systems (except for the Hne filter inductor) are provided for each truck of the
trans1t car. A simplified block diagram of the dual propulsion systems is shown in Figure -

_5 1 1 A hardware family tree for a two-car train is shown in Figure 5.1-2.

The TCE is implemented with a digital computer utilizing microprocessor elements and
conventional input/ output interface devices, The MCE is a hard wired assembly of com-
binatorial and sequential logic elements, operational amplifiers, comparators, and passive
components. The power control electronics portion of the propulsion system contains a
11ne fllter inductor, a power control switchgear assembly, a resonating mductor module,
and. a power converter assembly. The latter contains five liquid cooled modules: inverter,
cycloconverter, _capacitor, field supply, and brake control. '

Input signals to the TCE are derived from the motorman’s console and various car subsys-
tems and’ sensors. The motorman's train-lned tractive effort command, or P-signal is
a zero to 1.0 ampere current where 0.55A to 1.0A represents zero to maximum motoring .

effort and ,0.45_A to 0. 0A represents zero to maximum braking effort. The TCE interprets

-the‘ P—s'i'gna;l, develops the appropriate system mode commands, and computes a desired

p)

'ue based on the P-signal tractive effort command The computation compensates for

_items ‘such as speed car weight coolant temperature and pressure, and wheel dlameter

The TCE also monitors. motor current, voltage, speed, etc., and based on these mputs
com-putes the actual torque being developed by the motor. Based on a comparison-of the

actual and desired torque levels, the TCE then modifies the motoring or braking mode

' torque command signals sent to the MCE.

. R78-14-2 3 - 5l1.
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The MCE input command signal is applied to a voltage controlled-oscillator (VCO) to
, form the variable frequency clock pulses to time the firing of the SCR's of the inverter
stage of the power control electronics. In motoring, the cycloconverter stage converts
the inverter output current into motor current of the same amplitude but of lower fre— :
quency. ’I‘his current level is determined,by the frequency of the inverter stage.. The
: frequency and phase 'of the motor current is determined by Rotor Position Sensor' :RPS)
and’ Terminal Voltage Sensor (TVS) signals processed in the MCE to form cycloconverter
SCR- gate pulses. In braking, cycloconverter gating is removed and the brake rectifiers
in the brake module are gated for dynamic and/or ‘regenerative brake control, As in z
. motoring, field current is derived from a transformer in the field supply module. o

The MCE develops several signals used by the TCE to compute the proper VCO command
31gna1 'Ihese include motor phase current, motor voltage, and motor frequency. In-
addition, a drive shutdown signal is sent to the MCE in the event of an abnormal condition
in the inverter, brake, or cycloconverter module. ‘

A line filter inductor serves as an input line filter element for both propulsion systems.
The pro;ected reliability of the single inductor permitted its use with the otherwise re- B

' dundant prcpulsion systems with a negligible effect on overall reliability. -

The power control lwitchgear unit contains the main contactor and blocking diode, elec— :

. trolytic capacitor bank, and overcurrent rels.y. ~

The trs.jction 'motor‘ (one per truck) is a brushless four-pole synchronous machine with "
* forced oonvection liquid cooling. In motoring it has an output capability of 1560 Tb-ft of
.torque from 0.t0.1646 r/min and 489 hp from 1646 to 5642 rpm (80 mph). In dynamic braking
it has an output: capability of 1405 Ib-ft from maximum speed to about 600 rpm, It can
regenerate from maximum speed down to about 25 mph, The machine is fitted with a -
rotary transformer-rotating rectifier in lieu of the usual exciter-rotating rectifier found
in constant, speed synchronous motors., A rotor position sensor is installed in one end of
‘ the motor. The double ended motor drives two hypoid gear sets (5.875 to 1 reduction),
having output shafts coupled to the axles by a rubber bushed flexible linkage,

b4 o S R78-14-2
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Each of two independent cooling units consists of a double ended ac motor driving- separate
pumps for cooling of the power electronics and motor with a fire resistant silicone. ﬂu1d
Heat 1s ‘extracted from the coolant by a single two-section liquid-to-air heat exchanger.
Air'flow is provided by an ac motor and propellor fan. :

Pewer ‘s.\.xpply current is collected from a nominal 600 Vdc third rail by means of a pickup
shde and returned to earth through the contact between the wheels and the traction rails.
Ground brush assemblies on each axle complete the rotating connection between the. vehicle

powefv grouhd and the wheels,

The sallent characteristics of the propulsion system major components are llsted in data
sheet format in Table 5.1-1.

5 1.2 MOTORING MODE OPERATION

In the motoring mode, (Figure 5.1-3), filtered dc power is converted to variable frequency
ac power by the three-phase inverter. The inverter frequency is varied over a range of
35'0 t_e 1200 Hz by the tractive effort signal to control the reactance of, and hence the _eur—
rent through, the coupling capacitors. This current is converted to a lower frequency ,
motor stator current by the action of the cycloconverter. The reactance of the coupling
capacitors also gives the cycloconverter a current source output characteristic.

A functional description of the power converter, termed the capacitor coupled cycioihVerter,
is provided in the following subsectlons A more detalled discussion is given in Apbendix F,
which'is the patent descrlptlon of the power electronics used for the ASDP propuls ion system
(U. S Patent 3, 866, 099).

5.1.2.1 Inverter Stage

Figure 5.1~4 shows the simplified circuit of the three phase inverter. This unit consists
of three single-phase series inverters gated to produce three-phase output voltage and
current The inductors and capacitors are key elements of the inverter since they largely
-rmine its efficiency. The inductors have been optimized for high efficiency and power
density. The multi-section combination resonating and coupling capacitors, developed
originally for use in induction heating equipment, have been significantly upgraded in volt-
ampere rating in recent years by a change from paper to composite paper-polypropylene
dielectric. The use of these low-loss inductors and capacitors yields an inverter eff1c1ency

of approximately 95% over a relatively wide frequency range. ’ :
R78-14-2 | . 5-5
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Line Filter Inductor
Type: Dual Iron Core Inductor

_Power Converter Assembly
" General

Type: Gear Coupling ;
Number Required per Car 4

" ‘Maximum Normal Speed - 5645 r/min
Maximum Normal Torque 1050 Th-ft

. Maximum Shock Torque - 4250 h-ft
MaxImum Misalignment 0.6% -
Maximum Offset .. =~ 0.040 in
GearPﬂcthameter T 6l
‘Weight 2m - .

1 Manufactyrer ) Renold Ajax

Number Required per Car I | . Type 'Capacltor Coupled Cyclolnverter Ll
Nominal Inductance. . ,  2.5mH . - .- Power Ratlhg - peak-.' e -+, - 430K
Reslistance : .. 0:00220hm f-_ oL v- P =‘average - . .-
- Nominal Inductor Loss ..t 790 watts
Coollng. .- . - -« Free gir. coavectfo . ST
Iron Core L .. E<I Laminations- e -Active quuld coollng
Conductor - ) ) o 461nmsofaheetcopper ’ Welght - : Lo o 810 L N
* Insulation™ ¢ . . Nomex pnper ’ Mamufacturer . - Delco Electronics - SBO
Welght ‘ T, 7T51b ' Co
Menufacturer *" Delco Electronics - SBO : . . I“"emr Modple -
T : - — “Fr T v Renge: © . 350 to 1200 Hz
: Power SCR's (6 ea) ~ Block vol 1800 V
) Pawer Control Swltchgear - _ Cnrre!:_tgrat[:;ge ‘300 A
Number Required per Car 2 .. (half sine at 1200 Hz)
Line Contactor - . Single pole, normally open ~ Turn-off time 1504 S
: " overcurrent hold-in (2000 A) ~ Type GE C441 PN
Overcurrent Sensor . 800 A . Power Diodes (6.ea) - Blocklng voltage 1800 V
Fliter Capacttor Bapk 8800 mF - Current Rating 450 A
Welght 230 b ' West. RT 722
Manufacturer : Delco Electronics - SBO Assoclated Clrcultry . - Gate drive circuit
e - : . - dv/dt circuit
Rescaating Inductor -~ Current sensing clreult-
Type: &hell type laininsted Iron core llneu' {nductors Capacttor Module
- (8 per agsembly) Commutating Capacitors (6 ssections) 404 F (ea)
Number Required per Car 2 Coupling Cnpacltorn (3 sections) 80H F (en)
" Inductance 1504 H . RMS Voltage 80V
Winding Resistance (dc)- 0. 00238 obm RMS Curreat 700 A .
Qualtty Factor (Q) at 100 Hz 180 _msslpmon Factor " 0.3% at 1000 Hz
‘(free space) : ' ' Fiold Supply Module
- Laminstion 4 mil silicon steel y
Conductor 10 turns of Litz wire ) Ttamformerprlmaryw!ndlnga -motoring 3 turns |
Wetght . ‘ 8751 ~ -Relay controlled dual primary - braking 144 turns
Manufecturer Delco Electronics - SBO Transformer secondary windings 36 tarns -
- _ Turus ratio in motoring mode 1/12
Dynamic Brake Reststor Turns ratio In braking mode 12/1
Type: Coll type resistor grid. ' Cycloconverter Module X
‘Number Required per Car 2 Input frequerncy 350 to 1200 Hz
Meaximum Power Dissipation 1150 kw Output frequency . 0to 200 Hz
Average Power Dissipation 110 kW Power SCR's (18 ea) - Blocking voltage 1800 v
. Resistance Value (one tap) 0.78/0. 26 chms - Current rating 300 A
Cooling Self-Ventilated (half sine at 1200 Hz)
Welght 265 Ib - Turn-off time 2004 S
Manufacturer- Guysn GE C441 PN
A {ated Clrcultty - Gate drive circuit
- Motor/Gearbox Coupling - dv/dt circult

- Surge suppression circult
Brake Control Module

Type: Dugal Phase Delay Rectifier ’
Power SCR's (9 ea) - Blocking Voltage 1800 V

- Current rating 800 A
S e - (half sine at 1200 Hz)-
o - -_:‘-Ttn‘n—offtlme 200us
“ LType. --Z(.GECMIPN
‘_‘Assoclated Clrcultry R "= Gate drive circult’
: - dv/dt circuit’ :

~ CEMF sensing transformer

»

. Table 5.1-1 ASDP Propulsion System Major Components - Salient Characteristics (Sheet 1 of 2)
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Cooling System Gear Drive and Axle Coupling

Type: A- e liquid cooling with radiator oo . Gemeral’ |
" Number , ‘ired per Car 2 . ~ . - ) Number Required per Car . 4 TR
Coolant ) "Sllicone, DC 200-5¢ ‘Maximum Axle Speed . 960 r/min. .- -
Cooling Capacity - Motor Loop  19.5 kW L s |- Maximuin Normal Axle Torque : ', «6 120 To-ft - ...
- Power Electronics Loop 1Z2xw . Maximum Axle Shock Torque o 24 975 Tb-ft - -
Coolant Flow rate- Motor Loop. 20 gal/min Weight (actual) ’ ’ =1,»09'3 Ib- . -
- Power Electronics Loop - 20 gal/min Manufacturer _ Brown Boveri/Henschel

Radlator Plate/fin brazed aluminum Gearbox :
Fan 1.5 hp,. 6 blade, 22 in, dia . ) .
Pump o Rotary gear, 20 gpm at 1200 rpm | Type: Single reduction, Hypoid Bever Gear
Weight : . 645 1b ‘Reduction Ratio - - 5.875to 1
Manufacturer Deleo Electronics - SBO Efficiency (min.) - 96%

. Lubrication Otil Splash

Electronic Control Unit Axle Coupling
General ) : Type: Flexible Rubber Joint Cardan Coupling
Type: Microprocessor based control electronics i Axle Displacement - ﬁiﬂ? 1 : 8 gg E'
Packaging: Augat wirewrap circuitboards mounted on horizontal : C Angular +1.30
pallout drawers (11 boards) ngw -
Coolin, Filtered, forced air coolin
stve ¢ :  smxlzimoxa0im T Traction Motor :
Weight 85 1b Type: Self Controlled Synchronous Machine
Manufacturer Delco Electronics - SBO Number Required per Car 2
Number Required per Car 1 - Armature - Three phase stationary
Field - Three phase, salient.pole, four pole rotor

Train Control Electronics Fleld Excitation - Rotary transformer and rectifier

Type of Microprocessor 8 bit Intel 8080 Cooling - Liquid spray cooling (silicone fluid)
Number of 1/0 Channels 101 Continuous Duty Power 350 hp
PROM Storage 8k Maximum Power 500 hp
RAM Storage 2k Maximum Speed 5642 r/min
Main Loop Cycle Time 26 m sec Maximum Torque 1600 Ib-ft
Number of interrupt input 8 Welght - Motor only 1568 1b
Buffered test points (analog) 12 ~ Including transition frames 1908 1b
Fault indicators - 15 Manufacturer Delco Products
Operatfonal status lights 30
Dilagnostics Unit
Ground Brush Assembly Type: Microprocessor Based Electronics with Memory Storage

Type: Spring Loaded Copper-Graphlte Brush “Microprocessor Type Intel 8080
Number Required per Car 8 Storage capability - EPROM (Diagnostic program) 8k
Current Rating - RAM (Scratch pead) 2k

~ Continuous 250 A - RAM (memory) 16k

- Intermittant 400 A Number of informations monttored 256

" (5 min) Length of diagnostics record
Maximum Voltage 750 Vde - High speed data (24 parameters) 16 sec
Welight : 10 1b ~ Low speed data (8 parameters) 30 min

BBC-Secheron Build-in printer available for permanent.records " -

Manufacturer.
o ’ ’ Test connectors provided for external lnstruments

Operational status indicators, provlded . - -
Size : - 151n.x451n x235in

Weight 1516
: Delco Electronlcs_ - SBO

L=g

Manufacturer

Table 5. 1-1 ASDP Propulsion System Major Components - Salient Characteristics (Sheet 2 of 2)
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Y {To .
Z | Cycloconverter

Figixre 5.1-4. ' Inpuﬂ Inverter Stage

The mverter SCRs are150 u s turn-off time devices with 1800 V blocking capability. The
dlodes antl—parallel to the SCRs are a fast recovery type with a recovered charge of 140 L
under normal operating conditions. The dV/dt suppression circuits connected across each
SCR/dlode pair prevent spurious SCR turn-on with a minimum of dV/dt circuit power loss.
Thm is achieved through the use of a saturable inductor in series with each SCR/diode palr
The' mductor stores a portion of the dV/dt circuit energy change in each inverter cycle, energy
that would otnerwlse be lost in the dV/dt circuit resistance. An analytical simulation of this

- resonant inverter is presented in Appendix G.

The SCR/dlode coolmg method was a key element in achieving an inverter package size .
‘consistent with the space available. A heatsink arrangement consisting of externally
oved cooling blocks, sealcd by the SCR or diode being cooled, interconnected w1thout
.tho usc of hoses or clamps, and exhausting into a coolant filled container was developed
and patented. “This method of cooling is further described in subsections 5.6 and 6.1.
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Figure 5.1-5. Cycloconverter C_ircuit

5. 1 2 2 Cycloconverter Stage

The cycloconverter is an arrangement of six groups of three SCRs as shown in Fig'ure 5 1-5.
At any instant of time two SCR groups, one for posltlve and one for negative current,’ are

' gat_ed to form the equivalent of a full wave rectifier supplying current into one motor: .phase
and out o:fi:aﬁ';ofh.er. Agaln, at any instant of time (except for periods of commutat,ion_fqver- :

' lap), the voltage and current conditions in the external circuit cause conduction intwo of
‘the six gavted_'S‘CRs.‘ The current duty cycle per thyristor is thus (1/3) (1/3) = 1/9. This
low dufy éycle givés a relatively low total dyclocomierter power dissipation. The ;ﬂiOdesf
SCR cooling réqu_ir'ements are handled with externally grooved heatsinks identical to those

" in the ihverter module except for shallower coolant grooves to produce a lower flow rate.

~Cycloconverter gate pulse timing is derived from three control sngnals Two of the signals -
qccompliqh motor self control:at low speeds by the rotor position . sensor (RPS), and at

’ intermediate and- hlgher speeds by the motor CEMF sensor (TVS). Use of the CEMF at
intermediate and high speeds permits the desired power factor control. The composite *
RPS -TVS signal is ANDed with .avslgné.l which indicates the voltage across the cycloconverter '

5-100 .. N . R78-14-2
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SCRs to produce an SCR gate pulse which is applied when individual SCR anode voltages
become positive (See Figure 5.1-3) :

5. 1. '2'-':"3' ﬂi"\'/Iotor Field Exeitation

The synchronous tractlon motor makes use of a rotary transformer and a rotatmg recti—
fier for brushless field excitation. The primary of the rotary transformer is powered from
a current transformer having primary windings in series with the cycloconverter input cur- |

: rent Two advantages result from this form of field power supply over the alternative use of
a separate field supply inverter. First; the transformer supply is smaller and much less
complex than an inverter. Second, the current transformer provides (except at-low. frequencies
where rotary transformer magnetizing current is significant) motor field current proportional
to- armature current. This- -gives the traction motor a desireable motor speed —torque charac-
terlstic sxmilar to a dc series motor and also mamtains the motor torque angle approx1mately
constant for stable operation and reliable commutation.. '

5';11‘,2’,4 Motor Current Commutation

bThve "cornmutation, or transfer, of current from one motor phase to another occurs.in
three modes input line commutation, motor output line commutation, and mixed input/
output line commutation. The commutation is initiated by the simultaneous remdval of
SCR gate pulses from the three SCRs in the phase to be turned off and the applic'ati'dn of
gate pulses to the three SCRs in the phase to be turned on. The one SCR of the three in
the off—going group that was conducting is turned off by the application of reverse voltage

from the external cnrcu1t

At low"inotor speeds, where motor CEMF is much less than the inverter voltage, ‘the,

SCR reyverse voltage following gate current removal is derived from reversals of the *
cycloconvorter input line voltage. At high motor speeds and accompanying high CEMF, -
the cycloconverter is timed to operate at a leading power factor. This produces a negQ
ative voltage on the off-going SCR when the on-coming SCR group is gated into conduction. |
At medium motor speeds, both input and output voltage provide commutation. ‘ -

5.1.2,5 _'Motfor Torque Production

The creation. of rotor torque from stator current and field flux can be visualized with the
aid of Figure 5,1-6. ' The field is depicted as a rotating magnet producing a flux P having
north and south poles while the stationary armature (stator) is shown as three wye-

R78142 I o , : 5-11
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d coils. With the rotor in position No. 1, the RPS signals, augmented by the }
CEMF\ Sensor signals, direct the cycloconverter to inject current into phase A and yre— .
move t;'iirom phiise B. The resultant A-B armature MMF vector lies at an angle 6 with
respect’to the field magnet vector. Torque is produced according to the proportionahty

’Because of the high frequency of the cycloconverter rectification process and the armature
inductance, current is relatively. constant. Torque thus varies with sin 6 ., As the rotor

‘turns against the load torque, the transition from position No. 1 to position No. 2 1s ‘made

where the composite RPS/ CEMF sig‘nal directs the cycloconverter to transfer (commutate)

V current from phase B to phase C. At the transfer point, the armature MMF steps ahead
“60 . Once again, torque varies as sin 8, where 0 is referenced 60° in advance of the

or1g1nal reference in position No. 1. The self-controlled ‘torque production process Y
described above continues indefinitely as long as motor torque is able to overcome the load

torque.

5 1 3 BRAKING MODE OPERATION

In brakmg, the traction motor is operated as a separately excited generator connected to

ph {se delay controlled dynamic and regenerative brake rectifiers (see Figure 5 1 7)

5_'"1 Field Excitation '

Fleld exmtation is provided by the same transformer used in motoring. The transformer
cxrcunt 1s reconfigured by de-energlz ing the low impedance primary windings (by removmg
the cycloconverter SCR gate signals) and by connecting high impedance primary windmgs
through a relay to the inverter. Generator field current is then controlled by varying the
inverter frequency over a range from 350 Hz to 1100 Hz. Inverter input power varies ..
from approx1mate1y 1.0 to 30.0 kW over this frequency range. Braking effort in dynam1c ’

. and regenerative braking is controlled by a combination of field current control and recti~

f1er phase control

~ .3.2 Braking Effort Control

The braking control modes available are:

. | Both trucks in dynamic braking
. ‘B‘oth trucks in regenerative braking

One truck in dynamic and one truck in regenerative braking

[~

4. . Each truck in simultaneous dynamic and regenerative braking,

- R78-14=2 ‘ © 0 5e18
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In mode 1 tractive effort can be controlled by field current. This is desirable to. "m;ini—

mize' motor heating and torque pulsations. In modes 2-4, a combination of field and fphasé
delay control is used. Phase control is also used for those control functions which require

rapid modulation of tractive effort such as slide control, jerk control during mode transi--
tioning, motor overvoltage control, and dec line overvoltage limit control during regener—
ative brakmg. ' ’

Dynanuc braking is accomplished with only one brake resistance change to maintain full
brakmg effort while slowing from 80 mph to approximately 7 mph. This single resistance
change contrasts with the typically six resistance changes required for a dc motor pro-
pelled transit car. The greater range of high power operation with the synchronous motor -

: propelled transit car is principally due to the use of a static rectifier external to the

machme mstead of a rotating mechanical commutator,

5.1,3.3 Brake.Rectifier

Th"e' ‘brake rectifier unit consists of nine SCRs in a dual semi-converter circuit with a-
tenth SCR used for brake resistor shunting. These are ungated in the motoring mode.v
These SCRs are cooled with externally grooved heatsinks identical to those used to cool
the eycloconverter SCRs. ‘

5, 2 TRAIN CONTROL FUNCTIONAL CHARACTERISTICS
5. 2 1 INTRODUCTION

There are two sets of Train Control Electronics (TCE) per railcar, one for each of the
propulsmn systems. The TCE is implemented with a digital computer utilizing micro-
processor ‘elements and conventional input/output (I/0) interface devices. The basic role
of the TCE is to provide the interface control functions for the major subsystems of the

railcar

It monitors information in the form of analog and discrete signals from the trainlines (TL),
‘m .er-controller, M/A set, and the synchronous brake system (SBS), and weight and’
speedise,nsor“s as well as from the propulsion system elements. In turn, it performs re-

qui‘red calculations, makes logical decisions and produces the required control responses.
A snmmary of t_he TCE functional requirements is given in Table 5,2-1.

R78-14-2 | ©5-15
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Figure 5, 2-1 Train Control Functlonal Mechanlzatlon. shows the role played by the
'within the propulsion syltem. '‘Most of the mputs outputs and eontrol functlms are . P
The large blocks oh the right hand side show the inputs and
outputs related to. the motor controls, The outputs control tractive effort, speed direc-

illustrated in this drawing.

Rate Adjustmentl

Control Response (Dead) Time

 Speed Sensing (Veloclty/ g
- Acceleratton/Jerk) ke

.-fl_‘nble.s.z—l. Summary of Train Control Requlrements

- Dynamlc Resistor Select

Wheel Wear Compensattpn

Monitor and ‘Control

Acceleration/Deceleration Quick Shutdown (QSD)
Open me Control \ " Direction - Drive/Brake e
»' " Maximum Speed Control C Control SR
 Jerk Limiting . e . Emergency (Vital) and No- ;T‘;‘
. P-Signal Interpretation - ' Motion Relay L
"¢ Brake Blending-Dynamic/ '@ Propulsion Trip/Reset
.7 Regenerative/Friction .. - ) Operational Status Lights
fv': -toad.Weight Ccmpensaticn' e Main Contsctor, Control
Wheel ‘Spin-Slide Protection e  Coolant, Pressure and
e’ - Friction Brake Transformation ' .~ temperature PR
e . Roll Back Prevention .. e  Mdtor Current/Voltage/ Pcwer
:"%:0".,

tion, QSD, drive, brake, etc. The large blocks on the left indicate inputs and outputs\
related to the master controller and traln llnes.
’ in the center of the figure,’

" 5 2. 2 TRAIN CONTROL OPERATION

Interconnections with the SBS are. shown .

The two TCEs of a car are ldentlcal, permltt'lng one of the propulsion systems to keep

. functioning in cale of failure of the other, -

Hnw_ever, some critical signals, such as axle

speed, electrical braking effort, spin-slide indlcatton, ete., are cross-coupled. Th:ls
gives the TCE increased capab{lity 1n dectsion meking when both propulsion systems

.. are operating properly. ,

)

Starting from a power-off conditlon. several slgnals must be present before the propulsion

-system can be operated. Cab mounted clrcult breakers must be turned on prior to vehicle

: mouement control statlon. forward TL, reverse TL, motor-alternator control, hand brake,

L
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cutout control9 propulsion control unit, brake control unit, door indicator, and: door
oontrol " Other circuit breaker closures are optional and will probably be used,. ‘but are

- not required to move the car. The motor-alternator is normally started at this -f)oint in
the. start—up 50 that all systems using 60 Hz, 3 phase, 230 volts are supplied. A1r pres- ‘

= sure must be built up in the friction brake system. After the motorman has closed all
doors,’ ‘r.emoved all parking brakes, and selected forward or reverse, the propulsion

- syste;‘ni should be ready to operate in the motoring mode upon a command initiated by the

motorman moving the P-signal hand control forward. The TCE for each truck in'thé train
momtors the P-signal command, as well as its own set of inputs (from its motor, coolmg
system, ete.), plus the trainlines, which all TCEs see. If a truck is not functioning
properly, a trainline will indicate this to the motorman. However, this will not prevent
h1m from proceeding to move the train. It is left to the judgment of the motorman (by
sensmg train response) to determine when too many trucks are inoperable to drive the
train. 'No method was devised to.provide (in the cab control station) information on the
nuxnber, and location of malfunctioning truck systems. o

Safety and alarm signals consnstmg of coolmg system indicators, QSD, etc., are. fed from
and to the TCE. - Should a no-go condition be interpreted from any of these s1gnals, the
propulsmn system would be automatically shut down and the vehicle brought to a con—
trolled stop or allowed to coast, depending on the particular anomaly. Operational in-
formatlon consisting of signals required for normal car functioning, such as car- weight
wheel spéed, contactor closed, etc., all route through the TCE. These signals are used
in scalmg the propulsion and braking efforts, as well as for monitoring the car movement
durmg a stopped or reversing condition.

The actual propulsion or braking command is fed ilnto the system as a varying current
level (P-signal) from zero to one ampere and is used to control the train over the complete
range of .full, service brake to full tractive effort. A given P-signal commands a percentage
of maximum motor current. This commanded level of motor current is compared with the

© #~tilal measured motor current and the TCE adjusts the VCO command to achieve the de-
stred current and tractive effort. In the drive mode, the tractive effort is a function of
motor speed-, motor current, and wheel diameter. The P-signal is conditioned by the jerk-
limiting 'func_tion such that the tractive effort commanded is limited to a maximuxn rate

- of change of 2 0 mphpsps in response to a step controller input. The level of command re-

quested by the P- signal may be decreasedby correction factors introduced by car weight,

coolant temperature and coolant pressure.

112478:-14-2‘ | o -_ | o p;écedi“g page blank" - 5._~19
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The propulsion system always maintains spin control authority. . Slide control authority
1s 'divided between the synchronous brake system (SBS) and the propulsion system. The_
. TCEmsenses velocity and monitors SBS events. Based on the information received, the

TCE transfers ‘authority and removes electric brake effort, or sends the SBS a slide '

.dumpwsignal and reduces electrical tractive effort. O L -
The.%BS monitors the electrical braking effort and the braking rate signal such that
friction brake blending is provided as required. The SBS carries the burden of the total
brakmg responsibility and must supply the difference between commanded brakmg and
applied braking. The. electrical brakes supply as much braking as is commanded or as much
| as the electrical braking capability allows. ‘ o A

When a braking command is received, regeneration of one motor is attempted to test ‘
receptivity of the line. If the commanded braking level is established, then the motor | -
) _ remalns in regeneration and the second motor is enabled to attempt regeneration. e y
If iess than 100% is established, then that motor is switched back to dynamlc brakmg. '
Dynamic resistor tap selection is changed at about 2000 r/min. Below 2000 r/min the . A
' lower resistance value is in effect. ‘ ~
Rol_lba’ck' is 'prevented. ‘When the P-signal indicates coast and the no-motion relays indic- : -
ate.s."‘movemeint, ‘the VCO commands enough tractive effort to prevent rollback motionﬁ- E ,
The TCE.‘peri‘orms_the operation of closing the main contactors. If, during operation,:
the main contactor opens, then a VCO clamp is initiated. ' »
" Line voltage is. monitored by the TCE and corrective action taken for high or low voltage :
' conditions. The TCE also protects itself against B+ anomalies by clamping the VCO for -
B+ values outsidc the 25-45 volt range.
A propulsion trip is initiated by the TCE in the event of overcurrent or differential current. =
Once the fault has been cleared a manual reset is permissible unless it happens to be a =

'_non—resettable fault such as due to differential current.

.Motor speed is ‘montiored by the TCE and not allowed to exceed a predetermined maximum ~
of approximately 6000 r/min. The TCE receives forward and reverse information from

—
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‘tr:ainli_,ﬁes. A zero speed must be sensed before a direction change command is allowed

to be transmitted to the motors.

‘The. deoilrrence of a rail gap may cause a loss of rail voltage and coolant pressure; Low
coolant pressure will be ignored for 7. 0 seconds before any action is taken. Loss of third-
rail voltage for more than 2.0 seconds will cause the main contactor to open. ILoss of .

thl-rd-rarl voltage for more than 15. 0 seconds will cause a QSD.

A step-by-step description of the flow through the Train Control is provided with detalled
flow diagrams in Appendix A. '

5.2.3 FAIL SAFE CONSIDERA TIONS

Correct interpretation of the P-signal transformation to the friction brake system was an
important design consideration. The design goals required it to be a reliable, fail safe,

redundant circuit.

A si'mp]ified fh’ééhanization of the Fail~Safe Redundant P-Transform Circuit is shown in Figure
5.2-2. This mechamzation shows the control functions necessary to establish fail-safe

control The requirements to satisfy fail-safe operation are as follows:

:z"_ ’,_(1) Microprocessor P-Signal Input Requirements

=p, +2.,15%.

P1,07 P2,0

. o
It Py oS 1V# 0.2V,

then P11~ 1v.

When- P.

- -
1,0 1V <4.75V,

Prp, 17 1684 Py -

If I?l 0 = 4,75V,

then ITl 1 10V,

(2) P-Transform and Fail Detect Requirements

+ 2%,
+ 2%,

>
When PTBB PTl, 0

P
or Prpg® P,
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P-TRANS output shall be equal to ovD-C(GND).

When P10 P,
then P'_I‘BB = PTl, 0, | “
Because if PTQ’ 0 fails to Bl+ or V+, then VT1,2 inverting input bec-‘(vj“’r:fxv‘_é;’%’;-Vh
" Ppgg T Pppgt (V- V)
=Prype

L since V, fail can be +12 Vdc and, with the output P~TRANS, output equals

to Pri,0* Pr2,0.

It can Be seen that the failure of P o in a hard positive (V4 conditi_on

1imits-the negative swing of P.TBB t_°

=2 (VTl, o TV,
2 ’ A
where Vopy. o Tepresents the output dynamie range of the non-failed output,

Therefore, the range of the output

_ -2 (12V) + 12V
TBB 2

o (24 +12)V
2

P

-6V,
or if the fail was V_,

P = +6V range,

TBB .
which would be lower than the maximum 10V signal and would repre'sént-

no braking.

| Conclus_i:on:' The redundant circuit, with the balanced compensating buffered output and
buffer fail FET clamping override, plus redundant microprocessor override cgp&bility;
can be considered FAIL-SAFE,

R78-14-2 5-28
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S :,own in Figure 5.2- 3. Essentially the microprocessor is being used as a leve y oxﬁ— _
parison and ghtch filter. For a given P 10° PT 1 must yleld a predetermined Value '
w1th1n a given tolerance or the brake rate command is clamped. S ‘

( Po 45k
P‘,“- l-‘gq PI‘C
= N
uns -
3 Lo
Co= Po y
° sSrer&
CoonsT
OT - oV
LATCH LaveT
INDICATOR
7u : Prn.
fanTs FAUWLT
L wuvTeR
. '.“\
APPLY !
Bk Y CuD
ClAuP

'

-

' Figure 5.2-3. Microprocessor Falilsafe Qutput Control

5-24- . , R78-14-2



A simplified block. diagram of the drive system in the motoring mode was shown in Figure
5, 1-3 ‘Motor stator current, equal in amplitude to the cycloconverter input current is
controlled by varying the three-phase inverter frequency over a range of 350 Hz to 1200 Hz.
Current;-increases with frequency primarily because of the decrease in coupling capacitor
and also because of the increase in inverter output voltage with frequency. The

| cycloconverter stage converts the inverter frequency current into a lower frequency motor .

current .. The phase of the motor current with respect to shaft position and line voltage is
established by cycloconverter control signals derived from a rotor position sensor (RPS) -
and a; counter EMF (CEMF) sensor. Motor torque reversal is accomplished at the logic
level by inverting the RPS timing signals, :

Motor field current is derived from a h.igh frequency field supply transformer connected
as a current transformer (CT) in the motoring mode. The low impedance winding of the

- transformer is in series with the cycloconverter input (the high impedance winding used

in the braking mode is open circuited with a relay in motoring). The CT transformer

' secondary is connected to the primary of rotary transformer (RT) in the motor., ’I‘he RT
.seco:_dary is connected to the rotating rectifier which supplies dc current for the field
'windmg. Because the field current is derived from a CT operating on a current approx1—

mately proportional to stator current, the traction machine operates ina manner similar
to. a dc series motor in the motoring mode. ' ‘

The motor field and stator currents are not exactly proportional because of the CT and RT

reactances and because of the RT speed sensitivity, The RT has an airgap which is large

compared to that of a conventional transformer. Thus the magnetizing current is relatively

large 1t the lower operating frequencies and this reduces the ratio of field to stator current

The RT is of phaso—wound construction and thus is sensitive to shaft speed and direction

of rotation. Thc sensitivty to speed is low because of the current source primary excita-
supplied by the CT and also because of the high frequency of this excitation. ) The

-speed sens1t1v1ty of the . RT is made equal in both directions of rotation by reversing the

phase sequence -of the inverter when the motor direction of rotation is reversed.

R78-14-2 | | ' 7 5e25
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The motor power factor angle, 6, 1s held near zero below the motor base speed of 1646

: ";r 'mm to maximize the torque-to-stator current ratio, and is programmed to’ vary w1th
‘speed N, above base speed approximately as

Yo

e = -12.4° +0,0075N for 1646 < N < 5642 r/min _ R -
= 30° at 5642 r/min.

This achieves the equivalent of field weakening, thus avoiding an excessive maximum

. motor:{@}voltage requirement. The power factor programming method utilizes the motor

czm;as a timing signal,

.Motor voltage is proportional to speed and is a function of motor current and power
 factor ‘angle, - L

The tim»ing;"di‘agram in Figure 5.3-1 shows the response of the inverter, cycloconverter,

; and motor to a ramp increase in inverter frequency command. The resonant frequency -

l- of the inverter is 1500 Hz. For an mverter gating frequency of-less than 15 00/2 =750 Hz,
"_'the 1nverter output voltage appears asa set of isolated half-sine pulses. For: frequen01es
'_,:above 50 Hz, these pulses blend to form:an approximate sine wave output.

1

‘ 'The current through the coupling capacitors and field supply current transformer into '
. the cycloconverter is a semi-trapezoidal wave at the lower inverter frequencles with
; oscxllatory components at the transition points, At higher frequencies, the cycloconverter

input current becomes a six-step square wave with amplitude increasing with frequency.

" The motor phase current is the rectified equivalent of the cycloconverter input current
: during motor current conduction periods. The low frequency motor current waveform is

shown making the transition from positive current to zero current to negative current
then to zero and positive current again, The motor line to neutral voltage is shown re-

. tarded in phasc from the motor current, indicative of leading power factor. The motor
,voltage has a ripple component at six times the inverter frequency caused by phase current

undulation and motor leakage inductance. This ripple voltage decreases with 1ncreas1ng )

' inverter frequency. The motor fundamental voltage component is shown mcreasmg with

inverter 'frequoncy, even though motor speed is shown as constant, This is due to the in-

crease of flux resulting from the increasing series field current. : ) ‘ e
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%*azﬁBRAKn«;MODE

' fDrive'elements active in the braking mode were shown in the block diagram of Figure

5. 1-7 The traction machine operates as a separately excited generator in braking. ‘The

: vhigh frequency field supply transformer is changed from a CTtoa VT (voltage trans— -

formw, } i_fw1th a contactor, connecting the high impedance windings through a 3. 0 uF coupling

capacitor to the inverter. The cycloconverter gate signals are removed, de—energizing

the CT ‘primary winding of the transformer. Field current is controlled by varying the
erter frequency. ' ' - T

The traction machine is connected to a nine-SCR dual phase delay rectifier which 1s gated
in the’ braking mode to provide dc dynamic brake resistor current or de regenerative
brake current to a receptive third rail. Braking effort is modulated by a combination of
field current control and phase delay control, Simultaneous dynamic and regenerative :
_brakmg can be obtained by operating one truck in dynamic and the other in regenerative
'braking, or by operating each truck in dynamic and regenerative braking s1multaneously.

' The former method may be preferable because braking effort can be controlled primarily
with field control which gives’ lower inverter and machine logses and lower amplitude
_torque pulsations. The rapid torque control response available with phase delay gatmg is

" required to control wheel slide and to limit jerk.

At speeds below approximately 2000 r/min, a portion of the dynamic brake resmtance is -
shunted with an SCR to extend dynamic braking tractive effort to a lower speed

: ‘5 3. 2 1 Phase Delay BrakingResponse

.Figure 5 3-—2 is a plot of normalized ‘average dynamic brake rectifier output voltage and
-current asa function of phasc delay angles‘ for the idealized case of zero generator im-

: pedance. , Figure 5,3-3 is a timing diagram showing the instantaneous dynamic brake cur-
rent and torque response to a ramp increas_e in brake effort command. For delay angles
less than 909;: current flows in discrete pulses at a fundamental frequency of three times

"

the ‘gener_ator frequency.

The mstantaneous airgap torque is found t‘rom the mechanical and electrical power

equivalence as , : o il

12R

w

T
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ince the generator velocity w and brake resistance R are constant, instantaneous
{que varies as the square of instanta.neous current. The torque thus tends to have a
igher peak to average ratio than the current, This peaking effect is shown in the sketch
C rque versus time in Figure 5.3-3. . ’

VA timing diagram showing regeneration brake current and torque in response; to a ramp "

braking effort command is shown in Figure 5.3-4. Again, by equating mechanical and '

electrical power, the airgap torque is

elﬂ

' In regeneration, voltage as well as speed is constant so that the instantaneous airgap

f.torque has the same waveform as current, as shown in Figure 5.3-4,

5 3 2 2 Field Control Braking Re 3sponse

"‘,‘:'W1th field control only, the SCRs in the dynamic or regenerative brake rectifiers are - c
.gated as diodes with zero phase delay, Figure 5,3-5 shows how Inverter frequency, _

"'_generator field current dynamic brake resistor current, and airgap torque respond to

) a ramp increase in braking effort command. _The principal result of field controlled

_,brakmg is'a large reduction in torque pulsation compared to phase delay control

i,- Curves of regenerative brake rectifier response with field control would show current
fand torque profiles similar to that. obtained in dynamic braking.

"5.‘_5.3-.43" DRIVE RESPONSE TO LINE VOLTAGE VARIATIONS

' Line ~voltage variations consist of low frequency components that are unaffecte'd by the -

.'input l_ine LC filter and‘ higher frequency components which are attenuated by the filter.

. I‘or ]ow frcquency line voltage variations, the inverter input power varies as the square

of the line voltage if inverter frequency and motor speed are held constant. In the oper-

- _,Ling system, the closed loop tractive effort control varies the inverter frequency to

maintam tractive effort (and dc input power) approximately constant in response to low

: frequency line voltage variations.

- R78-14-2 R - | . 5=81
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Rapld line voltage variatlons are attenuated by the. input filter shown in Figure 5 3-6 The ™
power source is modeled as a dc and ac voltage source, Ed + Dac’ in series thh Tresistive
and mductwe components which simulate the impedance characteristics of the 3rd rail The
ac voltage source represents power supply 360 Hz ripple voltage and the effect of intermittent.

loadlng of the supply by other transit cars. The third rail sliding contact is represented by
switch s with the on—board contactors shown as Sl and S2.

The lm‘ filter cons ists of the dual inductor and the two capacitor banks at the mput to the No.

1 and No. 2 power converters. The nominal inductance and capacitance (S1 and S2 closed) of

the lme filter are 0.0025H (for low current ‘values) and 0.0176F. This yields a resonant
frequency of 24 0 Hz and a resonant impedance of 0.377 ohm.

The damping res istance, R a is adjusted by inserting a metal sheet into the alr gap The

sheet 1s equivalent to a resistive one-turn winding coupled to the inductor winding. ~As R a

is increased damping is increased, and the voltage overshoot seen at the filter capac1tor is

reduced v..,A damping factor of approximately 0.4 (with both motor drive deenerglzed) lS

' deslred

The capacitor' bank voltage response to an applied step voltage is shown in Figure 5.3-7.
The damping ratio of 0.4 gives a peak capacitor bank voltage overshoot of 25%. : 'Fi_g_ure

5.3-8 shows the ipput surge current transient for several damping factors For C =0.4,
it can be seen that .

“ THIRD RAIL Comtact NgQ 14{Fwd)
. lmpedance — _Contac — TRUCK DRIVE
o : No. 2 (Aft) ~
JEac.. © 1 1 TRUCK DRIVE
L1
5 Ede * i
&

Figure 5.3-6, Power Supply and Line Filter Equ1va1ent Circuit .
R78-14—2
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0.0025H and C = 0, 0176F (both line contactors cloged),

7= /6. 0025 /0. 076 = 0.377 ohm. For E = 600 Vde,

.'ﬁ'_-..‘i‘ ax = 0. 91 x 600/0. 377 = 1448 A-p eak. [T

5, 3. 4 ()PERATION OVER RAIL GAPS

5.3. 4 1 MotoringLMode

Operatmn over a rail gap is equivalent to an opening and subsequent reclosing of switch S,
' shown previously in Figure 5.3-6. During the opening of the switch, energy stored in
the . 1nductor is dissipated in an arc at the third rail contact shoe, Capacitor bank voltage
.drops rapidlv at an initial rate of AR

._-?de-"I,'
v C _ 0
cadt” ::_ C:

"An alternative to dlsslpat{ng the energy in the arc at the Contact shoe is to install a. free

‘ wheelmg dlode across the line lnductor._ ‘This permlts the energy to momentarnly remain

«stored in the inductor. The dlsadvantage of this approach is that decreases in the 3rd rail
voltage due to other loads appear lmmedlately at the ASDP inverter. The potential conse~
‘ quences of these voltage decreases have not been fully evaluated. h

Durmg acceleratmn the motoring current per car reaches approximately 1400 Adc,
Y that with C=0. 0176 F ‘ '

"-'-de Y :
e f g 1400 _
I /t —o = ovor7e = 79:500 V/sec .

The- éa’pacitor b'ank voltage sensor and undervoltage control act to. remove the "inverter

and cycloconverter gate signals and open the main contactors. The dynamic brake rectifier
is momentarily gated to snub the motor overvoltage that results when the power converter

is shut down at high speed., After the rail gap is crossed the third rall contact is energized.
The re-applied line voltage is sensed and the main contactors are re- closed to charge the <.
capacitor bank as shown in Figure 5.3-7. If the railear crosses a gap between a live and

a dead third rail, the blocking diodes shown in Figure 5.3-6 prevent any remaining charge . |
on the capacitors from being applied to the de-energized rail section, When the capacltor -
bank is re- charged to a normal operating level typically 450 Vde, the inverter and

586 ' . | ‘ S R78-14-2
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c ycloconverter gating is re-applied, with the inverter gating frequency ramped from a
low frequency to the normal operating frequency. . L

5.3.4.2 _Dynamid Braking Mode

The current drawn by the two inverters in dynamic braking does not normally exceed .
~“80 Adc. 'The mitial rate of decay of capac1tor bank voltage is then :

de '
_ c - 80 -
-"dt/=0 = o.o176 ~ 4990 y/sec.

When the capa’cltor bank voltage decays to the threshold level, inverter gate sign’als are
removed and the main contactors are opened. The dynamic brake rectifier gate signals
are maintained because the relatively slow decay of generator field current (time constant
 typically 1.0 .s_econd) permits significant braking effort while crossing the rail gap. -

RT8-14-2 | S s
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5.4 TRA'IN'PE'-R'FORMA-NCE ANALYSIS

This subsectlon descnbes a digital computer program developed as an a1d in estabhsh— .
ing propulsmn system characteristics to meet specified performance criteria, and to
calcula_te tram» p_e_rformanc_e parameters for | g'iyen propulsion system characteristics.

The computer program can be used to evaluate performance over a single segment of
track, or over a complete transit route consisting of many segments with station stops.
E »HL_ .
Also dis,cussed are the primary performance requirements upon which the propulsion
v system design was based and the results of a computer a.nalysis performed to verify
adequacy of the" system design.

| ‘}.‘“‘1'5.4 1. PERFORMANCE ANALYSIS COMPUTER PROGRAM

| The digital computer program developed for the evaluation of tra.in performa.nce has
.evolved mto one which is moderately large and complex (about 2000. FORTRAN state—

« 'ments‘) ‘A more detailed description of the program including the analysis used in de- :
nving the necessary equations can be found in Appendix B,

'_The program simulates train motion under the various constraints imposed by mput
: .conditions, ‘viz,, segment distance, with profiles of grade, curve and tunnel, desired
speed maximum acceleration, minimum and maximum deceleration and maximum
'absolute ]erk (time rate of change of acceleration) ‘while starting and stopping. Above a
speclfied speed friction braking to meet the minimum deceleration criterion is optlonal
‘ Electrical braking (either regenerative or dynamic; i. e. , resistive) is optional and -
governed by the motor torque specification when the motor is in the generatmg mode, i.e.,
negatlve torque applied to motor shaft. A motor speed may be specified to switch from
regenerative to dynamic braking when the train is decelerating. However, regenerative
. and dynamic braking cannot be concurrent although the design of the system might permit
' this, Electrical ‘braking is limited by the maximum deceleration criterion. The program
~also accounts for system dead times and specified station dwell times as well as head
and tailwinds, -

-

For purposes..of this program, the propulsion system is considered to consist of three *
;inajor elements: power controller, traction motor and gearbox, ' '

5-88. . - | R78~14-2
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Motor performance is specified in tabular form in both the motoring and generating modes
wherein shaft torque is given as a function of shaft speed (rpm). The program is based

on the assumption that both tables (motoring and generating) are, at most, double valued
functions of shaft speed. The gearbox losses are also specified by similar tables of shaft |
speed, The gearbox losses are also specified by similar tables of motor shaft (counter)
torque versus speed which, at the user's option, may be different for each operating mode,
An additional deg‘ree of freedom allows specification of a maximum efficiency for the gear-
box. The power losses for the motor are also tabular, the loss being given as a function
of both torqué and speed. Tables for each mode of operation must be provided, Power
dissipation in the power control electronics is assumed to be independent of motor/generator
speed, but a function only of torque. (In this system torque is approximately linearly
proportional to motor current.) Again, tables for both motoring and generating modes
must be provided. All tables are assumed to be polygonal functions, since the program-

is coded to interpolate linearly in the tables, Extrapolation has not been provided for
within the program, so that adequa(:e bounds must be included in all tables,

Rotary inertia, i.e., inertia of rotating parts, has been accounted for in the analysis by
increasing the actual train mass, m, by a m\;ltiphcatiﬁre factor, p> 1, so that the effec-
tive train mass is pm,. It can be shown that if the actual moment of inertia, I, with
respect to the wheel speed, is known, p =1 + I/mrz, where r is the rolling radius of the
wheel. Those parts'which rotate at speeds different from the wheel must have their
moments of inertia multiplied by the square of the speed ratio before summing to obtain
the total effective moment of inertia,

Train resistance is the result of coulomb friction, viscous friction, and air resistance.
. The accepted formulation of train resistance, for purposes of analysis, is the Davis
Equation or modifications of it. All forms differ only in the values of the empirical
constants and are functions of train weight, (more precisely, the normal force on the
track) numbérs of axles and cars,and train frontal area, as well as train speed, Fbr a
given train configuration the train resistance is a quadratic function only of speed, pro--
.ded the track is straight and level. If the track is on a grade, the traﬁtin weight is eésily
resolved mté the two forces which are parallel and normal to the track, The former force
is algebraically added to the train resistance and the latter force replaces the train weight
in the Davis Equation. Track curvature effects are not as easily resolved since tahese :

R78-14-2 - : ' © 5=39
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effects are dependent on train speed and the track bank angle, as well as the track curva-
ture. I has been assumed in the analysis that the bank angle of the track is precisely
what. 1s required to cancel lateral forces as the train negotiates the curve, i.e. )| a
"coordinated turn. " Even with this assumption the effect of track curvature is dependent
on train speed in such a way that the total train resistance would no longer be a' quadratic
function of speed Because the effect of track curvature is minor compared to: other .
effécts, it has been approximated so that the quadratic nature of the total train resistance
f‘ _is not disturbed The analysis of this approximation appears in Appendix A,

'Becau__slef pbropulsive and resistive forces are essentially functions of train speed, either

-directly or indirectly (as in the case of motor shaft speed), train speed was cho‘sen as the
; A_'independent variable and the format of the output data reflects this choice: All parameters
" .are presented as functions of train speed, V, as can be seen in the excerpted sample run

’ ':(see next four pages). For brevity, only the first page of input data is included here. All
:other 1nputs are tabular: torque-speed tables for motoring and generating and gearbox
,counter-torqu_e; and power losses (both motoring and generating) in the traction motor as
Wéll’ as' the‘ power controller. Output data for the first 27 segments have been omitted' |
;only the final segment output is reproduced. The output headings are, for the most part,
self-explanatm y. All values are instantaneous except for time, distance, and’ energy

- which are cumulative from the beginning of the segment. These three parameters are '

. _also totaled from the beginning of the first segment to the end of each succeeding’ segment
- ofa transit route run, The interpretation of the signs attached to the numerical output
. may, need ciarificatiom negative  ACC(eleration) is deceleration; negative JERK, similarly,
is an’ acceleration rate opposing the direction of train motion. Negative (total train)
: RESIST(ance) implies a force tending to increase the train speed while (train tractive)
: EFFORT being negative implies a force that tends to decrease the train speed ‘Negative
, motor TORQUE indicates that the motor is acting as a generator. Since the column
‘-designated POWER is the power at the motor/genérator shaft and calculated as the product
of (motor) TGRQUE and (motor rotational) SPEED, its sign must be necessarily- the same .
" as TORQUE. .The last three columns are never negative since they represent power -
dissipationsin 'the various components: CEPD in the power control electronics, MG'PD'
l'in the motor/generator, and GBPD in the gearbox. ,The average values of these last three
parameters are calculated analytically from the beginning of the transit route and printed
~\at the end of. each segment. However, the AVERAGE ABSQLUTE, ROOT MEAN SQUARE,

B U S | E . R78-14-2
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AT LIST ¢ 10C FT = GKAPE CrANGES T8 15CC0O 3
AT DIST « +GO FT = SPEFR ChANGES TO  6C,(CC MPH (REG)
AT DIST = +0C FT « ENTER CLRVE ( 8333 $EG)
AT nJST e 3335,00 F7 - ExIT CLRVF ( +8333 CEG)
AT DIST ¢ 3335400 FT » GRADE CHANGES TO 140171 %
AT NIST a 3960400 FT o SFEED CHANGES T8O «GCO MPH {END)
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and ROOT MEAN CUBE of EFFORT (MOTOR) SPEED, TORQUE, and POWER l as well
as RMS 'LINE POWER are numerical averages of the printed values and depend on the
prmt mterval chosen generally more accurate for smaller intervals, B

The b'ae-ic equation governing the motion of the train is:
DmV H- R, ‘ , . '_ (1)

where g is a factor to compensate for rotational inertia (discussed above), m is the
mass of the train, V is the time rate of change of speed (acceleration), H is the total
tractive effort, and R is the total train resistance. Since H and R are functions. of v,
equation (1) can be rewritten in the form RS

o .:dt -_-EE dv ) (2)
S0 that the time to change fran say, speed, V,» to speed, V,, is found simply by inte~

grating in closed form (since H is piecewise linear in V, and R is quadratic in V)
|

g =t —omf . _ 1 | @),

If s 'i.sf"'defined as the distance the train has moved, one has

_ dv - dv ds _ dv . R
,,V,,_—‘-d-f-—'a'ga'-ag v, - (4)
S0 that combining equations (1) and (4) yields

Vv

s TPmOFTR

av . : - S B)

Hence the distance covered in the time interval t, -t is found by integration.ag“ain:'
e 2w |
Sz-Sl=pm.j R o (6)
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SR after changing the variable of integration from time to speed:
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Acceleration is giVen directly by equation (1).

(H R) M

G e ab H-R d
- I'g-—-'—-'=’V T —— (_H-R)
dt o W ‘ (am)2 &

_ The consumed energy is the integral of power over the appropriate time interval This
: computation is made by evaluating an expression obtained by integration in closed form

‘ 2
det nM£ p—— =nMpm[ %—_(%)d‘(. ()
V
here E is the energy used by the traln, 0y is the total number of motors per train, :

: and P is the power (input for motoring, output for generating). Since the integrand in
equation (9) is the quotient of two quadratics in V, the integral can be expressed in terms
of: elementary functions. The power losses in the various components must be’ accounted
-for in the expression for P, however. An analysis of these losses as it applies to ithe :

progra.m is shown in Figure 5.4-1, - Symbols not already defined are ng : the total number |

of gearboxes per train; M: the motor/generator torque; M the gearbox counter torque,

n: the gearbox maximum efﬂciency (limited at zero ‘Speed); «w: motor shaft speed in
radians per unit time, EI: electrical power; and AP- power losses in components desig—
nated by the subscript. The gearbox loss is given by the expression below the dppropriate
'box. It should be noted that the values under the column in the output format designated
POWER (per motor) are precisely the values Mw in the figure. '

Besides the limits on all the required integrals having to account for the "breaks" in

~ tables, i.e.,. the tabular arguments, the specified limits on acceleration, deceleration,
and jerk must also be considered when obtaining these integrals., The critical speeds at
which the limits on these integrals must be supplied are defined in Figure 5.4-2. Notice
that train acceleration (V >0, o= +1) does not necessarily imply motoring © _+1), nor
does train deceleration (V <0, &= -1) imply generating (c = -1),
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Figure 5.4-2. Depiction of Critical Speeds
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For the hypothetical curves shown, the path followed by the computer program would be:

for accele ration,

=

‘to U along positive jerk limit curve

to T along acceleration limit line
A
to V along motor design capability curve

=X

to along negative jerk limit curve;

<> c‘;lv

Ukt

for deceleration:

U, to Q along negative jerk limit curve E
yA_ to Y along generator design capability cufve
Y to Y along maximum deceleration limit line
Y to X alongigenerator design capability curve
% to X along minimum deceleration limit line .
;( to Uk +1: aiong positive jerk ilmitlcurve.

This deceleration path implies no high speed friction braking. For the case in which the
hlgh speed friction braking is desired, the first two steps should be replaced by the

following three:
Uk, to 9( along negative jerk limit curve
. 9{ ~to X along minimum deceleration 1imit line
% to Y along generator design gapability curve.

Because the expressions for the output paramefers are dependent on the integration path, .
it {g necessary to have a logical structure to determine the integration path so that the
proper expressions will be implemented. Figure 5.4-3 depicts the program branching
network to analyze the various possible cases for both the acceleration and deceleration
states. The "primed" cases are those for which the torque~-speed curves are double
valued. » Not shown is the dichotomy for the high spéed friction braking option., A inbré
complete’ logic diagram, given in Appendix B, depicts this branching. For clarﬁ:y,- the

R78-14-2 . - § - 549
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various cases are delineated in Figures 5.4-4 and 5.4~5, as speed~acceleration diagrams,
The shaded areas in Figuré 5.4-5 indicate friction braking. It can be seen that the break-
down of cases by quan numerals is governed chiefly by the relative magnitude of the
limiting acceleration or decelerations, while the limiting speeds influence the designations
by the Roman letters.

5.4.2 PERFORMANCE REQUIREMENTS

The major performance requirements affecting propulsion system design characteristics
were based on an AW1 car weight of 95,200 Ib and operation of a single car at a 600-volt
nominal 3rd rail voltage.

Two sets of requirements were postulated: one for operation over the ACT -1 Synthetic Transit

Route (characteristics of this route are tabulated in Appendix B)of the HSGTC. at. Pueblo,

Color‘ado;;the other was a set of discrete requirements. These can be summar,‘i.zed‘ as follows:

Synthetlc Transit Route

e - For'the conditions of new wheel diameter (30 In,) almd no wind, pro-
_pulsion system energy consumption over a round—trip shall not exceed

'10 2 kW-hr/car mile when regenerative braking is not used. With °
.regenerative braking and a fully receptive line, consumption shall not

* exceed 6,4kW=hr/car mile.

R ) W_ith no time allowance between clockwise and counterclockwise runs, |
- total round trip time for the 18.5 mile distance shall not exceed
39 minutes. '

Discrete Requirements

‘e Under the conditions of no wind and level tangent track, the railcar
. ;'.shall be capable of maintaining a speed of 80 mph continuously with -
_either new (30 in.) or worn (28 in,.) wheels.

® ,-:Under the conditions of level tangent track and a 15 mph headwind,
' ‘and with either new or worn wheels, the railcar shall be capable of
_ ,xintermittent 80 mph operation,
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Note: Heavy fives iidicate
path takeu by prograu.

-<

o Figufe 5.4-4, Diagrammatic Definition of Cases in Accelerating State
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.With no wind and with either new. or worn wheels, the raflcar shall be
. " capable of maintaining a speed of 70 mph ona positive 3% grade for a
b distance of 6,000 ft.

Under the conditions of level tangent track and no wind and with new
wheels, the raflcar shall be capable of meeting the following acceler— '
' ation requirements-

.= . .3.0%0.2 mphps to 25 mph
N From stop, travel 700 ft 1n 20 sec (from input signal to

- the controller) : ,
- . - From stop, reach a speed of 60 mph in less than 38 sec.

Under the conditions of level tangent track no wind and new wheels,

E dynamic braking alone shall provide a deceleration level of -3 0% 0 2
'mphps from 80 mph to 10 mph. _

For the case of new wheels, regenerative braking shall be available
_'_3from 80 mph to 25 mph.

E Jerltj: rate shall.not excesd 2 mp‘hp.sps.‘

In addition to the above, thermal design criteria for the propulsion system equipment

- were, specified as follows:

B The continuous thermal rating and design shall be based on operation over
‘the Synthetic 'I‘ransit Route, '

. The maximum capability thermal design shall be based on a duty cycle
e 'consisting of full power acceleration to 80 mph followed immediately
,' '.j(h"o- steady-state) by full dynamic braking (supplemented a: low speed
N :with'frictionl braking) from 80 mph to zero, rest for 20 sec., and then
~_repeat over a 30 min.period._ (This assumes that operation is within’
:_"»the;.;acceleration, deceleration, and jerk constraints previously _stated. )

5 4 3 ANALYSIS RESULTS

Two. types of computer runs were made to evaluate train and propulsion system per-

formance characteristics

1

5-54

Round—trip runs over the ACT-l Synthetic Transit Route consisting of
28 segments
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(2) 'R;in's':pver single segments to verify ""discrete'' performance
requil_:‘ements.

In the niotoriﬁg rﬁode, motor torque-speed characteristics as verified by laboratory test-
ing were usedc In the braking mode, similar test results were not available for the full
torque-speed range; therefore, braking capabilities as calculated by the motor deslgners

were used.

Synthetic Transit Route

One car at AW1 weight (95,200 1b) was operated over the ACT-1 Synthetic Transit Route
while using dynamic braking supplemented with friction braking at low speed. System
dead times, si;atiqn stops of 20 sec., and jerk, acceleration, and deceleration constraints -

were included.

The results fn"dicated a round-trip time of 38.3 min for the 18.5 mile run and an energy
consumption rate of 9, 80 kW-hr/ car mile. Both .these values meet sgecified requirements.
Other'resulfé of interest, particularly for systém thermal design, wWere as follows:
®  Average motor power output — 280 hp
® Average power dissipation (each)
- .~ .. Gearbox - 10.4 kW
-~ Power Control Electronics - 11,6 kW
- Motor - 16.1 kW. ‘

- In the case of a 2-car AW1 weight train, energy consumption is reduced to 9 20kW-hr/

car mile whﬂe round trip time remains essentially the same.

For the case of a 2-car AW3 (130, 000 lb/car) train, round trip time is 40,2 min. While )
energy consumption is 11,78 kW-hr/car mile,

In the case of regenerative braking and a fully receptive line, énergy consumption' is‘

6. 07 kW-hr/car mile for single car AW1 operation and 5.41 kW-hr/car mile for a 2-car
train — agam within specification.

R78-14-2 | o ~ .5=55
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Thus'it ‘eppears f_hat all Transit Route related performance requirements would be met
by the system design. ’

Single-Segment Runs '
ReSults from rheSe runs can be summarized as follows:‘
S e . U’nder conditions of level tangent track, 28-inch wheels and no wind, a

motor output (each) of 254 hp is required in order for a single AWl -car
L _to maintain 80 mph, ‘

o : U'nder conditions of level tangent track, 28-inch wheels and a 15 mph
'headwind a motor output (each) of 334 hp is required in order for a
. single AW1 car to maintain 80 mph.

- @ . Under conditions of tangent track, 28-inch wheels and a +3% grade, a . -
. motor output (each) of 455 hp is required in order for a single AW1 car
" to maintain 70 mph.

-For all the above cases, the power output requirements would be shghﬂy less for the '
case of 30- inch wheels. i

" Since power outputs exceeding the above values have been demonstrated in the laboratory,
speed capability requirements are considered to have been met. '

_ Acceleration capab1lit1es were analyzed for a single AW1 car for the conditmns of level
tangent track 30—inch wheels, and no wind. Dead time (0.5 sec), jerk, and acceleratlon/

o deceleration 11mits were included.

‘ Speed and distance as functions of time are shown in Figure 5.4-6. It can be seen that
a speed of 60 mph is attained in 32.4 sec, and that a distance of 705 ft is covered in 0 to
20 sec. Both-values exceed specified requirements,

The accoleration/deceleration profile for this case is shown in Figure 5.4-7., It canbe

seen that acceleration varies from about 3.0 mphps at start to about 2.9 mphps at 25 mph//
v In the case: of braking, the motor output is adequate to maintain the required deceleration

level from 80 mph to below 10 mph.f Thus friction braking is reguired only at low speeds.
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The vehicle operating profile and motor duty cycle corresponding to the maximum capa-
bility thermal design are also plotted. In Figure 5.4-8, acceleration and deceleration
levels and vehicle speed are plotted as a function of time. It can be ﬂse‘en that the rail
car can reach thé maximum speed of 80 mph in about 65 sec. Braking from maximum

- speed to a stop takes about 27.5 sec. The corresponding motor duty cycle is shown in
Figure 5.4~9 in which torque and power output and mctor speed are plotted versus time.

Other results derived for this case were as follows:

Distance to reach 80 mph from zero — 5,118 ft
Distance to brake from 80 mph to zero —1,5 87 ft
Average motor output over complete cycle — 408 hp

& 8 o o

Average power dissipation (each)

- Gearbox — 15.8 kW

- Power Control Electronics — 12,6 kW
- Motor — 20. 1 kW.
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5.5 SYSTEM SIMULATION AC TIVITIES

5.5,1 C[NTRODUCTION

Early experlence with the ASDP propulsion system revealed development work in the
-laboratory to be time: consuming, Further evaluation indicated that much future: -develop-
ment work especially that involving the verification of closed loop control functions,
could usefully be performed by means of a computerized simulation of the system. - In
add1t10n, it was observed that certain functions, such as spin—slide control, could not be
dlrectly tested in the laboratory but could be evaluated in a simulation. This led to the
-initiat_‘i‘otl; 'of an effort to develop a computerized model of the system and to intei'face this
model‘ witll the ASDP train control microprocessor in a hybrid system simulaflod.'

" BJ5. 2 SIMULATION EFFORT OBJECTIVES

The mmulation effort was planned in two phases. The lnitlal or short range phase com-
prised a.ll development tasks directly supportive to the laboratory development, mtegra—

' ,tion, and test of the ASDP propulsion system. The second or long range phase com=

: prised those tasks supportive to the operational development of the system at the Pueblo -
test s1te and/ or transit system properties. These tasks are summarized as follows:

Simulatlon 'Obj ectlves — Short Range

1. The ver1fication of closed loop stability and control characteristics in response to
K 1nput commands. This included separate verifications of the motoring, dynamlc braking
and regenel_'atwe braking modes.

| 2. The development of microprocessor software and control algorithms by performing -
the initis.l development in a Sigma 7 computer uslng Fortran language. This development
was planhe‘d:foxj both braking modes. It i{s a simpler task for the motoring mode' and was
accor‘npllshc’d. prior to initiating the simulation effort by using the microprocessor to
vcrIfy the z;_nalyt'ical formulation of the control algorithms.

3. The veriﬁcation of microprocessor software for all modes of operation and for
transitionmg between modes.

5-60 R | B . R78-14-2
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Simulation Objectives — Long Range

. he evaluation of motoring mode spin control characteristics.

‘2.‘\ | The evaluation of regenerative and dynamic braking mode slide control characteristic S.

he'evaluation of system characteristics when interfaced to a simulation of a "real
: world'.

representative voltage transients. Evaluation would include- ' _
" 5Stability evaluation of both the motoring and regenerative braking modes o

3rd rail voltage source having complex impedance characteristics and experiencing

b‘: 'Mode sequencing and system shut-down when operating voltage limits are exceeded

i

"5, 5. '3 ‘SIMULATION DESCRIPTION
R EE ST Stmulation Configuration

The approach employed in the development of the simulation was to use a microprocessor
"identical m hardware and software to that used in the ASDP propulsion system. As illus-
‘ -trated by Figure 5.5-1 this microprocessor was interfaced at the analog and discrete s

s1gna1 level via a hybrid coupler to a XEROX Sigma 7 digital computer. The hybrid
: coupler is actually the A/D and D/A conVerter portion of an EAI 8800 Analog Computer.
- The latter and the ‘Sigma 7 are the nucleus of a general purpose hybrid simulation com-

puter facility at Delco Electronics. Some of the desirable features of a simulation in the
- above configuration are: :

:'ilv.r':j'_';.',The need to emulate microprocessor computation in the general purp se,. 4
- : -computer are obviated. .
| 2 - The microprocessor software employed in the simulation, including that-f S
- _ 'portion involving the 1/0, is identical to that for the operational system. -
'8, Ttis possible to record, via a strip chart the analog signal representa— o
‘:_ : 'tion of the key vehicle parameters, ' =

‘Figure 5.5 7—"2 '“c'omplements Figure 5.5-1 by showing a complete tabulation of sig"nals as
- found at the microprocessor 1/0 and Sigma 7 computer 1I/0 interface. The pointers not .
.tended to the-Sigma 7 I/O interface indicate these signals were not used in the .
- -simulation. e ‘
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o f Control Discrotes
P Signal———] »
RN : ~HYBRID . SIGMA 7.
TRAIN COUPLER . R
CONTROL | _ Outputs . :
up — | <> .
/0 Commands) (GENERAL
Traln ; PURPDSE
 Line f:> , <: (A/D AND D/A : DIGITAL.
Inputs . Inputs CONVERTERS) _ COMPUTEB?
. N {Motor Current, :
Speed, etc.)
Vehicle Paramster;;:
STRIP Jork
CHART Accel
Velocity
Distance

. Figure 5.5-1. ASDP Hybrid Simulation

2

' 5 5 3 2 §ystem Model Description

In the ASDP gsystem, the primary control ""P'" signal is a tractive effort command that is
related to a desired acceleration/deceleration level and to the propulsion system torque-
speed output capabilities. The velocity loop is not closed other than through manual con-

" trol of the np signal by the operator. By multiplying the tractive effort command by a

vehicle weight factor and wheel radius, a computation performed in the microprocessor,~
a torque command is obtained. Also if motor current and either motor voltage or motor
speed is properly interpreted developed torque can be calculated. The error signal re-

- sultinig from the comparison of commanded versus developed torque is the primary control
~ signal in the ASDP system. Inthe motoring mode, this signal controls the VCO (Voltage

Controlled Oscillator) frequency and in the braking mode the signal controls either the

‘ 'level of field excitation (via the VCO) or the phase gating angle of the braking SCR's.

Figﬁre 5.5-3 provides a s_implified illustration of the previously deseribed calculations
an_d of closed. loop control of the system in-the motoring que.' Although not illustrated .
in the figure, the system model simulated in the Sigma 7 computer did include the inertia .

sz | o . _R78-l4-2
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“Figure 5.5-2. Simulation Interface Diagram

oy

h

NOILVHOJHOD SHOLOW TVHINID o SNOLLVHEJO VMVSNVE VINYS o NOISIAID SDINGHLDF13 05713Q



Fo~¢.

R

INVERTER |—»=

FILTER
LINE |

I
I

|

|

{
{

|

i

|

|

i
:
| "INDUCTOR.
|

|

I

I

|

|

1

[
L

Vine
(Third Rail)

W Weight

RESONATING |

.- Command

" -PORTION-OF SYSTEM SIMULATED IN.Z7 COMPUTER " - -

curments | ) ol cveto-

TRANSFORMER 'CONVERTER [ ™[ —™]
I ) o
Commutation

Coatrol

CURRENT [ ;
SENSE [

FIELD

VCO Frequency

- MOTOR CONTROL ELECTRONICS -

‘Rotor Positio

e Mot'or Current

“P” Signal -

S

o | oeveroren [ vmater
Te=Vde| - - TORQUE - " aote
- COMPUTATION je—n0ior )

:Si:ead_

Ta

TRAIN CONTROL ELECTRONICS
"(MICROPROCESSOR).

NOLLYNOJNOD SHOLOW TVHINID o SNOLLVHEJO VHVEHVE VINVS o NOISIAIG $OINOHLOTIE OD7aa




-

. [}

) generated torque, .

DELCO ELECTRONHCS DIVISHON ® SANTA BARBARA OPERATIONS ¢ GENERAL MOTORS CORPORATION

of the motor-gear train and other truck rotating components and the drag of the vehicle.

: Thus- ‘e" n-loop -computation of the velocity profile was possible, No considera _on was

osing the velocity loop through the manual operator. Models for the. braking
modes :are.not 111ustrated but are similar, although more complicated, .

' The simulaticn of the system in the Sigma 7 computer was being developed as an empirical

rather than an analytic model. Also, the static and dynamic characteristics of the model

’ were being developed separately. This approach is convenient since a vigorous analytical ,
' , description of the inverter, cycloconverter, and motor would be extremely difﬂcult to

develop and verify The static portion of the model programmed in the Sigma 7 computer .

. is depicted by tables of motor torque versus VCO frequency at various speeds, as shown
:-;‘."‘:"“i,_'.in Figure 5 5-4,  This. figure is based on laboratery data obtained with the system oper—
i.ﬁated open loop. A planned but not completed task was the development of additional sets
; »:‘_of curves for all Iline voltages of interest, It was further planned to model the dynamics
“of the system by sinusoidally. modulating the VCO command to the motor control elec-

-tronics in the system test laboratory and observing the response gain and phase shift in.

4 i
: !
f

It was felt that a model of the empirical dynamic response characteristic was not needed
to pursue the short range simulation objectives as previously described. This is because

it is expected that there is one predominant lag in the loop and it is determined by a de- _
sign controlled lag in an electronic circuit. This is the lag in frequency change versus _
command in the VCO. This lag can be analytically described and simulated, -~ BN

A second, possibly signiﬁcant lag in the system involved the motor flux lag due to the

: f1eld 1nductance. it was felt that the open loop phase—gain response data would be needed .
“fo. eva.luate the significance of this lag.

5 4 ACHIEVEMENTS AND STATUS

' \t the time of ASDP program termination, the simulation effort had progressed to the

point where the Sigma 7 computer had been programmed as discussed in paragraph 5 5 3
and the program verified. The verification was accomplished prior to interfacing the '

- 'sigma T computer with the train control microprocessor. It was accomplished on an open N

loop. basis by simulating the inverter VCO command signal and substituting it for the -
'signal normally furnished by the microprocessor. St

,_R.78_—1452"‘ . S . 565
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MOTOR TORQUE-FT-LBS
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- Figure 5.5-4. VCO Volts vs Motor Torque
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tion, of th‘e VCO command is shown by channel 5 of the recording.

system is shown in terms of generated torque (channel 6), ]erk (channel 1), acceleration :
(channel 2), velocity (channel 3), and distance traveled (channel 4), The plot of distance
traVeled 1s reset every 1, 000 feet to enhance the granularity of the display. The drag
torque (channel 7), as derived from the Davis drag equation, was subtracted from the
generated torque in the implementation of the computations., This simulation was not

‘ expected to show specified system response characteristics in terms of acceleration :
.and Jerk rate because nonlinearities in torque versus VCO voltage and speed were not

incorporated into the model. The compensation for these nonlinearities would ultimately

be made in the, microprocessor.

- An effort was imtiated to simulate the compensation on the Sigma 7. An algorithmi;de-

rived from the graph -of Figure 5.5 -6 was programmed on the Sigma 7 so as to control

" the rate of VCO frequency change as a function of VCO voltage and vehicle speed. .This

graph is based on empirical system performance data. It was planned to verify this part
of the computation on the Sigma 7 and then'to reprogram it in the microprocessor. .

In an effort which paralleled the simulation work, a train control microprocessor was
fabricated verified at the unit level, and interfaced to the Sigma 7 as illustrated_{pre-
v1ous1y by Figures 5.,5~1 and 5.5-2, Operational verification of the interface w ‘"imtiated
but’ dld not progress to the point of signiﬂcant results. ' '
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5. 6 .BMAJOR COMPONENT CHARACTERISTICS s

5 6. 1 GENERAL

This section describes the characteristics of the major components of the propulsion sys-
tem. A hardware family tree of this equipment, along with the applicable assembly draw- -~
mg numbers, was shown in Figure 5.1-2. Lists of the complete drawmg package and of
‘the applicable specificatlons can be found in Appendix C.

Discussed are the functional requirements for the equipment the design approach taken
and the functional and phySical descriptions.

The chmatlc, shock and vibration, load and acoustic noise requirements for the eqmp— -
ment are glven below. '

Climatic Conditions

. Maximum free stream ambient air temperature: - 125 F
Maximum undercar ambient air temperature/humidity: ( ‘1500 F/ 10%
S L o : - 110%F/50%

“. Minimum ambient temperature: - o . _25, F -

' Humidity: o | 2% to100%
o Salt: Coastal air environment (20% salt-laden mixtures) s '
= - Altitude: Sea level to 5,000 ft

'ff.z{Water spray: Conditions associated with car wash!ng and steam cleaning

f:'}j Fungus- Exposure to moist fungus

g ':.Sand and Dust: Exposure to a sand and dust density of approximately
: ’ 0. 05 gra.m per cubic foot.

e elae’e e 0 ﬂif,.%*-

Vibration -and';lsh_ock Rﬂulrements |

e ' Car Body Equipment - ' 0.4g Vibration at up to 100 Hz
' o C : 6g Longitudinal Shock -
s 3g Lateral and Vertical Shock = . - *
i ‘ 'Y ‘Truck Frame Equipment 6g Vibration at up to 100 Hz- in all directions

15g Vertical Shock
S ’ A 10g Longitudinal and Lateral Shock -
e - -Axle-Mounted Equipment 8g Vibration at up to 100 Hz in all directiois
' ' _ : 100g Vertical, Lateral, and Longitudinal
shock,

5-70° . - . A . R78-14-2



tli,effi_‘rs and‘second body bending frequencies of 8 Hz and 15 Hz.

Loe“drfﬁédiiirements (Car-Body Mounted Equipment)

Normal Operation

;’; The equipment shall withstand without permanent deformation, the ollowmg
1ndependent loads: .
Longitudinal: 6g

Vertical: 3g
Lateral: 3g

Loss of One Support

- The equipment support shall be canable of Withstanding the followin’égi’inde-

pendent loads after the loss of any single support. The deflection of the
' equipment shall not violate the clearance envelope: {

I.ongitudinal : 6g:
' Vertical Load: 3g
Lateral Load: 3g

N01se Requirements

Equipment noise measured prior to installation shall not exceed the levels specified below
at a distance of 15 ft and under any operating condition: ' '
Traction Motor: - 75 dBA

Gear Drive: 82 dBA
Other Components: 65 dBA

5 6 2 ELECTRONIC CONTROL UNIT

Thc electromc control unit (ECU) contains the train control electronics (TCE), motor :
control electronics (MCE) and the associated power supplies and system vital relays
ol 8. 2 1 Tram Control Electronics '

5 b 2 1, 1 Requirements I
'The ASDP TCE provides the. interface control for the propulsion system of the railcar. It

receives‘inforrnation from the master controller, train lines, synchronous bral{e system

R78-14-2 STt
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tractio, motor.. In turn, it provides the control functions required to operate the railcar.

5. 6 2 1 2 Design Approach

.A tradeoff study was conducted during the early stages of the program to evaluate the use of
a microprocessor versus hard wired logic for the ASDP TCE. As a result of this trade -
study the microprocessor approach was recommended The rationale for thls selection
is. d1scussed below. S

Advantages of the Microprocessor Approach

Increased flexibility — Changes can be- accomplished by reprogramming the

microprocessor. With the availability of portable (suitcase type). programming
R equipment, this can be done at the test site (Pueblo) or at the various tran31t
e properties. ; ’ .

B

‘;Reduced amount of low level electronics — The use of 2 microprocessor

~A7j«!_’, ,'results ina significant reduction in integrated circuit package count This
Lo produces a simpler design, a smaller package, and eventually a lower

‘-‘manufacturing cost.

N Inc‘:reased reliability — Reduced number of devices and interconnections re-
¥ sults in higher reliability and lower maintenance. o

e o N Reduced engineering/design time — Circuit design, breadhoarding, and hard-
7 ware debugging effort can be reduced The availability of developmental sys—
tems can assist in this. S

e 'Diagnostic techniques are easy to implement -~ Monitoring and fault locating '
can be simply implemented and simulator can be incorporated into the ' "
. software.

s-12 | | T R78-14-2
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Disadvantages of the Microprocessor Approach

New approach — Microprocessors have not been applied prevmusly in’ this
‘application. Different engineering and technician skills are required to imple-
*" ment and maintain this equipment Additional training will be required for
support personnel E ‘

Major programming effort required — The software development effort may
. offset the engineering time saved in hardware developmeht. "

_: . . Reprogrammmg requires special equipment — To make use of the flexibility to
B . make software fleld changes, special portable (suitcase type) equipment is
G required with appropriately trained personnel,

J Summaryr .i
.On the basis of the trade study conducted, the use of microprocessors appeared to be an

attractive solution for the ASDP TCE. The potential advantages for transit car production
programs in terms of equipment cost size, reliabflity, and maintainability ar" {

ven

more pronounced _ L Lo

5. 6 2 1 3 TCE Desﬁgg Description

. The TCE consists of 1/0 circuits, a microprocessor, power supplies and vital relays.

- Input/ Output Mechanizatlon and Characteristics

The mechanization for the' TCE 1/0 is shown in Figure 5.6-1.

The basxc ‘hardware design for inputs consisted of 32 multiplexed, differential,. A/D con-
verter (S—bit) analog inputs; 32 multiplexed, discrete inputs; 2 A/D converters (8 and 10
'bits), 14 discrete inputs; and 2 digital clocked inputs. : ;

The baSic har‘d\:yare for outputs consisted of six 8~bit D/A outputs and 30 digital—ope‘n ‘
lector outputs. Total 1/ Q, descriptions and signal response times are shown. in .
ThbkaS 6-I - ' SR

Circuits within the 1/0 which required special consideration were the synchronous brake
system (SBS)/ P-signal transformation and the No Motion relay which had to be .Fail Safe.

R78-14-2 - | 2 B-73 .
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. Z-bT-8.8

GL=G

Digital-open collector feedback output

{ { { { i { { { { { | ('« q ¢ {
A'\I,g”gaaén U‘; d;- - N ,Descriptioh o 'R‘espOnsfé T‘ime »,»z;_‘_i};‘;‘.‘-‘;’;v{,‘_
| 32 24 Mul+|plexed duffel;’entiai A/ D converter - "TSélectqsle\-N{and ks;"etfl‘mg t.|‘r;1é
~ - | channel inputs (8 Bits) =~ - =<30us/input. :
32 28 | Multiplexed, discrete - channel inputs Select and slew time %4us/input
2 1 | A/D converter-channel inputs (8 &10 Bits)| Settling time <27us/input
14 11 Di'screte - channel inputs | Response time %zuslinput
2 2 | Digital clocked inputs | Response time 0. 5ps/input
6 _5 | 8-bit D/A converter output Select and settling time .<25usloutput_
p) 8-bit feedback output Select and settling time =25us/output
30 17 B Digital-open collector hex inverter output | Select and switching time=1us/output
' 8

Select and switching time =lpus/output

TOTAL 1/0 AVAILABLE = 118

| TOTAL 110 USED

<101

. ~1 s (1049 us) reqwred to serwce

<1.5 ms (1. 351 ms) required fo
serwce 118 /0 ports

101 1/0 ports.

Table 5.6-1. TCE 1I/0 Design Capability




i

The total" I/0 capability of the TCE as designed was 118 analog/ discrete s1gnals of which -
a total' ‘f<101 were used. ' i

'Input and output signal characteristics of the TCE I/0 are described in Des1gn Speclfica— '
. tions EE 75 S-295 and EE-75-8-296., These are summarized in Tables 5. 6- II and 5. 6-1IL,

Included in the tables are the characteristics of the T/L, SBS, feedback, cross-coupled
motor and motor control and interrupt (QSD) slgnals. :

Shown are signal function, signal type, signal scaling, analog scale factor, digital/discrete
;scaling, response and setting time, tolerance, multiplexer number and channel and the

» 'RAM memory storage location,

Microprocessor Mechanization and Characteristics

_The processor used in the TCE is the Intel 8080 8—b1t microprocessor. The 8080 icro-
processor has 111 instructions in its instruction set. An Intel 8224 chip prov1des the
basxc system clock and reset. The clock is a crystal controlled oscillator. An 18 MHz
crystal 1s used to result in an output clock of 2 MHz. A 8228 chip is utilized to. generate
all signals required to directly interface with RAM, ROM and 1/0. Due to the large
number of 1/ O ‘however, additional drivers are used on the address and data lines. '
The basic block diagram is shown in Figure 5.6-2.

.The memory is comprised of 2k RAM and 8k EROM. . The EROM used is the Intel 2708
‘This is a 1kX 8 unit and they are used to. store the program and conversion tables. . Address
decode for the memory is provided by three '74154 4 to16 line decoders.

There are 18: digital input ports and 16 digital output ports. Each of these ports is'an
‘ Intel 8212 which is an 8-bit input/output device. In addition there are 6 DAC’ connected

“to the output bus. Analog device 7552 chips are used for the D/A conversion. There are

also 6 ADC. The A/D converters interface with the CPU through input ports 00-06. Ports*
00-04 are for five 8-bit A/D. Ports 05 and 06 are used for a 10-bit A/D. Analog Device '
7570 chips are used for the A/D conversion. Six 74154, four-to-sixteen line decoders are

: used for multiplexer and mput/output selection.

°-7?> e S o ‘ - R78-14-2
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[ Interface gigrai characteristics Signal I Signal Analog Scale Digital/Discrete | Response | Tolerance | MUX. No. | Memory
. Type Scaling Factor -Scaling/Phase | & Setting & Channel | Storege
) : Time Location
* == - ’
3.2.1 T/L Inpute A _
B 3.2,1,1 P-Signal __ A , 0-10Vde | 10V/amp 4mA /Bit £30 4 £1% - 216E, 216D
3,2,1,2 Forward command (FWD CMD), Discrete 0—+5Vde 1-FWD 4-1 201F
| ~_3,2,1.3 Reverse command (REV CMD). 1-REV 4-2 2037
3,2.1.4  QSD/P-signal inhibit, - 1 D - -
3,2.1.5 Comrol station 1 -control 4-3 304F
[ 3,2,1,8 Propulaion-reset, 1-reset $-4 2087
3,2,1.7 Perking brake ON/OFF 1-OFF 4-3 TF
3.2.1.8 Regeneration enable. l-regen 4-6 2097
3.2.1.9 Friction brake on. 1-brk on 4-7 20AF
3,2.1.10 Mode control. y 0—>5Vdc 1-drive 4-11 JIDF
L 3.2.1.11 Propulsion trip. Discrete 5Vdc—+ 0 O-trip. 5-12 3138
3.2,2 Synchronous brake system (SBS) inputs,
1 3.2.2.1 Electric brake-inhibit. Discrete 0 -»5Vde 1 -inhibit - --
3.2,3 Other train equipment and function inputs.
3.2.3.1 Low voltage (B+; ). _ Discrete | 5Vdcrs=0 0-lo volt -- -
3,2,3.2 Motor salternator {MA] set ready, | 0+5Vdc 1 -ready 4-8
3.2.3.% Switch gear cover-closed. [] 5Vdc—+0 O-open 4-9
b 3.2,3.,4 Wheel diameter. Discrete 28 - 30" 0. 008"/Bit == 82
3.2.3.5 Truckweight. = AWO~ 88, 000 Anslog 0-10V 4, 4id [volt 1734 /Bit £30 ggsec | +5% 0-0 018, 2048
3,2.3.6 Wheel speed. Discrete 0»5Vde . 1 -pulse --
3.2,3.7__Low voltage DC Power (LVDC) Analog 0-10V 215mV/volt | 0,2V /Bit £30 pBec | £5% 0-2 | _20A8

LL~S

* Paragraph numbers refer to design specification EE-75-8-295 unless otherwise specified.

Table 5. 6-II (Sheet 1 of 2). P -1/0 Interface Signal Characteristics
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| Interface signal characteristi¢s = "« = - ‘ ‘|| Signal ", Signal | Bnalog Scalé | Digital/Discrete | Response | Tolerance [MUX.No.| Memory ° (-\
h K . ’ Type Scaling Factor -Scaling/Phase |& Setting Channel| Storage 1
! : Time Location
¥ ooz R A : i A S RN S - o
{3.2.4 TCE FDBK and cross coupled FDBK €
3.2.4.1 Electric brake effort (EBE) 3.2.7.1 Analog 0-10V_ [ 100mV/% . 0. 4% /Bit + 10% 3-2&3 J2078.20B @
~3.2.4.2 _Braking rate CMD SIG. _ 3.2.7.2 Analog 0-10V V<X 1.884 3°3, 56 6| 0DA0b. O
) 3.2.4.3 Slide authority transition. 3.2.7.3 Discrete | 0+5Vdc <4, 750V | 1-slide auth 4-12 2127 z
[ " 3.2.4.4 No motion. i N __ | 5Vde»0 ] _0-no motion 4-13 213F ]
3.2.4.5 S/S (spin/slide) indication. 5Vdc—0 6-57S 4-14 2157 @
| 3.2.4.6 Regeneration enable, . ~§+'5Vdc 1-regen 1 4-15 217F »
3.2.4.7 Main contactor closed, ’ o ’ 1 “5Vdc—0 ] 0-cloged 4-10 20F7 F 4
3.2.4.5 Propulsion trip. Discrete | 3Vde=0 | T gatrip 5.0 2008 ;‘
3,2.4.9_ Truck weight. AWO ~ 85, O00F 3.2.3.5 Analog 0-10V | 4. 4k#/volt 173#/Bit __ _ |<30 psec | 5% 0-1 8
3.2.4.10 Wheel speed. . Apalog | 0-10V | 100mV/mph 0. 4mph/Bit B + 5% 3-7 2168 g
3.2,5 MTR and MTR control inputs.* Ref. EE-75-5-296 F]
+ 4
3.2,8 T/L outputs. ' . »
L 3,2.6.1 S/S (spin/slide) indication . Discrete 5Vdc—+0 0-S/8 : .~ :
) egeneration enable, Discréte | 0=+ 5Vde | I-regen en, T ==
1 . 3 z.s 3 Propulsion trip. — Discrete | 5vdec—0_ O-trip == g
3 2. 7 Synchronous Brake System (SBS) outputs. =
1. 3.2.7.1 Electric Brake Effort (EBE). 0-100% Analog 0-10Vdc 100 mV/% 0.4%/Bit £ 25 psec | +1% - >»
3.2.7,2 Braking rate command signal. - Apalog 0-10Vde 1,0V<X 1,684 _ +1.5% == - 3
1 3,2,7.3 _Slide authority transition. Discrete | 0 5Vdc bk <%750V I"T3Tde autn | - 2708, B3 = ©
3.2.7.4  Slide dump signal - Discrete 5Vdc 0 0-dump - -- 2708, B2 %
3.2.8 Other train equipment and function ~ outputs '
3.2,8.1 No motion (zero speed), . Disérete | 0==5Vde | | 0-no motion . -- u27OB, BS, 4 @
3.2,8.2  Wheel speed (car speed)  0-100 mph Analog 0-10Vde | 100 mV/mph | 0 0. 4mph/bxt __i{<254sec |+ 1% ~- 2713 ';
B 3.2,8.3 Main power contactor T Discrete 5Vdc—=0 _ 0- cloaure - - 70C, B4 . ™
3.2.9 MTR and MTR control outputs, Ref EE-75-S-206 P | 3
R e B R . I N - — B
k 4
]
. . . 3
* Paragragh numbers refer to design specification EE-75-5-295 unless otherwise specified.- 3
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* Paragragh numbers refer to design specification EE-75-S-296,
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Signal Characteristics

Figure 5. 6-III (Sheet 1 of 2). uP - Motor Control I/0 Interface
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Interface signal characteristics Tl Signal Signal Analog Scale { -Digital/Discrete | Response |Tolerance | MUX. CH & Memory
: . : Type Scaling Factor - - -Scaling/Phase |& Setting Port No, Storage
™ . . Time Location )
3.2.1 Motor and motor control inputs T
3.2.1.1 Rotor Position Sensor (RPS), 70,5 P/REY,. Discrete 0-5Vde 12 pulses/Rev 1.5 psec 8212 218D, 218C
3,2,1,2 Motor Current (Ipy). 0-750 Apnalog 0-10V 13mV/Amp 3A/Bit = 30 psec | £5% 0-4 20D8
3.2.1.3 _Motor Voltage {Vy). 0-850 i o-Tov 12mV7Volt 3.3V/Bit L | *£15% 0-5 2108
___"3.2,1.4 Line Voltage (Vy). 0-1020 0-10V 4mV/Volt' | 4V/Bit _ + 3% 10 19
- 3,2,1,5 Line Voltage Filtered (Vi h. o-io020 ] . 0-10V 4mV/Volt 4V /Bit + 3% 1-1 ¥049
3.2.1.6  Line Current (I7). 0-1000 Analog TI0V mV JAmp 4, 0A/Bit <30 ¢ sec| +2,5% 1-2&3 2079/20A8
3.2.).8 Overcurrent sensor. ] K "Discrete D-5Vdc l-overcurrent [1.5 #sec | >1200 amp|5-1& 8212 2020
3.%.1.9 Differential overcurrent sensor, A125A dc Discrete | 0-5Vde 1-Bift, ~125 eamp 15-2 & 8212 ]2038
3.2.1.10 Filter capacitor bank fuse indication. Discrete 5Vde 0 0-blown fuse 21 cap. |8212 2184 _
(" T302.1.11 Mokor temperature sensor, B85 F Aralog T-T0V [T wV[°F F/Bi <30 psec | + 5% -¥ES 2105,2139
3,2.1,12 Coolant Purticle Detector Elect, Discrete 5Vde—e0 - O-particle PPM 5-3
3.2.1.13 Cycloconverter coolant outlet temperature, nalog 0-10V 3ImV/*F 1,25° F /Bit <30 psec | * 5% 1-7 <168
‘ 3.2.1, 14 fnverfer coolant outlet Temp, B380° F mV*F . 3 2-0 i)
3.2.1.15 Motor coolant temperature, 31mV/*F 1.25°F/Bit 1-8 4139
3,2.1.16 Motor coolant pressure, 0-100 PSI 1 100mV/PSL 0.4 PSI/Bit_ y 2-2 407A
3.2.1.17 Motor coatrol electronics coolant pressure. nalog | 0-10V  1100mV/PSI 0.4 PsI/Bit <30 @sec | + 5% 2-3
3.2.1.18 Coolant particle detection. Motor ” Discrete | 5Vdc-e0 o "~ 1" 6-particle PPM 5-4 g
[ 3.2,1.]T9 Motor phase loss. - — N -3 Toss i 5-5 & 8212 12080
3.2,1.20 Inverter phase loss 0-inv, P loss -1 5-6 & 8212 2098
[ .3.2.1.21 Cycloconverter fault ~ ~ o R A 1Y) 5-7 & 8212
22 Inverter fault ~— ~ -~ S B S 0-fault - FliTed]
- ,_s.é. i.iTFWWR‘EV‘CHD—H*‘,_ FCMD verily . ] - 0-FWD/REV 1 _15-9 EQ
-~ 3.2,1,24 FWD/BEV dirgction verify 0-REV - =10 20F8
34 138 e Oy iosn Sarae e gl 1
3,272 TCE motor control FDBK and cross coupled FDBK .
_ 30%.221  Voltage Controlled Qscillator (VCO) Analog 0-10V 2mV/Hz 40mV/Bit <25 #pec | +20 Hz D&} 201B, 2048
B 3,2,2,2 FWD, CMD, . Discrete 0-5Vde 1-FWD -13 2140
3.2.2.3 REV. CMD, . e Discrete 0-5Vde 1-REV e . 15-14 2158
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interface signal characteristics - Signal Signal ’Amloggaﬁ Bi;ital/Discrete Response | Tolerance| MUX. CH & Me;ibr}-' T
Type Scaling Factor -Scaling/Phase |& Setting Port No. Storage
; : Time Location
3';...3 Motor and motor conirol ou:put:s: 5
3.2.3,1 Voltage Controlled Oscillator (VCO) Analog 0-10v 2mV/Hz 21Hz/Bit <25 gsec | +20 Hz == 270’%
———"3.7.3.7 Forward/Mir Command Discrete | 5Vde—v0 ] _0-FWD , B212_ 2708, BT
I 3.7.3.3 Reverse/Mir Command , Discrete | 5Vdc—+0 : 0-REV o 8212 2704,
3.2.3.% Dynamic/regenerative brake select Discrete 5Vde—0 | ... ) O-Dyn/Regen 8212 270A, BS, 4
"3.2.3.5 Dynamic/regenerative level nalog 0-10V 100mV /% 0.4%/Bit __ _|<25 psec | +1% 8212 2710 & 2711
3.2.3.6 Dynamic resistor select “Discrete SVde—e0 1=0.78 § . 212 2704, BS
3.2.3.7 Coolant blower {off, 2 speed) Discrete 5Vdc—+0 0-ON 82312 270D, B7, 6
3.2.3.8  Mokor comtrol - Q8D If Discrete 0— 5Vdc 1 =QSD" _§212 2704, B
1 3.2.3.9 Drive Mode CMD !' Discrete SVde__ 01 0-drive _].8212 2704, Bl
Interrupt inputs . -
Discrete 1
1 0-V; Lo . -
. Lioe voltage n_t:ered WL ) - . |junterrupt) L 1.5 @8ec |+ 5% 8214
Overcurrent . 2813-BS
' Diffcurrent ) ) » 8212/ BO
Mtr. Phase loss OR'd L B4
{ Inv. Phase loss Interrupt . _ 0-Fault 1.5 # sec |+ 5% 8214 L
! Cycloconverter Fauit - Discrete - B2
1t :
I Inverter Fau (Interrupt) , - 2813-B1

* Paragraph numbers refer to design specification EE-75-5-296.
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D and ground a.re hardwired to the power and ground plane of the augat board

bELCO EL:CTRbNBCB DIVISION ® SANTA BARBARA OPERATIONS o GEN!RAL MOTORS CORPORATION

For diagnostic s, input and output ports are assigned to a teletype interface, T s
superv1sor subroutine provides the software required for the serial TTY data.’/This.c
is TTL and requires a modified teletype for this. - R

A "quick—look" display and associated software are also included. The display consists
of two hexidecimal LEDs and four hexidecimal digit switches. Each time the program
calls the output routine (at least once per loop) the four digit switches are read by the

: CPU. This data is used to read any location of memory. The contents of the speciﬁed
memory location are then output to the LED display. L

MemOry s;tora,ge and 1/0 port assignments, and program listings including subroutines
-are presented in a data package separate from this report. The software flow. diagrams

‘are contained in Appendix A.

TCE Board Descriptions

‘ Each TCE is comprised of four augat universal wire wrap boards (8136-U series) ‘ These
boards have 54 rows of 50 pins each, The boards are organized in six (A B, C D -E, F)
‘groups of 9 rows. As sociated with each group are provisions for three connectors of 28

'_ 'pins each These pins are for interconnection of signals external to the board Power

. Board # 1 = Digital 1/0 Board: Board 1 contains A/D's, D/A's, input ports, output ports,
and associated decode and conditioning circuits. The layout is shown in Drawmg 75 60072,
pages. 6 to 11 Pages 12 through 14 of this drawing show the functional flow of the I/O

and pages 15 through 25 are the detafled schematics. C

: Board #2 -“CPU ‘Board: This board contains the CPU, memory, and control elements.
Physical layout of the CPU board is shown in pages 6 through 11 of Drawing 7560073

Pages 15 through 21 are the logic diagrams for this board.

Board #3—AUX Input/ Output Board: This board contains analog circuits to "cOndition
external signals for interface to the digital processor., This includes circuits for QSD

filter caps, B+ and Vi~ There are also counters to determine wheel speed, rotor pomtion <
sensor speed and real time. The physical layout is given in pages 6 through 11 of Drawmg
7560074 Pages 15 through 27 are schematics for these circuits.

s-e2 | - | ‘ . R78-14-2



DELCO ELECTRONICS DlVIIION ® SANTA BARBARA OPERATIONS ® GENERAL MOTORS CORFORAT!ON

Board #4 Analog Board: This board contains the analog condition circuits for most of

the signals required by the TCE. Miltiplexers for these signals are also on this board
Drawmg 7560075 gives the complete physical description of this board. Pages 8 through
13 are the phys1ca1 layout and pages 17 through 56 are the detailed schematics.

Interconnection Cabling

Delco Electronics Design Specificatlon EE-75-S-380 contains I/0 pin assignment lists for
each of the four TCE boards: CPU Board, I/O Board, Auxiliary I/0 Board,’ and Multi-
plexer Board Shown are the from/to conditions for all TCE signals power, and grounding

Regulstors and Power Supply

The TCE power supply was designed and built to Delco Electronics Speciﬁcation 75-5-303.
The power supply design for the TCE has a source voltage from the SQAC M/A Set/ Battery
power of 28 to 44 Vdc and had to be designed to withstand transients or surges of 50 joules.
The TCE as designed required =5V, +12V, £15V and +28 Vdc for some 1nterface hardware.
Mechanization of the power supply includes a Delco-designed transient protection input

and preregulator (pulse width modulation-switching regulator), four commercvia'l' supplies
(+5 Vdc - Abbott, +28 Vdc Technetics, +15 Vdc, and -6 Vdc Abbott), one +12 Vdc post
regulator, and two +15 Vde overvoltage protection circuits, Schematic repre_sentatmn of
the power supply is shown in Figure 5.6-3, o

Vitai Relsys

No vital ‘relsys are incorporated in each railcar. These are the Emergency Relay, whlch
is a tramlme and shuts down total train propulsion and causes emergency brakmg to be
apphed and the No Motion Relay, which is energized when car speed is below about 2 mi/h,
' Thls permits car doors to be opened and the brake charging valve to be energlzed This
relay is not a trainline, but operates on a per car basis.

Grounding

‘he Tr am Control grounding philosophy is depicted in Figure 5. 6- 4 Signal 1nterface with
the SBS is stnctly handled through optical isolators. Good solid car grounds are prov1ded
at the junction boxes, motor and motor controls, and battery. Other units tie to these

junction boxes and battery low in an effort to provide a single point grounding ohilosophy.

R78-14-2 S y } 5-83 -



o

3]
1
@ )
N ‘e
— Rl Lt
.| &
’ T ocez T
el A eaz
7 0
o.lT .
oA l
1 -
J: ed .. o.00n Y34
< ’ VWA
17— Wl e
4 £7 9
ian 2s > ) 47 cone
‘ 7824 cs ZVese ca L_l
£3 o 28 2 36152‘0‘” .
18K 1700 -
@) i
an
! © ealsé .
|c3? 29 ar w0 cr | T
=3 [ 3
ot ke § 0T es $ A cs 2
ZsOo X $ 7504 f’: < T .02z )
f 13v
= Abrzs-
> I UNLESS OTHERWISE NOTED Al [Es/srd/uc;—
f VALUES ARE ;N OHMS AND ALc CAPAGIFQNCL
- YALYES ARE (N MICROFARADS,
0
> Figure 5. 6-3.

DEL cod  Movsd clc

ETED 3
AdDED YALUES Mo

B .
st . —ol .
o X‘oﬁ’siﬁ)}e »4'- -0
@ RENT)) . 0
PO o |
7 -} _/ =) 5 O
O )
.—o
sz
(#)seNsSE
“ 4
T ourAT]
(- p
(S}
C)saase r——]
PS3
4 @) )
mPUT oorar]
£
- ©
Psd
(] o
‘
(24 ) 73 29
2 WA OUTRIT | =Rl
! ) |}
L0 - —
O

Preregulator and Commercial Power Supplies

[T
=

o-1

1/:4:/74 24

Y 21\

[N

+28 V3G

Lo

_svde

)5 VO
- 1S YDC

s+12VDC




—

- 3-%1-8L4

g8-g"

TiL
JUNCTION
BOX Ne. 2

PIN-67 -

- WABCO

WABCO

) osBSNo.1. o

MTRMANS
| - comsoe- |-

~C

"1S0 .

DELCO MTR

" CONTROL

ELECTRONICS
No.2

“TCU No. 2

DELCO

=/

- i
DELCO MTR
‘ CONTROL
Apcu ELECTRONICS
- No. 1

Rear

MTR AND
CONTROL

Q—

BATTERY

N\

DELGCO
TCU No. 1

Pox
7

MTR AND
CONTROL

JUNCTION
_ BOX No. 1

T/L

“\\\’?gfs7
/D

- ;,n;/;??é?;

Figure 5.6-4.  Grounding Philosophy (one car)

VANYS e NOISIAIQ - SOINONIDATA 03130

NOIJ.V?IO.QIHdD SMOLOW “IYHANAD o SNOLLVNILO VHVRUVE




[

Yy

. 2 § R ] -: L
DELCO E| .ECTRONICS DIVISION ® SANTA BARBARA OPERATIONS ¢ GENERAL MOTORS CORPORATION

5.6.% .,2 ‘?WMotor Control Electronics (MCE)

» 5 6 2 2 1 MCE ‘Functional Requirements _ *

The MCE translates TCE generated Voltage Controlled Oscillator (VCO) tractive ef.fort
comman i"nalog signals, as well as various discrete signals, into inverter gate timmg

and mode control signals. The mode control signals place the motor in the motoring or

dynamic braking, motoring or regeneration braking, and forward or reverse modes. The

discrete signals from the MCE also shutdown and reset the SCR gate drive to the mverter,
cycloconverter, and ‘brake rectifier modules. : ;

e Thel' MCE '.ﬂso processes the motor rotor position sensor (RPS) and Counter EMF (CEMF)
v,81gnals to form cycloconverter and brake rectififer SCR gate pulses. This self—controlled
SCR gate timing produces operation equivalent to that of a dc motor in the motoring mode
and phase delay rectifier operation in the braking mode. The RPS/C EMF derived signals
are: also sent to the TCE as a pulse train indicating motor speed

) The MCE processes inverter diode current signals to obtain protection against operation
' with msufficient inverter SCR turn-off time.. It also processes motor phase current
' mgnals tofissue a drive QSD command in the event of a cycloconverter fault. The motor
I current s1gnals are also rectified and sent to the. TCE as an indication of tractive effort

5. 6.2 2 2 MCE Design Approach o 5 ?;},}_,".5

‘The MCE ‘was designed using combinatorial logic elements (NAND, NOR, etc. 5 gates),
sequential logic elements (flip-flops, monostables, etc.), analog comparators, and
operational amplifiers. At the beginning. of Test Article (TA) system level testing in

v_.January 197'7, all: logic elements, operational amplifiers, comparators, resistors, |

e .capacitors, and diodes were packaged in dual-in-line package (DIP) modules.

: Durving. the earl‘y" phases of the previously mentioned IR&D program (1971—1973) the MCE
circuits Were“"packaged on printed circuit boards with connections completed with "s‘oldered
wires.- m 1974 the MCE circuits for one motor were repackaged on a single wi1 ewrap
panel because of the greater reliability and flexibility of the wirewrap approach. In the
1975~ 1976 period during the ASDP system devel<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>