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PREFACE 

T h i s  f i n a l  r e p o r t  summarizes t h e  r e s u l t s  o f  t h e  F lywheel  Energy Storage 
S w i t c h e r  study.  i t  i s  submi t ted  t o  t h e  Federa l  S a i l r o a d  A d m i n i s t r a t i o n  by t h e  
AiResearch M a n u f a c t u r i n g  Company o f  C a l i f o r n i a ,  a  d i v i s i o n  o f  The G a r r e t t  Cor- 
p o r a t i o n ,  i n  accordance w i t h  U.S. Departmen* o f  T r a n s p o r t a t i o n  C o n t r a c t  No. 
DOT-FR-777-4247. 

The Flywheel  Energy Storage S w i t c h e r  Study r e p r e s e n t s  t h e  e f f o r t s  o f  t h e  
AiResearch M a n u f a c t u r i n g  Company o f  C a l i f o r n i a ,  a s s i s t e d  i n  t h e  hardware t e s t -  
i n g  by Motor  C o i l s  Manufactur ing.  The con t inued  a s s i s t a n c e  and gu idance o f  
t h e  Federa l  R a i l r o a d  A d v i n i s t r a t i o n  (FRA) c o n t r a c t i n g  o f f i c e r ' s  t e c h n i c a l  rep-  
r e s e n t a t i v e ,  M r .  W i l l i a m  F. Cracker ;  t h e  Lawrence B e r k e l e y  L a b o r a t o r y  (LRL), 
E n g i n e e r i n g  Sc iences Department systems a n a l y s t ,  Mr. R o b e r t  K. Abbo t t ;  and 
s e v e r a l  members o f  t h e  FRA and LRL s t a f f s  were i n v a l u a b l e  t o  t h e  success fu l  
comp!e t ion  o f  t h e  study.  

Major  c o n t r i b u t i o n s  were made by many U.S. r a i l r o a d s ,  who c o n t r i b u t e d  com- 
p r e h e n s i v e  i n f o r m a t i o n  t h a t  was used t o  e s t a b l i s h  and m a i n t a i n  t h e  necessary 
d a t a  base. i n  a d d i t i o n ,  t h e  f o l l o w i n g  r a i l r o a d s  made a  s i g n i f i c a n t  c o n t r i b u-  
t i o n  t o  t h e  s t u d y  by a l l o w i n g  t h e  use  o f  t h e i r  f l a t y a r d s  f o r  d a t ?  c o l l e c t i o n :  

B u r l i n g t o n  Nor the rn  (BN) 

Seaboard Coas t  L i n e  (SCL) 

Southern Ra i lway  System (SRS) 

S p e c i f i c a l l y ,  t h e  a s s i s t a n c e  o f  Mr. T. C. G i l b e r t  (SRS), Mr. R. J. M o r r i s  (EN), 
and Mr. J. P r o s s e r  (SCL) was g r e a t l y  apprec ia ted .  

Southern Ra i lway  System a l s o  a l l owed  t h e  use o f  t h e i r  t e s t  f a c i l i t i e s  t o  
i n v e s t i g a t e  l ocomot i ve  performance, and t h e y  p r o v i d e d  two EYD 077 t r a c t i o n  
motors  f o r  t e s t  purposes. 

The Southern P a c i f i c  T r a n s p o r t a t i o n  Company made a v a i l a b l e  an SW1500 loco- 
m o t i v e  a t  t h e i r  T a y l o r  Yard f a c i l i t y  t o  enab le  t h e  equipment i n s t a l l a t i o n  
d raw ings  t o  be made. 

The f i n a l  r e p o r t  compr ises two  volumes, as  f o l l o w s :  

Volume No. T i t l e  

I S tudy Summary and D e t a i l e d  D e s c r i p t i o n  
o f  A n a l y s i s  

I  I F i e l d  Data  

C- 
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SECTION 1 

SUMMARY 

W i t h i n  t h e  l a s t  s i x  years, t h e  AiResearch Manu fac tu r ing  Company o f  
C a l i f o r n i a ,  a  d i v i s i o n  o f  The G a r r e t t  Corpora t ion ,  has developed a  number o f  
f l ywhee l  energy s to rage  u n i t s  (ESUts) f o r  use on t r a n s i t  c a r s  such as those  
c u r r e n t l y  i n  s e r v i c e  f o r  t h e  New York C i t y  T r a n s i t  A u t h o r i t y .  W i t h  t h e  a r r i v a l  
o f  t h e  energy c r i s i s ,  a t t e n t i o n  has been focused on t h e  a p p l i c a t i o n  o f  t h i s  new 
techno logy  t o  o t h e r  f i e l d s ,  and severa l  ESU-equipped v e h i c l e s  a r e  i n  v a r i o u s  
s tages o f  des ign and/or development. These i n c l u d e  a  bus and advanced concept 
t r a i n  f o r  t h e  Department o f  T r a n s p o r t a t i o n ;  a  p o s t a l  van f o r  t h e  U n i t e d  S ta tes  
P o s t a l  Service;  and a  b a t t e r y / f l y w h e e l  passenger automobi le  f o r  t h e  Department 
o f  Energy. 

AiResearch, i n  c o n j u n c t i o n  w i t h  t h e  Federa l  R a i l r o a d  A d m i n i s t r a t i o n ,  
i d e n t i f i e d  t h e  s w i t c h y a r d  o p e r a t i o n  a s  t h e  most l i k e l y  cand ida te  f o r  shor t- te rm 
energy s t o r a g e  because t h e  o p e r a t i n g  c y c l e  o f  t h e  s w i t c h i n g  locomot ive i n v o l v e s  
repeated a c c e l e r a t i n g  and b r a k i n g  w i t h  s h o r t  p e r i o d s  between t h e s e  opera t ions .  

A three- phase program was developed t o  q u a n t i f y  t h e  c o s t s  and b e n e f i t s  o f  
t h e  f l ywhee l  energy s to rage  s w i t c h e r  (FESS) system: 

Phase I--System Ana lys is ,  Economic Ana lys is ,  and Bench T e s t i n g  
Phase I  I--Design, Hardware F a b r i c a t i o n ,  T e s t i n g  
Phase I l l - - D e m n s t r a t i o n  

A Phase I c o n t r a c t ,  awarded t o  AiResearch i n  September 1977, s p e c i f i e d  t h a t  
t h e  system must " . . . u t i l i z e  a v a i l a b l e  hardware and e x i s t i n g  knowledge...". 
Thus, FESS i s  based on a p p l y i n g  t h e  Advanced Concept T r a i n  (ACT-1) ESU t o  t + e  
General  Moto rs  C o r p o r a t i o n  E l e c t r o- M o t i v e  D i v i s i o n  SW1500 s w i t c h i n g  locomotive. 

FIELD DATA ACQtISITION 

To e s t a b l i s h  a  f i r m  data base f o r  subsequent computer s i m u l a t i o n s  and 
energy c a l c u l a t i o n s ,  o p e r a t i o n s  a t  t h e  f o l l o w i n g  t h r e e  r e p r e s e n t a t i v e  c l a s s i -  
f i c a t i o n  ya rds  were moni tored:  ( a )  D i l l a r d  ya rd  o f  t h e  Southern Ra i lway  System, 
( b )  Ba ldw in  ya rd  o f  t h e  Seaboard Coast  L ine ,  and ( c )  W h i t e f i s h  ya rd  o f  t h e  
B u r l i n g t o n  Nor the rn  R a i l r o a d .  

Cont inuous record inqs ,  over  24-hr pe r iods ,  were made o f  t h e  f o l l o w i n g  
parameters:  

( a )  Speed 

( b )  Time 

( c )  T r a c t i o n  motor c u r r e n t  

( d )  B rake  p i p e  pressure 

( e l  D i r e c t i o n  
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se data, s t a t i s t i c a l  da ta  r e d u c t i o n  techn iques  were used t o  d e r i v e  a  
r i o  f o r  a  s w i t c h i n g  locomot i ve ' s  d u t y  c y c l e .  The most s i g n i f i c a n t  
i s  p a r t  o f  t h e  s tudy  was t h a t  t h e  s w i t c h i n g  locomot ive t y p i c a l l y  
han 50 p e r c e n t  o f  t h e  t i m e  i d l e .  

To determine t h e  i n t e r n a l  o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  locomot ive,  
s t a t i c  t e s t i n g  o f  an SW1500 locomot ive was performed w i t h  t h e  a s s i s t a n c e  o f  
Southern Rai lway System. T h i s  a l lowed d e t e r m i n a t i o n  o f  ( a )  eng ine f u e l  con- 
sumpt ion and power l e v e l s ,  and ( b )  genera to r  power ou tpu t .  

SYSTFMS ANALYSIS 

A p r e l i m i n a r y  systems a n a l y s i s  i d e n t i f i e d  f o u r  p o s s i b l e  ESU/locomotive 
c o n f i g u r a t i o n s ,  and one was chosen f o r  d e t a i l e d  a n a l y s i s .  The chosen c o n f i g u r a -  
t i o n  c o n s i s t s  o f  an SW1500 w i t h  m o d i f i e d  t r a c t i o n  motors  and an unmotordd 
boxcar  t h a t  houses two ESU1s ( two  a r e  r e q u i r e d  s o  t h a t  t h e  ACT I  f l y w h e e l  
t r i c a l  machine c u r r e n t  r a t i n g  can be matched t o  t h e  locomot ive t r a c t i o n  motor 
r a t i n g ) .  

Computer models o f  t h e  e x i s t i n g  and proposed FESS s w i t c h y a r d  o p e r a t i o n s  
were developed and v a l i d a t e d  u s i n g  t h e  f i e l d  and locomot ive da ta  desc r ibed  
above . 

An indepth a n a l y s i s  o f  t h e  chosen c o n f i g u r a t i o n  conf i rmed t e c h n i c a l  f e a s i -  
b i l i t y  and q u a n t i f i e d  t h e  c o s t s  and b e n e f i t s  a s s o c i a t e d  w i t h  t h e  scheme. For 
t h e  chosen c o n f i g u r a t i o n  and scenar io ,  it was found t h a t ,  due t o  t h e  p a r a s i t i c  
loads a s s o c i a t e d  w i t h  t h e  system, energy s a v i n g  i s  a lmos t  n e g l i g i b l e ,  and w i t h o u t  
c a r e f u l  energy management by t h e  o p e r a t o r  ( i n  te rms  o f  when t o  use and n o t  t o  use 
t h e  f l y w h e e l ) ,  t h e  FESS system c o u l d  r e s u l t  i n  an inc rease  i n  f u e l  consumption. 
Savings s t i l l  r e s u l t  f rom a  r e d u c t i o n  i n  brake shoe wear. These r e s u l t s  a r e  
d i r e c t l y  r e l a t e d  t o  t h e  low u t i l i z a t i o n  o f  t h e  equipment c a p a b i l i t y .  

TRACTION MOTORS 

The o r i g i n a l  concept  i d e n t i f i e d  by AiResearch i n v o l v e d  t h e  use o f  a 
s e p a r a t e l y  e x c i t e d  motor based on t h e  General  Moto rs  C o r p o r a t i o n  E l e c t r o- M o t i v e  
D i v i s i o n  D77 t r a c t i o n  motor. A s i g n i f i c a n t  p o r t i o n  o f  t h e  s t u d y  was devoted 
t o  t e s t i n g  a  motor w i t h  t h i s  c o n f i g u r a t i o n  t o  c o n f i r m  des ign  v a l u e s  and f e a s i -  
b i l i t y .  A s e p a r a t e l y  e x c i t e d  s h u n t - f i e l d  c o i l  des ign  hav ing  98 t u r n s  evo lved 
f rom t h i s  e f f o r t .  The performance o f  t h e  m o d i f i e d  motor was found t o  be equ i-  
v a l e n t  t o  t h a t  o f  t h e  unmodi f ied motor w i t h  t h e  e x c e p t i o n  t h a t  optimum p e r f o r -  
mance i s  developed a t  s l i g h t l y  h i g h e r  armature c u r r e n t  and s l i g h t l y  lower 
e x c i t a t i o n  f o r  t h e  same t r a c t i v e  e f f o r t  requ i rements  a t  a  g i ven  speed. Improve- 
ments i n  i n t e r p o l e  c o i l  des ign  were i n c o r p o r a t e d  i n  t h e  m o d i f i e d  machine t o  
accommodate increased armature c u r r e n t .  T h i s  change reduced i n t e r p o l e  losses 
and i n t e r p o l e  temperatures.  

ECONOMIC ANALYSIS 

The h i g h  i n i t i a l  c o s t  o f  t h e  FESS system and t h e  low monetary v a l u e  o f  t b e  
b rake  shoe maintenance r e d u c t i o n  combined t o  show a  r e t u r n  on inves tment (  RO1) 
t h a t  was p o s i t i v e  o n l y  i n  t h e  l a r g e s t  o f  ya rds  w i t h  well- above-average produc- 
t i v i t y .  
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TERNATE CONFIGURATIONS 

I n  v lew o f  t h e  poor economic r e t u r n  f o r  t h e  chosen c o n f i g u r a t i o n ,  an 
mpt was made t o  reduce t h e  c o s t  o f  t h e  system by a d o p t i n g  more s i m p l e  
ods o f  a c h i e v i n g  t h e  same r e s u l t .  No f i n a n c i a l l y  v i a b l e  c o n f i g u r a t i o n  

as  i d e n t i f i e d .  

ONCLUSIONS AND RECOMMENDATIONS 

The b a s i c  c o n c l u s i o n  reached i s  t h a t  f l ywhee l  energy s t o r a g e  techn iques  
a r e  n o t  a p p i i c a b l e  t o  r a i l r o a d  s w i t c h y a r d  o p e r a t i o n  f o r  two  reasons:  

0 E x i s t i n g  o p e r a t i n g  c o s t s  o f  yards  a r e  r e l a t i v e l y  low. 

Equipment u t i l i z a t i o n  i s  low. 

I n  s p i t e  o f  r e j e c t i o n  o f  t h e  FESS conoept, i t  i s  recommended t h a t  f u l l  
documentat ion o f  t h e  computer models ( a n  o p t i o n a l  t a s k )  be cons ide red  f o r  , 
o t h e r  a p p l i c a t i o n s  beyond t h e  p r e s e n t  s tudy.  

A lso ,  i t  must be recommended t h a t  Phases I I  and I l l  n o t  be pursued. 



The Flywheel Energy Storage Switcher (FESS) i s  a  three-phase program 
r e l a t e d  t o  t h e  recuperat ion o f  energy on a  swi tchyard locomotive. I t  covers 
t h e  system analysis,  fabr ica t ion ,  tes t ing ,  and demonstration o f  such a  loco- 
motive, and incorporates a  f lywheel energy storage u n i t  (ESU). The p r o j e c t  
was def ined from t h e  beginning t o  " u t i l i z e  on l y  a v a i l a b l e  hardware and e x i s t -  
ing  knowledge t o  design, fabr icate,  and t e s t  t h e  system." The t h r e e  phases of 
t h e  program were def ined as fo l lows:  

Phase [--System analys is ,  economic analys is ,  and bench t e s t i n g  

Phase 11--Design, hardware fab r i ca t i on ,  t e s t i n g  

Phase I1 I--Demonstration 

The i n t e n t  of t h i s  Phase I  study, therefore,  was t o  e s t a b l i s h  t h e  feas i -  
b i l i l y  and t o  auan t i f y  t h e  b e n e f i t s  o f  recupera t ing  brak ing  energy from a  
swi tch ing  locomotive f o r  short- term storage and subsequent reuse dur ing  t h e  
nex t  opera t ing  cyc le.  Such energy i s  p resen t l y  d i ss ipa ted  i n  t h e  form o f  heat  
by t h e  f r i c t i o n  brak ing system. I t  was recognized a t  t h e  ou tse t  t h a t  it was 
necessary t o  understand t h e  opera t ing  cond i t i ons  and d u t i e s  o f  a  t y p i c a l  switch-  
ing  locomotive t o  q u a n t i f y  t h e  p o t e n t i a l  energy saving t o  be accrued from FESS. 
A t e s t  p lan was formulated by AiResearch and approved by t h e  Federal Ra i l road 
Admin is t ra t ion  (FRA) t o  determine t h e  fo l l ow ing :  

(a )  The i n t e r n a l  opera t ing  parameters o f  t h e  locomotive 

( b )  The d a i l y  opera t iona l  pa t te rn  of swi tch ing  locomotives 

The FESS study began w i t h  measurements a t  t h r e e  f l a t y a r d s :  D i l l a r d  
(Southern Railway System), Baldwin (Seaboard Coast L ine) ,  and Whi te f ish  
(Bu r l i ng ton  Northern) where t h e  data v i t a l  t o  t h e  study were co l lec ted .  

Concurrent w i th  t h e  data gather ing task, t h e  f e a s i b i l i t y  o f  modi fy ing the  
most common t r a c t i o n  motor i n  use i n  t h e  U.S. ( t h e  General Motors Corporat ion 
Elect ro-Mot ive D i v i s i o n  (EMD) Model D77) was inves t iga ted  w i t h  t h e  assistance 
o f  Motor C o i l s  Manufacturing. The Southern Railway System loaned two motors 
fo r  t h i s  task. 

p re l im ina ry  ana lys i s  o f  t h e  t o t a l  system con f i gu ra t i on  was a l s o  c a r r i e d  
o u t  a? an e a r l y  si-age i n  t h e  study t o  i d e n t i f y  t h e  most a t t r a c t i v e  concept and 
t o  concentrate the  major resources o f  t h e  study on t h a t  favored concept. 

PROGRAM RAT~ONALE 

Over the  past few years, c r i t i c a l  shortages o f  o i l  and i t s  d e r i v a t i v e s  have 
been o f  major concern t o  t h e  U.S. Government, w i t h  no a l l e v i a t i o n  expected i n  



he near f u t u r e .  The dependency o f  t h e  economy on t h e  consumpt ion o f  o i l  has 
eached a l a r m i n g  p r o p o r t i o n s .  The U n i t e d  S t a t e s  impor ts  abou t  44 p e r c e n t  o f  t h e  

onsumes--a percentage t h a t  c o n t ~ n u e s  t o  increase.  A  major  e f f o r t  i s  
now t o  reduce t h i s  dependency by e x p l o r i n g  and i n v e s t i g a t i n g  a l t e r -  

r c e s  o f  power t o  c i r c u m v e n t  t h e  use o f  pe t ro leum and i t s  byproducts .  

D u r i n g  t h e  p a s t  s i x  years,  AiResearch Manu fac tu r ing  Company o f  C a l i f o r n i a  
s  devoted a  major  p o r t i o n  o f  company-funded IR&D programs t o  t h e  development 

and implementat ion o f  energy s a v i n g  dev ices .  One o f  these- - the f l ywhee l- -  
" 2 s  r e c e n t l y  completed t e s t i n g  f o r  commercial a p p l i c a t i o n  as  an energy s t o r a g e  
Gev ice i n  t h e  New York C i t y  T r a n s i t  A u t h o r i t y  r a i l  system. The use o f  f l ywhee ls  
f o r  energy s t o r a g e  i s  b e n e f i c i a l  i n  s i t u a t i o n s  where t h e  d u t y  c y c l e  i s  one o f  
a c c e ! e r a t i o n / d e c e l e r a t i o n  and energy i s  d i s s i p a t e d  i n  b r a k i n g  f r i c t i o n ,  o r  where 
e i e r g y  t h a t  c o u l d  be conserved i s  u l t i m a t e l y  wasted because t h e r e  i s  no e f f e c t i v e  
weans o f  s t o r i n g  t h e  energy.  Fo r  example, when a  t r a i n  must  ascend s teep  grades, 
dsua l  l y  more t h a n  one locomot i ve  i s  r e q u i r e d  t o  produce t h e  t r a c t i v e  e f f o r t  
+o n e g o t i a t e  t h e  i n c l i n e .  Once h a v i n g  ascended t h e  grade, t h e  p o t e n t l a l  energy 
t l a t  c o u l d  be conserved d u r i n g  descen t  i s  d i s s i p a t e d  i n  heat ,  e i t h e r  i n  t h e  
f r i c t i o n  brakes o r  i n  a  r e s i s t o r  bank i f  dynamic b r a k i n g  i s  employed. AiResearch 
r e c e n t l y  completed a  s tudy  o f  t h e  use o f  wayside f l y w h e e l s  t o  s t o r e  p o t e n t i a l  
energy.  The f l y w h e e l s  a r e  speeded up d u r i n g  t h e  convers ion  o f  p o t e n t i a l  energy 
t o  k i n e t i c  energy d u r i n g  t h e  dynamic b r a k i n g  c y c l e .  The s t o r e d  energy i s  used 
l a t e r  t o  p r o v i d e  power t o  a s s i s t  ano the r  l ocomot i ve  t o  ascend t h e  grade. 

Another p o t e n t i a l  c a n d i d a t e  f o r  f l y w h e e l  energy s t o r a g e  and energy con- 
s e r v a t l o n  was i n  t h e  f r e i g h t  c l a s s i f i c a t i o n  ya rd  o f  f u l l y  loaded f r e i g h t  c a r s  
t o  makeup t r a i n s .  I n  t h e  m a j o r i t y  o f  U.S. f l a t  c l a s s i f i c a t i o n  yards,  a  ya rd  
locomot i ve  goes t o  t h e  r e c e i v ~ n g  a r e a  and coup les  t o  a  c u t  o f  20 t o  35 f r e ~ g h t  
ca rs .  T h i s  c u t  i s  wi thdrawn t o  a  c l a s s i f i c a t i o n  ladder  t h a t  connec ts  t o  num- 
e r o u s  t a n g e n t  d i s t r i b u t i o n  o r  c l a s s i f i c a t i o n  t r a c k s ,  l e a d i n g  u l t i m a t e l y  t o  
t h e  makeup ( o r  d e p a r t u r e )  s e c t i o n  o f  t h e  yard.  The y a r d  locomot i ve  t y p i c a l l y  
a c c e l e r a t e s  t h e  c u t  o f  c a r s  t o  a  speed o f  5 t o  10 mph and t h e n  a p p l i e s  f u l l  
b r a k i n g  t o  reduce  t h e  t r a i n  speed. As t h e  t r a i n  a c c o r d i o n s  o u t  f rom t h e  com- 
pressed d r i v e  c o n d i t i o n  t o  a  f u l l y  extended coup le r ,  yardmen uncouple  t h e  lead 
p a r t  ( c a r  o r  c a r s )  o f  t h e  c u t .  T h i s  r e l e a s e d  p a r t  i s  d e s t i n e d  t o  be s e t  i n  a  
p a r t i c u l a r  b l o c k  o r  c l a s s  t r a c k .  As t h e  c u t  c a r  proceeds a l o n g  t h e  ladder ,  
it i s  s w i t c h e d  i n t o  t h e  p roper  c l a s s i f i c a t i o n  t r a c k .  The c a r  proceeds a long  
t h i s  t r a c k  u n t i l  i t  coup les  i n t o  t h e  t r a i n  s e c t i o n  b e i n g  made up on t h i s  par-  
t i c u i a r  t r a c k .  As soon as t h i s  c a r  c l e a r s  t h e  i n i t i a l  s w i t c h ,  t h e  switchman 
s i g n a l s  c l e a r a n c e  t o  t h e  locomot i ve  eng ineer ,  who r e p e d t s  t h e  c y c l e  u n t i l  t h e  
l a s t  o f  t h e  c u t  i s  re leased .  The locomot i ve  then  r e t u r n s  t o  t h e  incoming 
y d r d  s e c t i o n ,  r e t r i e v e s  ano the r  c u t  o f  ca rs ,  and r e p e a t s  t h e  e n t i r e  c y c l e .  

D u r i n g  t h e  p e r i o d  o f  h i g h  a c c e l e r a t i o n  and d e c e l e r a t i o n ,  t h e  performance 
o f  t h e  y a r d  locomot i ve  i s  c h a r a c t e r i z e d  by maxlmum n o i s e  e m ~ s s i o n ,  and g e n e r a l l y  
by s i g n i f i c a n t  smoke emiss ion.  T h i s  i s  a  r e s u l t  o f  o p e r a t i o n  a t  v e r y  poor  e f f i -  
c i e n c y  o f  t h e  l o c o m o t i v e ' s  d i e s e l  eng ine.  Nega t i ve  aspec ts  a s s o c i a t e d  w i t h  t h i s  
o p e r a t i o n  i n c l u d e :  

( a )  ---The d i e s e l  e l e c t r i c  l ocomot i ves  a r e  o p e r a t i n g  
i n  t h e i r  w o r s t  f u e l  consumpt ion reg ime d t  t h e s e  low v e h i c l e  speeds. 
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b) ---Operation of  t h e  power p l a n t  i n  t h i s  mode i s  o u t s i d e  normal ly  
acceptable l i m i t s .  

( c )  ---The f u e l  mismatch f o r  t h e  engine i s  a t  i t s  worst ,  so r e s u l t i n g  
generated s m k e  and p o l l u t a n t  volumes a r e  h i g h  and i n  some areas 
(no tab l y  C a l i f o r n i a )  we1 l beyond t h e  lega l  l i m i t s .  

A ooss iS le  s o l u t i o n  t o  t hese  f r e i g h t  yard problems i s  t h e  a p p l i c a t i o n  of  
Clvwheel energy s to rage  technology t o  t h e  yard c l a s s i f i c a t i o n  locomotive. 
A p ro to t vpe  f lywheel  system now has completed revenue s e r v i c e  demonstrat ion on 
two  :Jew York subway cars  and a  p reproduc t ion  ve rs i on  a l s o  completed i t s  demn- 
s+ -ahon  prog-am on t h e  advanced concept t r a i n s .  

PRCGRW OUiL  I  NE 

The FESS program was conducted by AiResearch and cons i s ted  of  per forming 
the'  seven work t asks  s p e c i f i e d  i n  t h e  c o n t r a c t  s ta tement  o f  work (SOW).. The 
s p e c i f i c  work tasks  completed d u r i n g  t h i s  program a r e  summarized i n  t h e  f o l l ow-  
ing  SOW paragraphs: 

Task I- - F ie ld  Data A c q u i s i t i o n  

A. Tes t  ? Ian s h a l l  be submi t ted and approved by t h e  COTR p r i o r  t o  
t h e  i n i t i a t i o n  o f  t e s t i n g  

R. F i e l d  Data- - Vis i t s  s h a l l  be made t o  an a p p r o p r i a t e  number ( 3 )  o f  
sw i t ch ing  yards  o f  t h e  p a r t i c i p a t i n g  r a i l r o a d s  where locomot ivs (s )  
s h a l l  be instrumented t o  t e s t  and determine, i n  con junc t i on  w i t h  
a p p r o p r i a t e  r a i l r o a d  personnel,  t h e  f o l l o w i n g :  

I.  A r e a l i s t i c  ope ra t i ona l  scenar io  f o r  r a i l r o a d  yard sw i t ch ing  
t h a t  s h a l l  be used i n  t h e  analyses. 

2. The a c c e l e r a t h n  and d e c e l e r a t i o n  c h a r a c t e r i s t i c s  o f  an 
e x i s t i n g  SW1500 locomoti ve. 

3. Mon i to r  performance parameters ( o p e r a t i n g  c h a r a c t e r i s t i c s  
and power f l o w  parameters) t h a t  w i l l  p r o v i d e  f o r  a  s a t i s -  
f a c t o r y  c o r r e l a t i o n  between t h e  computer model and t h e  
ac tua l  o p e r a t i o n  o f  an e x i s t i n g  SW1500 locomotive. 

Task 11--System Ana l ys i s  

A. Performance Requirements 

The system a n a l y s i s  w i l l  e s t a b l i s h  a  r e a l i s t i c  and d e f i n i t i v e  
s e t  o f  performance requi rements f o r  f lywheel  - locomotive system. 
T h i s  w i l l  be accomplished from a n a l y s i s  o f  e x i s t i n q  equipment 
c a p a b i l i t i e s  and a n a l y s i s  o f  f i e l d  da ta  d e s c r i b i n g  t h e  ac tua l  
work. The f i e l d  data w i l l  be examined n o t  o n l y  t o  e s t a b l i s h  
t h e  average c o n Q i t i o n s  f o r  t h e  a p p l i c a t i o n ,  b u t  a l s o  extreme 
 orst st case cond i t i ons .  
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8. P r e l i m i n a r y  A n a l y s i s  

The c o n t r a c t o r  s h a l l  conduct  a  p r e l i m i n a r y  system a n a l y s i s  t o  
e s t a b l i s h  t h e  most advantaqeous system c o n f i g u r a t i o n  w i t h i n  t h e  
l i m i t s  o f  e x i s t i n g  conven t iona l  hardware components (e.g., SWi500 
locomot ive,  ACT-I f l ywhee l  u n i t ) .  As a  minimum t h e  f o l l o w i n g  
two c o n f i g u r a t i o n s  w i l l  be considered: 

a)  The f l ywhee l  i n  t r a i l i n g  c a r  w i t h  t h e  locomot ive mod i f i ed  
f o r  s e p a r a t e l y  e x c i t e d  t r a c t i o n  motors. 

b)  The f lywheel  i n  t r a i l i n g  c a r  w i t h  t h e  t r a i l i n g  c a r  mod i f i ed  
w i t h  s e p a r a t e l y  e x c i t e d  t r a c t i o n  motors  and w i t h  t h e  loco- 
mot i ve  b a s i c a l l y  unmodif ied.  

Any a d d i t i o n a l  c o n f i g u r a t i o n s  bes ides a )  and b )  above should  be 
i d e n t i f i e d  w i t h i n  30 days from t h e  s t a r t  o f  Task 1 1  9 (P re l im-  
i n a r y  A n a l y s i s )  and s h a l l  be approved by t h e  COTR p - i o r  t o  f u r -  
t h e r  a n a l y s i s .  An optimum c o n f i g u r a t i o n  s h a l l  n o t  be addressed 
i n  Phase I .  T h i s  p r e l i m i n a r y  system a n a l y s i s  s h a l l  make b a s i c  
assumptions concern inq c r i t i c a l  e lements o f  system such as con- 
t r o l  system, t r a c t i o n  motors, i n s t a l l a t i o n  f e a t u r e s ,  e tc .  These 
assumptions should be s t a t e d  and r i s k s  i d e n t i f i e d .  Each element 
o f  t h e  system s h a l l  be d e f i n e d  i n  terms o f  t h e i r  performance 
requirements,  t h e  t o l e r a n c e s ,  component d e s c r i p t i o n ,  and f e a t u r e s  
o f  i n s t a l l a t i o n .  Each system c o n f i g u r a t i o n  cons ide red  s h a l l  be 
desc r ibed  i n  terms o f  t h e o r y  o f  o p e r a t i o n ,  c o n f i g u r a t i o n  a n a l y s i s  
showing t r a d e- o f f s ,  performance c h a r a c t e r i s t i c s  and l i m i t s ,  and 
functions l b l o c k  diagrams. 

P r a c t i c a l  a p p l i c a t i o n s  i n  s w i t c h  ya rds  and/or on m a i n l i n e  r a i i -  
roads s h a l l  be i d e n t i f i e d  f o r  each system c o n f i g u r a t i o n .  These 
analyses s h a l l  u t i l i z e  t h e  r e a l i s t i c  o p e r a t i o n a l  s c e n a r i o  gener-  
a ted  under F i e l d  D a t a  A c q u i s i t i o n  (Task I ) .  A t  t h e  conc lus ion  
o f  t h i s  task,  t h e  c o n t r a c t o r  s h a l l  conduct  a  program r e v i e w  t o  
d i scuss  t h e  r e s u l t s  o f  t h e  p r e l i m i n a r y  a n a l y s i s ,  t o  recommend 
a  system c o n f i g u r a t i o n  f o r  f u r t h e r  a n a l y s i s  under Task I I  C ( I n -  
depth System A n a l y s i s ) ,  and t o  d i s c u s s  t h e  s t a t u s  o f  o t h e r  t a s k s  
underway. The c o n t r a c t o r  s h a l l  o b t a i n  COTR approva l  o f  t h e  recom- 
mended c o n f i g u r a t i o n  b e f o r e  proceeding w i t h  Task I I  C. 

C. In-Depth System A n a l y s i s  

I .  System A n a l y s i s  
The C o n t r a c t o r  s h a l l  conduct an in- depth system a n a l y s i s  o f  
o n l y  t h e  approved c o n f i g u r a t i o n .  T h i s  system a n a l y s i s  s h a l l  
i n c l u d e  elements o f  t h e  c o n t r o l  system, i n s t a l l a t i o n  a n a l y s i s ,  
and t r a c t i o n  moto rs  as  they  p e r t a i n  t o  s y s t e m a t i c a l l y  i n v e s t i -  
g a t i n g  t h e  t e c h n i c a l  e f f e c t i v e n e s s ,  r i s k s ,  c o s t s  and economic 
b e n e f i t s  i n  a  q u a n t i t a t i v e  way. The r e s u l t a n t  system con f iq -  
u r a t i o n  d e s c r i p t i o n  should  be much more complete and d e t a i l e d  
than t h c  i n i t i a l  d e s c r i p t i o n  and shou ld  i n c l u d e  sc+emat ic d i a -  
qrams, c o n t r o l  system f l o w  diagrams, and l a y o u t  sketches. 



Drawings sha l l  be completed i n  accordance w i th  the  
prov is ions  o f  attachment B, Techqical Data Requirements. 

The analyses s h a l l  inc lude but  n o t  be l i m i t e d  t o  the  fol low-  
ing  considerat ions: 

a. The e f f e c t  o f  vary ing  t h e  number o f  cars i n  a  swi tching 
c u t  from 10 t o  40 cars  and t h e  t r a i n  weight from 460 
tons t o  2460 tons. 

b. The e f f e c t  o f  Two equipment conf igura t ions :  

1) Time sharing a  t r a i l i n g  car  conta in ing  t h e  f l y -  
wheel i n s t a l l a t i o n  w i t h  locomotive. 

2 )  Constant coupled u n i t s  ( locomot ive and t r a i l i n g  
car) .  

c. The e f f e c t  o f  r e q u i r i n g  the  system design t o  inc lude 
adjustment c a p a b i l i t i e s  t o  account f o r  d i f f e r e n t  nun- 
bers o f  cars/  cut ,  d i f f e r e n t  yard operat ion procedures, 
and var ious duty cycles. 

d. The e f f e c t  o f  modi fy ing the  basel ine operat ional  scen- 
a r i o  def ined i n  F i e l d  Data Acqu is i t i on  (Task I )  t o  
maximize benef i ts .  

2. Control  Analysis 

I n  conjunct ion w i th  t h e  system ana lys is  o f  the  approved con- 
f igu ra t i on ,  a  conceptual analysis/design e f f o r t  sha l l  be 
undertaken on t h e  con t ro l  system. Th is  e f f o r t  s h a l l  be i n  
s u f f i c i e n t  depth t o  e s t a b l i s h  f e a s i b i l i t y  o f  the  cont ro l  
system and t o  a l low t h e  economic bene f i t s  and technical  
r i s k s  t o  be assessed. Th is  ana lys i s  s h a l l  inc lude but  n o t  
be l i m i t e d  t o  considerat ion o f  t h e  f o l l o w i n g  questions: 

a. I s  it feas ib le  f o r  t he  con t ro l  system t o  be designed 
w i t h  automatic or manual adjustments o r  t o  be program- 
med t o  provide optimum opera t ion  under various t r a i n  
load condit ions; 

b. I s  it feas ib le  f o r  t he  con t ro l  system t o  be designed 
t o  maximize t h e  t r a c t i v e  e f f o r t  of  each ind iv idua l  
t r a c t i o n  motor; 

c. I s  it feas ib le  t o  u t i l i z e  t h e  flywheel as an add i t i ona l  
power source g i v i n g  t h e  in tegra ted system a power poten- 
t i a l  greater than an unmodified locomotive; 

d. I s  it feas ib le  t o  vary t h e  power shar inq between the  
flywheel and t h e  prime source as a  func t ion  of  some 
t r a i n  va r iab le  (e.g., number o f  cars /cu t  o r  c u t  weigh:); 

- 



e. How i s  t r a c t i v e  e f f o r t / t o n  maximized; 

I 
f .  How i s  s p i n / s l i d e  c o n t r o l  accomplished; 

g.  How i s  t h e  o p e r a t i o n  o f  t h e  e x i s t i n q  f r i c t i o n  brake 
system blended w i t h  t h e  dynamic b rake  system; and 

h. How i s  t h e  o p e r a t i o n  o f  t h e  d i e s e l  g e l e r a t o r  blended 
w i t h  t h e  f l ywhee l  system? 

3. I n s t a l l a t i o n  A n a l y s i s  
I n  c o n j u n c t i o n  w i t h  t h e  system a n a l y s i s  o f  t h e  approved 
c o n f i g u r a t i o n ,  a  p r e l i m i n a r y  i n s t a l l a t i o n  ana lys is /des ign  
e f f o r t  s h a l l  be undertaken. T h i s  e f f o r t  s h a l l  i n c l u d e  lay-  

I 

o u t  sketches o f  t h e  major components i n  s u f f i c i e n t  d e t a i l  
t o  e s t a b l i s h  f e a s i b i l i t y  o f  t h e  des ign  and t o  d l l o d  t h e  
economic b e n e f i t s  and t e c h n i c a l  r i s k s  t o  be assessed. 

4. Computer S i m u l a t i o n  
A computer s i m u l a t i o n  model s h a l l  be developed as necessary 
f o r  t h e  approved system c o n f i g u r a t i o n .  ' i e l d  t e s t  data  
s h a l l  be used t o  v e r i f y  i n  t h e  model t h e  o p e r a t i o n a l  para-  
meters  a s s o c i a t e d  w i t h  t h e  e x i s t i n g  locomot i ve (s ) .  T h i s  
model s h a l l  be used i n  t h e  ana lyses and s h a l l  be capable  
o f  use i n  e v a l u a t i n g  system performance as w e l l  as  estab-  
l i s h i n g  des ign parameters.  The model s h a l l  be a b l e  t o  
accommodate v a r i a t i o n s  i n  o p e r a t i n q  parameters, i n c l u d i n g ,  
b u t  n o t  l i m i t e d  to :  

a. V a r i a t i o n s  i n  t h e  number o f  c a r s  and loads i n  a  c u t  t o  
be switched. 

b. V a r i a t i o n s  i n  t h e  s w i t c h i n g  o p e r a t i o n  t i m e  due t o  d i f -  
f e r e n t  t h r o t t l e  s e t t i n g s  and t r a i n  speeds. 

c. V a r i a t i o n s  i n  t h e  t y p i c a l  d u t y  c y c l e ,  i n c l u d i n g  e f f e c t s  
o f  s w i t c h  y a r d  geometry. 

d. V a r i a t i o n s  i n  t r a c t i o n  motor c h a r a c t e r i s t i c s .  

Task I l l - - T r a c t i o n  Moto r  Analys is /Des iqn 

A. The General Motors  EMD Model D77 locomot ive t r a c t i o n  motor s h a l l  
be ana lyzed f o r  convers ion  t o  separa te  f i e l d  e x c i t a t i o n .  

B. I n  c o n j u n c t i o n  w i t h  t h e  a n a l y s i s ,  t h e  p r e l i m i n a r y  e l e c t r i c a l /  
mechanical  des ign  necessary t o  implement t h e  convers ion  s h a l l  
be accomp l i shed. 

Drawings s h a l l  be completed i n  accordance w i t h  t h e  p r o v i s i o n s  
o f  a t tachment  B, Techn ica l  Da ta  Requirements.  

V 
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Task IV--Traction. Motor Mod i f i ca t j on .  

A. T rac t ion  Motors - Two General Motors EMD Model D77 locomotive 
t r a c t i o n  motors s h a l l  b e  obtained from one of  t h e  p a r t i c i p a t i n g  
r a i l r o a d s  and modi f ied t o r u n  w i t h  separate f i e l d  exc i ta t i on .  

5 .  Restora t ion  o f  t h e  t r a c t  ion motors. t o  t h e i r  o r i g i n a  l conf igur-  
a t i on  w i l i  be done as a  r e s u l t  of  t he  w r i t t e n  i ns t ruc t i ons  from 
the Contract ing O f f i ce r .  

Task V--Traction Motor Bench Test 

A. The cont rac tor  sha l l  submit a  d e t a i l e d  t e s t  plan and obta in the  
COTR's approval p r i o r  t o  t h e  i n i t i a t i o n  o f  t es t i ng .  

B. The t r a c t i o n  motors s h a l l  be bench tes ted t o  es tab l i sh  opera- 
t i o n a  l  i n t e g r i t y  and performance c h a r a c t e r i s t i c s  before and a f t e r  
m d i f i c a t i o n .  These t e s t s  s h a l l  be conducted i n  a  "back-to-back" 
t e s t  r i g .  The bench t e s t s  s h a l l  be designed t o  provide in fo r-  
mation t h a t  w i  l  I: 

a. . Quant i fy  t h e  t r a c t i v e  e f f o r t  before and a f t e r  modi f icat ion.  

b. A s s i s t  i n  c o r r e l a t i n g  t h e  dynamic braking p o t e n t i a l l y  
a t ta inab le  from an SW1500 locomotive incorporat ing modif ied 
t r a c t i o n  motors w i t h  t h e  b r a k i n g c h a r a c t e r i s t i c s  o f  an 
e x i s t i n g  SW1500 locomotive. 

c. A s s i s t  i n  determining how r a p i d l y  an SW1500 locomotive 
incorpora t ing  modi f ied t r a c t i o n  motors can go from an 
acce lera t ing  mode t o  a  dynamic braking mode. 

Task VI--Economic Analys is  

The cos t /bene f i t  and app l i ca t i on  f o r  each design conf igura t ion  anal-  
yzed i n  Task 11-6 (Pre l im inary  Analys is) ,  s h a l l  be determined and quant i-  
f ied.  This ana lys is  s h a l l  be based on o r  inc lude the  impact of  swi tching 
yard data generated by Task I  (F ie ld  Data Acqu is i t i on ) .  The l i f e  cyc le  
cos t  ana lys is  w i l l  be made weighing t h e  r e l a t i v e  cost- benef i ts  t o  be 
expected from each equipment conf igura t ion .  L i f e  cyc le  cos t  i n  t h i s  sense 
includes a l l  costs i nc iden t  t o  planning, engineering, f ab r i ca t i on ,  i n s t a l -  
la t i on ,  operat ion, maintenance, t r a i n i n g ,  and p rov i s ion ing  of  a  system. 
Th is  ana lys is  shal I' be r e f i n e d  f o r  t h e  approved con f igu ra t i on  as fu r the r  
data becomes a v a i l a b l e  dur ing  the  in-depth system ana lys is  (Task I l -C). 

The economic ana lys i s  w i l l  be based on four  d i f f e r e n t  gu ide l ines  as 
t o  provide f u l l  i n s i g h t  i n  cos t  considerat ions and a l l ow  a d i r e c t  compar- 
ison w i t h  t h e  Wayside Energy Storage System (WESS) Program (Reference 1). 

- 
9 e f ~ r e n c e  1 .  Wayside Enerqy Storaqe Study, AiResearch Manufacturing 

Co-oany of  C a l i f o r n i a ,  78-15180, June, 1978. 
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These g u i d e l i n e s  w i l l  i n c l ude  t h e  "4R" Act, t h e  O.M.B. C i r c u l a r  A-94, one 
e n s i t i v i t y  s tudy  rep resen t i ng  a  b e s t  es t ima te  o f  f u t u r e  i n f l a t i o n ,  and 

s e n s i t i v i t y  s tudy us i ng  i n f l a t i o n  r a t e s  f avo rab le  f o r  FESS deployment. 
e c i f i c  c o s t  f a c t o r s  f o r  these  f o u r  methods o f  a n a l y s i s  a r e  shown i n  

TABLE 1 

SPECIFIC COST FACTORS 

* R e l a t i v e  t o  genera l  p r i c e  l eve l .  

The economic a n a l y s i s  w i l l  p r o v i d e  t h e  f o l l o w i n g :  

( 1 )  Perform t h e  f ou r  economic analyses as per Table  1 ?hove. The 
analyses w i l  l  be done manual ly,  o r  by a computer, o r  combin- 
a t i o n  o f  t h e  two. T a b u l a t e d  da ta  w i l l  be generated f o r  a l l  f ou r  
ana l  yses. 

(2) The d a t a  from ?be f ou r  analyses w i l l  be reviewed, + 

3 A d e t a i l e d  a n a l y s i s  o f  t h e  s i g n i f i c a n t  da ta  w i l l  be prepared. 
The o t h e r  ou tpu t  da ta  w i l l  be compared t o  t h e  s i g n i f i c a n t  d a t a ,  
and a d e s c r i p t i o n  o f  t h e  economic comparisons w i l l  be made. 



i s  economic a n a l y s i s  w i l l  a l l o w  a  d i r e c t  comparison by FRA 
i t h  t h e  Wayside Energy Storage System program. 

Task V I I  --Optional Requirement - Computer Program ~ocumen ta t i on  

The computer model developed under Task II, C, 4 o f  t h e  Statement of  
Work s h a l l  be mod i f i ed  so t h a t  it can be used a s a  t o o l  by i n te res ted  par- 
t i e s  f o r  p r e d i c t i n g  b e n e f i t s  f o r  va r i ous  c l a s s i f i c a t i o n  yard  a p p l i c a t i o n s  
and d i f f e r e n t  sw i t ch ing  p rac t i ces .  The opera t ing  so f tware  program w i l l  
i nc lude  a l l  ~ a r a m e t e r s  necessarv t o  d e r i v e  t h e  b e n e f i t s  o f  t h e  recommended 
f lywheel- locomotive system f o r  a  p a r t i c u l a r  r a i l r o a d  yard app l i ca t i on .  

The computer model must be capable o f  eva lua t i ng  t h e  flywheel-locomo- 
t i v e  system i n  var ious  r a i l r o a d  yard app l i ca t i ons .  The model s h a l l  be ab le  
t o  accommodate v a r i a t i o n s  i n  ope ra t i ng  parameters, i n c l u d i n g  b u t  n o t  l i m i -  
ted  to :  

( a )  Va r i a t i ons  i n  number o f  ca rs  and loads i n  a  c u t  t o  be switched 

(b)  V a r i a t i o n s  i n  t h e  sw i t ch ing  opera t ion  t i m e  due t o  d i f f e r e n t  
t h r o t t l e  s e t t i n g s  and t r a i n  speeds 

( c )  V a r i a t i o n s  i n  t h e  t y p i c a l  d u t y  c y c l e  i n c l u d i n g  t h e  e f f e c t s  o f  
swi tch yard geometry 

( d l  V a r i a t i o n s  i n  t r a c t i o n  motor c h a r a c t e r i s t i c s  

The model s h a l l  be we l l - su i t ed  t o  s tudy energy savings, operat ing,  
 

and performance eva lua t ion .  

References t o  t h e  above- l i s ted  s tudy t asks  a r e  made throughout  t h i s  f i n a l  
r e p o r t  t o  show t h e  s p e c i f i c  e f f o r t s  t h a t  have been d i r e c t e d  toward each one. 

PROGR4Y METHODOLOGY 

4 l o g i c  diagram of t h e  methodology fo l lowed by AiResearch i n  performing 
t h e  Phase I  program i s  shown i n  F igu re  1. As shown, t h e  program l o g i c a l l y  
cons is ted  o f  t h r e e  major areas o f  e f f o r t  and each had a  b u i l t - i n  FRA approval 
stage, cu lm ina t i ng  i n  t h e  eng ineer ing  economics a n a l y s i s  (Task V I ) .  

FORMAT DF FINAL REPORT 

The sheer volume o f  m a t e r i a l  generated du r i nq  t h e  16-month Flywheel Energy 
Storaga Switcher Phase I  Study has necess i ta ted  p u b l i s h i n g  t h i s  r e p o r t  i n  two 
v o l ~ m e s .  Volume 1 con ta ins  t h e  d e t a i l s  o f  t h e  system ana lys is ,  and descr ip-  
t i o n s  a f  t h e  ,iocomotive and t r a c t i o n  motor t e s t i n g .  Volunie 2 con ta ins  t h e  
F i e l d  data obta ined from t h e  t h r e e  yards v i s i t e d .  These data were u l t i m a t e l y  
used t o  determine a  t y p i c a l  sw i t ch ing  locomot ive 's  d u t y  cyc le .  

- 
,
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TABLE 2 

INSTRUMENTED PARAMETERS 

Locomotive a c c e l e r a t i o n  Accelerometer 

Brake c y l i n d e r  pressure Pressure t ransducer  

Cu r ren t  shun t  

T r a i n l  i n e  23 vo l t age  d i v i d e  

'W3:eelsl ip r e l a y  a c t u a t i o n  T r a i n l i n e  10 v o l t a g e  d i v i d e  

( a )  The ope ra t i ona l  du ty  c y c l e  ( o r  scenar io )  a t  t h r e e  separate swi tchyards 

(5) The a c c e l e r a t i o n  and d e c e l e r a t i o n  c h a r a c t e r i s t i c s  o f  a  commonly used 
locomot i ve 

SZE',  49 ! C TESTS 

Gata Ga the r i ng  

The swi tchyards t o  be inc iuded i n  t h e ' s c e n a r i o  t e s t s  were determined by 
r e l y i n g  on t h e  exper ience o f  sen io r  r a i l r o a d  personnel t o  i d e n t i f y  t h e  f l a t y a r d s  
u iCh  maximum a c t i v i t y .  The du ra t i on  o f  t e s t i n g  was s e t  a t  a  minimum o f  24 
cor+inuous hours a t  each o f  t h r e e  t e s t  s i t e s .  The parameters t o  be monitored 
j c r i n y  each t e s t  were se lec ted  on t h e  b a s i s  o f  use fu lness  i n  develop ing t h e  
f i n a l  sceqario.  Due t o  t h e  l a r g e  mass o f  da ta  t h a t  would be obtained, a  d i g i t a l  
sampling and reco rd ing  technique was implemented t o  f a c i l i t a t e  t h e  use o f  
computer-aided reduc t i on  processes. 

The instrumented parameters shown i n  Tab le  2 were se lec ted  t o  p rov ide  t h e  
numerical  eva lua t i on  o f  t h e  ope ra t i ona l  du t y  cyc le .  The onboard ins t rumenta t ion  
package was arranged as  shown i n  t h e  i n s t r u m e l t a t i o n  b l ock  diagram o f  F i g u r e  2. 
A d e t a i l e d  d e s c r i p t i o n  o f  t h e  i ns t rumen ta t i on  package i s  con ta ined  i~ Appendix A. 

5 
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Scenar io  Data Reduct ion 

P+ t h e  conc lus ion o f  t h e  scenar io  t e s t s ,  a l l  o f  t h e  t ape  recorded data were 
conta ined on n i n e  d i g i t a l  tape  cassettes.  Due t o  t h e  c a s s e t t e  tape  format  and 
c o n F i g u r a ~ i o n ,  i t  was necessary t o  process t h e  i n fo rma t i on  as  i l l u s t r a t e d  i n  
F i g u r e  3. T h i s  apparent  long process ing cha in  was due p r i n c i p a l l y  t o  t h e  use 
o f  e x ' s t i n g  equipment and i s  n o t  necessa r i l y  a  requi rement  f o r  t h e  bas i c  method 
w i t h  complete ly  compat ib le  equipment. Several  problems were encountered t h a t  
consumed cons iderab ly  more ca lendar  t i m e  than o r i g i n a l l y  a n t i c i p a t e d .  

I n i t i a l l y ,  t h e  a v a i l a b i l i t y  o f  t h e  Gould recorder ,  which a l s o  was used f o r  
+ playback f unc t i on ,  was unp red i c tab le  due t o  c o n f l i c t s  w i t h  o t h e r  FESS t e s t -  
i q c  as w e l l  as  o t h e r  program users. 

Each o f  t h e  data tapes was sampled e a r l y  i n  t h e  r e d u c t i o n  process t o  con- 
f i r m  sdccessfu l  data t r a n s f e r .  T h i s  was accomplished by t h e  i n i t i a l  ve rs ion  

Reference 2. Tes t i nq  and Data C o l l e c t i o n  Plan t o  D e f i n e  Operat ing Scenario 
of  F l a t y a r d  Swi tch Enqine, AiResearch Repor t  77-14536A, AiResearch Manufactur- - 
i ~ g  Yompany o f  C a l i f o r n i a ,  December 1977. 

TABLE 3 

SCENARIO TEST YARDS 

!---- 

Ra i l  road  Yard Loca t ion  Tes t  Dates 

Southern Ral lway D i  l  l a r d  Savannah, Ga. Feb 2 t o  4, 1978 
r ~y: ;~s ;7  

I 
1 Seaboard Coast Baldwin Jacksonv i I  I  e, F la. Feb 8 t o  10, 1978 
i itfie 
I 
I Bur 1 i ngton Nor thern ' Wh i t e f i sh  Whi te f i sh ,  Mont. Feb 15 t o  17, 1978 

- 
Ihe t e s t  procedure f o r  t h e  scenar io  t e s t s  cons is ted  mere ly  o f  i n s t a l l i n g  

he  ins t rumenta t ion  onboard a locomot ive a t  each f l a t y a r d  and then mon i to r ing  
he a c t i v i t y  and movements d u r i n g  a pe r i od  o f  a t  l e a s t  24 cont inuous hours. 

The d e t a i l s  o f  t h i s  t e s t  p l a n  a r e  con ta ined  i n  AiResearch Repor t  77-14536A 
Re fe rence  2 ) .  

I n  a d d i t i o n  t o  t h e  d a t a  recorded on tape, a d d i t i o n a l  in fo rmat ion  was 
ob ta ined  i n  t h e  form o f  s w i t c h  l i s t s .  These l i s t s  r ep resen t  t h e  c a r s  handled 
by eacb sw i tcher  locomotive d u r i n g  t h e  t h r e e  t e s t  per iods;  however, t h e  proce- 
dures i n  each yard d i f f e r e d  enough t o  p reven t  any d e t a i l e d  comparison o f  swi tch 
l i s t  data. The sw i t ch  l i s t s  f o r  each yard a r e  conta ined i n  Volume 2 o f  t h i s  
r epo r t .  

The scenar io  t e s t s  were conducted a t  t h e  t h r e e  yards  l i s t e d  i n  Table 3 
w i t ? o u t  major i n c i d e n t s  o r  i n t e r f e rence  w i t h  t h e  normal modes o f  operat ion.  

I 
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of  the  data reduct ion  program by reading a s h o r t  span o f  data a t  t h e  beginning 
o f  t h e  f i n a l  n ine  t r a c k  tapes. I n  add i t i on ,  t h e  Meta IV computer was used t o  
generate a s t r i p  c h a r t  record ing  o f  recorded v e l o c i t y  and d i r e c t i o n  information. 

hese cha r t s  were used dur ing  t h e  remainder o f  t h e  program as a "road map" t o  
he recorded data and t o  exp la in  apparent anomalies and odd conditions. A 
y p i c a l  p o r t i o n  o f  t h i s  record ing  i s  shown i n  t h e  upper two t races  o f  F igure  4. 

The second problem encountered was t h e  loss o f  data apparent ly  caused by 
lack 3 f  hardware compatibi l i t y  between t h e  two computer f a c i  l i t i e s .  A f t e r  
d iscovery o f  t h i s  problem, t h e  regenerat ion o f  some o f  t h e  n ine  t r a c k  tapes was 
required. Eventua l ly  these problems were i d e n t i f i e d  and sor ted  o u t  t o  a l l ow  
compiete reduct ion  o f  a l l  recorded data. 

A l l  recorded parameters, w i t h  the  except ion o f  locomotive accelerat ion,  
were U S Z ~  
-

I3 t h e  f i n a l  reduc t ion  process. The accelerometer record ings con- 
- I J : . , ~ ~  : a h igh  noise content  apparent ly  due t o  s t r u c t u r a l  v i b r a t i o n  o f  t h e  

. : jio;ns:-i ve. Although i t may 'have been poss ib le  t o  devise a f i l t e r i n g  technique 
i n  i h e  reduct ion  process, a l t e r n a t e  methods o f  es t imat ing  acce lera t ion  were 
iised where required. 

The f i n a l  form o f  t h e  da.ta reduc t i on  program al lowed a sequential  l i s t i n g  
o f  'he svai i a b l e  data; however, because a la rge  mass o f  data was t o  be handled, 
. . 
I: :as D-cersary t o  summarize the  var ious  inputs. The method selected i s  
i I  i u s t r a t e d  i n  F igure  5. 

The d i g i t i z e d  data i npu t  o f  t h e  locomotive speed s igna l  i s  processed by 
a 5 ;  -i-: . a  : 2 f i i i -e r  t h a t  compares t h e  i nd i ca ted  speed t o  parameters based on 
armature c u r r e n t  and brake pressure. Th i s  step was requ i red  t o  e l i m i n a t e  
in i I :~ence o f  occasional no ise  spikes on t h e  f i n a l  data. The opera t ion  o f  t h i s  
f i l t e r  i s  i l l u s t r a t e d  by comparison o f  t h e  lower t r a c e  o f  F igure  4, which i s  
:he f i l t e r  outpuP, t o  t h e  upper t r a c e  o f  t h e  f igure ,  which i s  t h e  o r i g i n a l  
d i 2 i t i z e d  data. The sampling per iod o f  t h e  o r i g i n a l  data was once per second. 
As it can be seen, The p r i n c i p l e  i n f l uence  i s  removal o f  t h e  h igh  ampli tude 
??d shor t  t ime  dura t ion  spikes. 

As soon as a v a l i d  speed t r a c e  has been obtained, t h e  reduct ion  program 
ca l cu la tes  t h e  f o l l o w i n g  parameters on a sample-by-sample basis: 

(a)  Distance t r a v e l l e d  

( h )  Motor and generator opera t ing  cond i t i ons  based on publ ished 
c h a r a c t e r i s t i c s  o f  armature c u r r e n t  and speed 

( c )  Generator ou tpu t  energy 

(3 )  Brak ing  energy imposed by t h e  locomotive 

(e )  Fuel consumption of t h e  engine based on publ ished c h a r a c t e r i s t i c s  

As a iechn ique t o  condense t h e  data, b u t  s t i l l  ma in ta in  v i s i b i l i t y  as 
+ 80;o~notive a c t i v i t y ,  a  l i n e  p r i n t o u t  i s  obtai;led whenever t h e  d is tance 

..-. 
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F i g u r e  4.  P o r t i o n  o f  Meta I V  S t r i p  C h a r t  
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e l  led by t h e  locomot ive exceeds a  n e t  va lue  o f  500 f t .  A t y p i c a l  p r i n t o u t  
a ined f rom read ing  a da ta  t a p e  i s  shown i n  F i gu re  6. Table  4 de f ines  
column headings. 

A t  t h e  end o f  t h e  da ta  p r i n t o u t ,  a summary l i n e  i s  p r i n t e d  rep resen t i ng  
combined accumulat ions o f  t h e  p rev i ous  l i nes .  The f i n a l  l e v e l  o f  summary 

o r  t h e  data tape, which was a l s o  accumulated as t h e  t ape  was processed, i s  
shown i n  F i gu re  7. T h i s  summary p resen ts  a  s t a t i s t i c a l  accumulat ion o f  t h e  
va r i ous  parameters shown t h a t  a l l o w  t h e  da ta  from separate  ya rds  t o  be combined 
i n t o  an average o p e r a t i n g  p r o f i l e .  For  t h e  purpose o f  d e s c r i b i n g  t h e  o v e r a l l  
A .,u 4- y cyc le ,  t h e  locomot ive and i t s  equipment, t h e  v e l o c i t y  d i s t r i b u t i o n  and 

ar..a+ure c u r r e n t  d i s t - r i b u t i o n  da ta  have proven t o  be The most va luable .  

Scenar io  Tes t  Data Summary 

The r e s u l t s  o f  t h e  data  r e d u c t i o n  of a l l  recorded tapes a r e  shown i q  

Tables 5 and 6 ,  These t a b l e s  have been arranged to summarize t h e  locomotive 
3 c t i v i t y  a t  each t e s t  s i t e  as w e l l  as She combined t o t a l  o f  a i l  t h r e e  yards. 
I n  a d d i t i o n ,  t h e  d i s t r i b u t i o n  da ta  f o r  each yard  and t h e  combined t o t a l  have 
been p l o t t e d  i n  F i gu res  8 t o  13. Complete r educ t i on  program o u t p u t s  a r e  
con ta ined  i n  Volume 2 o f  t h i s  r e p o r t .  

Some o f  t he  more s i g n i f i c a n t  f a c t o r s  revea led  by t h e  da ta  summary a r e  as 
f o l  lows: 

( a )  A c t i v e  t i m e  o f  t h e  locomot ive ranged between 41 t o  61 percen t  w i t h  
an o v e r a l l  average o f  50 percent .  

 

( b )  The b rak i ng  energy a v a i l a b l e  f o r  r egene ra t i on  averaged 25 percen t  
o f  t h e  energy o u t p u t  by t h e  generator .  T h i s  i s  d i s a p p o i n t i n g l y  ION 
when cons ide r i ng  t h e  use o f  a f l ywhee l  energy s to rage  system. 

( c )  The speed p r o f i l e  da ta  i n d i c a t e  ve ry  l i t t l e  a c t i v i t y  a t  speeds i n  
excess o f  15 mph. The average speed, a f t e r  t h e  b u l k  o f  i d l e  t i m e  
has been removed, was s l i g h t l y  less  than 4 mph. 

( 3 )  Less than 10 percen t  o f  t h e  a c t i v e  t i m e  i s  spen t  i n  excess of t h e  
t r a c t i o n  motor c u r r e n t  r a t i n g ,  so t h e r e  e x i s t s  a  g r e a t  marg in  o f  
thermal c a p a b i l i t y  f o r  ?he usage. 

I n  a d d i t i o n  t o  t h e  da ta  a u t o m a t i c a l l y  processed, t h e  t o t a l  q u a n t i t i e s  o f  
locomot ive movements were manual ly  measured f rom t h e  speed- time 

yy 
ylroad map

p r e v i o u s l y  descr ibed.  These da ta  have been used t o  de te rmine  mean va lues  f o r  
k i c k i n g  speeds and movement q u a n t i t i e s ,  F igures  14 t o  17 i l l u s t r a t e  these  
data. 

To ensure t h a t  t h e  d a t a  c o l l e c t e d  a t  t h e  t h r e e  t e s t  s i t e s  were ob ta ined  
d u r i n g  t y p i c s l  o p e r a t i n g  days, each y a r d  was asked t o  submi t  da ta  r e f l e c t i n g  
t h e  c a r  q u a n t i t i e s  processed d u r i n g  t h e  pas t  year and d u r i n g  t h e  t e s t  per iod.  
These data  a r e  shown i n  F i gu res  18 t o  23. Source i n f o r m a t i o n  f a r  these 
z raphs  i s  conta ined i n  Volume 2 o f  t h i s  r e p o r t ,  I n  each o f  The t h r e e  t e s t s ,  
fh? average c a r  q u a n t i t i e s  were n o t  g r o s s l y  d i f f e r e n t  than  t h e  p rev i ous  yea r ' s  
zverage.  

b".

Crrr 
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F i g u r e  6. Scenar io  D a t a  Reduct ion f ' roqram P r i n t o u t  



Head ing  D e f i n i t i o n  ---- 
LOCAT l ON Net  d i s t a n c e  f rom s t a r t i n g  p o i n t  a t  beg inn ing  o f  
(FEET 1 

1 
I 1 D I R  

data t a p e .  I 

I 
D i r e c t  ion o f  locornoti ve t r a v e l  when 500- f t  marker 

j 1 was crossed. 

I EL TlME Elapsed t i m e  from s t a r t i n g  p o i n t  o f  da ta  tape  i n  
! (MINI minutes.  

I IDL TlME l d l e  t i m e  accumuraied s i n c e  l a s i  500- f t  marker. 
1 (MINI l d l e  t i m e  accumulat ion i s  n o t  s t a r t e d  u n t i l  1 min 

a f t e r  speed i s  below 1/2 mph and brake pressure 
i s  g r e a t e r  than 20 p s i  . 

/ D i  ST TKAV To ta l  d i s t a n c e  t r a v e l l e d  s i nce  l a s t  500- f t  marker. 
(FEET) T h i s  w i l l  i n d i c a t e  sum o f  forward and r e v e r s e  move 

! 
I 
1 

1 MAX MPH 

I 
1 KWHR G 
I 

1 
Ca lcu la ted  energy o u t p u t  by main genera to r  o f  loco- 
mot i ve  i n  k i l owa t t - hou rs ,  

1 

! KWHR R i Ca lcu fa ted  enerqy absorbed by locomot ive wheels 
du r i ng  b rak ing .  

i 

Ca l cu l a ted  g a l  Ions o f  f u e l  consumed s i n c e  l a s t  
500-f t marker . I 

i 
i 
: 
I 
I 

10 Data e n t r y  number manual ly  s e t  i n t o  r eco rde r  tdhen 
data were cot lec ted .  Used f o r  c o r r e l a t i o n  t o  t e s t  
l og books. 

1 
f 

1 
1 1  

12 

13 

. 

BLK# 

LN# 

-- TAPE TIME -- 

i B l ock  number o f  d a t a  tape. 

L i ne  number o f  da ta  t a p e .  

I n d i c a t e s  recorded va lue  o f  ? ime  a t  which 500- f t  

I 
HRS MIN SEC marker i s  crossed. Va luc  i n d i c a t e d  w i l l  be 

mod i f i ed  i f  r eco rde r  had  been t u rned  o f f  o r  p l a c e d  
i n  standby mode. 

TABLE 4 

SCENARIO DATA REDUCTION PROGRAM PRINTOUT HEADINGS 
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F i g u r e  7 .  S c e n a r i o  D a t a  R ~ d u c t i o n  Program S t a t i s t i c a l  Summary  



I Log Book Data  - - -> - A - -- - - D a t a  Tape Summary I Averaye C a l c u l a t ~ o n s  - - -  - -  
'€55 E I a ~ s e d  1 No Recorded Itn 

Tape I Ydrd, T 9 rile, Record,  Time, 1 Time, Time, 
RR I mln T r a v e l  m ~ n  

I 

1450 1 2 2 4  31.5 4.6 118 1 

SRR L1U7 1 15 26.6 64 .6  

i 
1 636 367 3 0.40 

3s 15.11 2.9 2 1 3.5 6.9 5 21 23 7 o 65 

92.L 335.5 1197.8 ' 0.28 

- -  + - . -  .- I I 

387 447.6 23.6 65 9 39.0 7.68 3.71 381.7 0.38 
' 402. 628 82 119.08 74.4 15 8 102.3 27.1 8.45 

101 7 
1 3 9 6  

5b 632 216.6 335.6 60.82 39.4 13.6 38.0 21 2 8.52 1 4.57 

42 311 ' 262.8 - __- _ -  i 314.4 96.01 44.5 1 1 . 0  24.5 20.6 7.07 2.77 
" - - - . ~  

, T o t a l  1330 1329 1811.6 479.1 228.5 68.0 230.7 
. . . - - . - - . . . . . - 

7 6 , 6 7 . 4  390.5 5 6  01 60.3 10.9 445.4 0 1 1 1  

8 BN 1 70 F.7 40.45 13.55 5.5 5.6 35.2 0.33 

93.44 27.02 16.0 11 I 94.9 0.29 

T o t a l  868 635.1 524.39 96.58 81.8 27.6 59.6 5 3  . I  2.88 5 7 5 5  0.18 
! 

4440 7 4860.6 1280.94 1 6 0 6 . 6  188.0 6 2 5 8  356.1 _ _ 8 : 0 r L - 3 . 9 3  1 2871.6 0 26 

7 7% - - ---- -Ap-- 

SCENARIO DATA SUMMARY 



d C. 

TABLE 6 

SCENARIO DATA SUMMARY 
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F i g u r e  8 .  O i l l a r d  Yard  Data Summary 
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F i g u r e  10. hhitefish Yard  D a t a  Summary 
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ARMATURE CURRENT, AMP ~33937 

F i a u r e  11 .  Combined D a t a  Summary (Armature  C u r r e n t  vs  A c t i v e  Time) 



SPEED,  MPH s 33938 

F i g u r e  12. Combined Data Summary (Speed L e s s  t h a n  
Abscissa Value v s  Active Time)  



F i q u r e  13. Combined Da ta  Summary (Speed v s  A c t i v e  Time) 
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F i g u r e  14. Dillard Y a r d  Peak Speed D i s t r i b u l - i o f i  



Figure 15. B a l d w i n  Yard Peak Speed D i s t r i b u t i o n  
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F i g u r e  16. W h i t e f i s h  Yard  Peak  Speed D i s t r i b u t i o n  





TOTAL CARS/I 2 MO - 5 5 5 , 0 6 1  

AVERAGE CARS/HO - 42.697 

AVERAGE CARS/OAY = I ,  4 0 9  

AYEPAGE CARS/HR = 58.7 

I F  4 LOCOMOTIVES--AVERAGE CARS/HR/LOCOMOTIVE = 14.7 

I F  3 LOCOMOTIVES--AVERAGE CARS/HR/LOCOMOT I V E  = 19.6  

DATA FROM SOUTHERN RAILWAY 
SYSTEM D l  LLARD Y A R D ,  
3 - 1 4 A N D 4 - 1 8 - 7 8  T 3 w  

9.5 

il 

0 a a - 
2 9.0 
5 
L L  0 

0 

8 .5  ANNUAL AVERAGE C A R S /  
WK 9863 ( 1 0 0  PE RCENT)  

--pl +TEST P E K I O D  

DATA rROM SOUTHERN 
RAILWAY SYSTEM 

4- ' 78 ,33s,o, 

F i g u r e  18. Southern  R a i l w a y  System D i l l a r d  Yard Annual Average 

F i g u r e  l q ,  Southern R a i l w a y  D i f  l a r d  Yard T e s t  P e r i o d  A c t i v i t y  

37 



F M A H J J A S O N D J F  

- 1 2  1 PERCENT 

TOTAL CARS/ 1 3  MO = 1 . 3 7 2 . 6 4 5  

AVERAGE CARS/MO - 1 0 5 , 5 8 8  

AVERAGE CARS/DAY = 3 , 4 8 5  

3 4 8 5  
AVERAGE CARS/DAY/LOCOMOT tVE  = 697 

AVERAGE CARS/HR/LOCOMOTIVE = 29.04 

DATA FROM SEABOARD COAST 
L l NE BALDWi N YARD, 3- $5-  78 

AVERAGE CARS/DAY 3 . 8 9 9  ( 1 1 2  P E R C E N T )  

ANNUAL AVERAGE CARS;OAY 3 . 4 8 5  ( 1  00 PERCENT)  

Seaboard Coas t  L i n e  Baldwin Yard,  T e s t  Week A c t i v i t y  

F i g u r e  20. Seaboard Coas t  L i n e  R a l d w i n  Yard Annual Average 



TOTAL C A R S / ]  2 HO - 263.664 

AVERAGE C4RS/MO 21 ,512 

AVERAGE CJIRS/DAY 752 

WITH 6 ENGINE S H l F i S / D A Y  

AVERAGE CARS/DAY/LOCOMOT I V E  I 2 1  

AVEFAGE iARS/HR/LOC@MOT I V E  5 . 0  

DATA FROM BURL I NGTON 
NORTHERN WH I T E F l S H  
YARD MARCH 1978 

1*4'D 

F i g u r e  B u r l i n g t o n  N o r t h e r n  W h i t e f i s h  Yard Annua l Average 

I100 

PER 100- 

P E R C E N T  

AVERAGE t A R S / D A Y  654 ( 3 0  P E R C E N T )  

ANNUAL 1 I V E R A t E  WRSIOAY 725 ( I  00 PERCENT I 

DATA FROM BUR1 3NGTON 
NORTHERN WHITEFISH YARO 
THROUGH CARS/DAY = 45 
(ANNUAL A V E R A G E )  

1319L 

F i g u r e  23. B u r l  inaion N o r t h e r n  W h i t e f i s h  Yard Test Per iod  A c t i v i t y  



The p r imary  o b j e c t i v e  o f  t h e  s c e n a r i o  t e s t s  was t o  c r e a t e  a  da ta  base from 
d u t y  c y c l e  c o u l d  b e  determined. Also,  t h e  fo rmat  o f  t h e  

m p a t i b l e  w i t h  t h e  computer s i m u l a t i o n  o f  t h e  s w i t c h i n g  
comot i ve  t h a t  i s  desc r ibed  i n  S e c t i o n  4. The ground r u l e  f o r  d e t e r m i n i n g  t h e  
e n a r i o  was t o  match as many o f  t h e  t e s t e d  average parameters as  p r a c t i c a l .  

he f o l l o w i n q  d e s c r i p t i o n  d e t a i l s  t h i s  procedure.  

( a )  Based on logbook and recorded data ,  t h e  a c t i v e  t i m e  was s e t  a t  50 
percen t .  

( b )  From s w i t c h  l i s t  data  ( c o n t a i n e d  i n  Volume 2 ) ,  t h e  c a r s  processed 
per  day were: 

D i  l l a r d  Yard 348/30.8 c a r s / h r  
Ba ldwin Yard 613/31 c a r s / h r  
W h i t e f i s h  Yard 498/26 c a r s / h r  

O v e r a l l  Average = 402 c a r d 2 4  h r  

( c )  From logbook data  and observers  exper ience:  

( d )  The k i c k i n g  c y c l e s  r e q u i r e d :  

402 c a r s  = 18 f e t c h e s  
22 c a r s / f e t c h  

( e )  The t o t a l  movement q u a n t i t y  shou Id  be: 

D i l l a r d  Yard 795/30.8 moves/hr 
Ba l dwin Yard 723/31 m v e s / h r  
W h i t e f i s h  Yard 319/26 moves/hr 

O v e r a l l  Average = 491 moves/24 h r  

For  a  f e t c h  o f  22 c a r s  and assuming 2  forward moves and 1 r e v e r s e  
move f o r  every  2  k i cks ,  t h e  k i c k i n g  moves w i l l  t o t a l  15 m v e s / f e t c h  
o r  270 moves k i c k i n g .  There fo re ,  t h e  sum o f  f e t c h i n g  and o t h e r  
m isce l laneous  moves should  t o t a l  approx imate ly  220. 

The p r i m a r y  techn ique  f o r  match ing  t h e  t e s t  d a t a  i n  terms o f  energy 
t r a n s f e r  was t o  s e l e c t  a  s e t  o f  computer r u n s  t h a t  matched t h e  speed 
and armature c u r r e n t  d i s t r i b u t i o n  data .  T h i s  was accompl ished by an 
i t e r a t i v e  t r i a l  and e r r o r  method. The runs  t a b u l a t e d  below p r o v i d e  
a  reasonab le  match t o  t h e  data. T h i s  i s  n o t  t h e  o n l y  combinat ion,  b u t  
i s  cons idered a  s u i t a b l e  match f o r  t h e  f u e l  consumption comparison. 



Peak Speed, mph Dis tance,  f t  

Fetch i n o  65 22 

Fe tch  i  ng 13 22 1 1  ,O 3800 

Fetch i ng 3 0 10 15.1 1100 

- 
' h e  p r e c e d i n g  d s t a i l e d  computer r u n s  a r e  c o n t a i n e d  i n  Volume 2. The 

c o m ~ m r i s o n s  o f  t h e  speed and a rmatu re  d i s t r i b u t i o n  d a t a  o f  t h e  s c e n a r i o  r u n s  
and t h e  t e s t  da ta  a r e  shown i n  F i g u r e  24. 

The s c e q a r i o  s i v u l a t i o n  speed d i s t r i b u t i o n  c h a r a c t e r i s t i c  d i f f e r s  f rom 
t h e  t e s t  d a t a  p r i m a r i l y  i n  the low speed ( l e s s  than  4 mphl r e g i o n .  T h i s  i s  
a t t r i b u t e d  t o  t h e  r e l a t i v e l y  sma l l  number o f  computer r u n s  used i n  t h e  
s c e n a r i o  s i m u l a t i o n .  The a r e a  o f  d i f f e r e n c e  c o u l d  have been r e p r e s e n t e d  by 
many v e r y  low speed r u n s  t h a t  do n o t  have a s i g n i f i c a n t  i n f l u e n c e  on t o t a l  
energy  expended o r  recove red .  To make u p  f o r  t h i s  d i f f e r e n c e ,  however, t h e  
s e l e c t e d  computer r u n s  r e s u l t  i n  a  speed d i s t r i b u t i o n  t h a t  i s  s l i g h t l y  h i g h e r  
i n  t h e  remainder  o f  t h e  c h a r a c t e r i s t i c  where t h e  energy  c o n t e n t  is more 
s i g n  i f  i c a n t .  

The a rma tu re  c u r r e n t  d i s t r i b u t i o n  c h a r a c t e r i s t i c  r e s u l t i n g  f rom t h e  formu- 
l a t e d  s c e n a r i o  i s  r e p r e s e n t e d  by t h e  d a t a  p o i n t s  p l o t t e d  on t h e  t e s t  da ta  
c h a r a c t e r i s t i c s  of F i g u r e  25. The d i f f e r e n c e s  Setween t e s t  d a t a  and computer 
s i m u l a t i o n  d a t a  a r e  p r i m a r i l y  due t o  t h e  r e l a t i v e l y  s m a l l  number o f  computer 
r u n s  used a s  w e l l  as t h e  sma l l  number o f  d a t a  p o i n t s  used t o  c o n s t r u c t  t h e  
c h a r a c t e r i s t i c .  

Fuel  Consumption Comparison 

When a  s e f  o f  computer  r u n s  t b a t  matched t h e  t e s t  d a t a  had been i d e n t i f i e d ,  
t h e  t a s k  o f  d e t e r m i n i n g  t h e  f u e l  consumpt ion o f  t h e  s t a n d a r d  and t h e  f l y w h e e l -  
a s s i s t e d  c o n f i g u r a t i o n s  was accomp l i s~ ied .  The v a r i o u s  components o f  f u e l  usage 
a r e  shown i n  T a b l e  7. The r e s u l t i n g  f u e l  d i f f e r e n c e s  a r e  e s s e n t i a l l y  zero .  
Even w i t h  t h e  assumpt ion t h a t  t h e  f l y w h e e l  system i s  n o t  e n e r g i z e d  on  onp profit- 
a b l e  moves, t h e  s a v i n g s  ach ieved d u r i n q  t h e  k i c k i n g  m e r e l y  o f f s e t s  t h e  a d d i t i o n a l  
l osses  o f  t h e  i d l i n g  p e r i o d .  

LOCOMOT I V E PERFORMANCE TESTS 

I P  was i e c e s s a r y  t o  deve lop a  h a s i s  f o r  e v a l u a t i n g  t h e  accur-acy o f  the 
compuTer rrlodel hecause t h e  p r i m a r y  e v a l u a t i o n  t e c h n i q u e  f o r  the FESS progrdrc was 
fo use a computer s i ~ u l a t i o n  of t h e  s w i t c h i n g  l ocomot i ve .  T h i s  e v a l u a t i o n  ides-  
cr i bed i n  S e c t i o n  4) was tc be based o n  ac tua  l  t e s t  da ta .  D u r i n g  June, 1975, 



SPEED,  MPH 

Figure 24. Locomotive Speed Distribution Characteristics 



ARMATURE CURRENT, AMP 

S 34182 

F i q u r e  25. Locomot ive Armature C u r r e n t  D i s t r i b u t i o n  C h a r a c t e r i s t i c  



Standard Locomotive Flywheel System Gal Ions 
Opera t ing  Mode Saved 

Time, min Fuel,  ga l  Time, min Fuel, ga l  

I d l e ,  12 hr 720 45.6 720 48 -2.4 

Fetch ing,  3.4 h r  

Cars x D i s t  x Speed x Runs 
22 x 2300 x 5.8 x 8 44.3 6.74 45.0 6.893 -0.15 
22 x 2400 x 6.8 x 8 38.3 6.82 37.2 1 6.943 -0.12 
22 x 1 O O O x  9.8 x 2 4 .O 1.27 3.9 1.20 t0.07 

l d l  i ng between moves 117.0 7.41 117.0 i 7.8 -0.4 
- 

Kick ina ,  3.6 hr I 
22 x NA x 7.5 x 18 122.9 1 3 6 . 7  117.0 ; 32.9 +3.8 
l d l i n g  between m ~ v e s  93 .O 5.9 99.0 6.6 -0.7 

I 
I Misc. Moves, 5.0 h r  

22 x 3800 x 11 .O x 13 63.1 19.9 66.2 1 19.3 +0.6 
22 x 1000 x 9.8 x 63 126.0 40.1 122.5 37.5 +2.6 
10 x 1100 x 15.1 x 30 17.2 42.0 16 .O 11.2 
l d l i ng be'rween moves -0.3 

Flywheel S ta r t up  t o  50 Percent  

-- 1 3.8 6 t imes/24 h r  -- I 

I 
To ta  l s 440.3 1 192.0 1439.8 1 191.6 1 0.4 I - -  I 

1. Fuel r a t e  = 3.8 gph. Gal lons saved = 0.4 = 0.001 
2. Fuel r a t e  = 4.0 qph. I Cars switched 396 1 3. FI  ywheel system :eenergized. I I 

TABLE 7 

FUEL CONSUMPTION COMPARISON 

P 
P 



t h e  locomot ive t e s t s  t o  supp ly  t h i s  da ta  were conducted a t  t h e  A t l a n t a ,  Georgis 
f a c i l i t i e s  o f  t h e  Southern Rai lway System. The locomot ive used f o r  t e s t i n g  was 
an SW1500 w i t h  SRS No. 2302. T h i s  locomot i ve  was a l s o  used d u r i n g  t h e  scenar io  
t e s t s  a t  Savannah, Georgia.  The t e s t  p l a n  i s  desc r ibed  i n  AiResearch Repor t  
78-15055 (Reference 3). 

The parameters i ~ s t r u m e n t e d  d u r i n q  t h e  performance t e s t s  a r e  shown i n  Table  
8. The d e t a i l s  o f  t h e  i n s t r u m e l t a t i o n  packaqe a r e  desc r ibed  i n  Appendix A. 

The locomot ive was s t a t i o n a r y  d u r i n g  t h e  i n i t i a l  t e s t i n g ,  b u t  t h e  main 
genera to r  was connected t o  a  r e s i s t i v e  load bank. T h i s  method i s  a  s tandard 
techn ique  f o r  e v a l u a t i n q  t h e  performance o f  t h e  d i e s e l  engine and m a i ~  generator .  
For t h e  FESS proqram t e s t  p lan ,  t h e  e n q i n e  was operated t o  o b t a i n  d s t a b i l i z e d  
thermal c o n d i t i o n .  The enqine was t i e n  opera ted  i n  each a v a i l a b l e  t h r o t t l e  
n o t c h  t o  e s t a b l i s h  t h e  s t e a d y- s t a t e  o p e r a t i n g  parameters a t  power ou tpu t ,  f u e l  
f low, e n g i ~ e  speed, and c o n t r o l  c h a r a c t e r i s t i c s .  

The r e s u l t i n q  power vs speed c h a r a c t e r i s t i c  i s  shown i n  F i g u r e  25, which 
a l s o  shows t i e  e q u i v a l e n t  pub l i shed  c h a r a c t e r i s t i c .  I n  genera l  t h e  c h a r a c t e r i s -  
+ i c s  a r e  s i m i l a r ;  however, t h e r e  i s  a  d isp lacement  i n  enq ine  speed and power 
o u ~ o u t  between t h e  two curves. These d i f f e r e n c e s  can p r o b a b l y  be  a t t r i b u t e d  
t o  t h e  age and s t a t e  o f  c o n t r o l  i n  c a l i b r a t i o n  o f  t h e  t e s t e d  locomot ive.  The 
eng ine  speed v s  t h r o t t l e  c h a r a c t e r i s t i c  o f  F i g u r e  27 d e p i c t s  t h e  t e s t e d  and 
p u b l i s h e d  c h a r a c t e r i s t i c s  o f  t h e s e  parameters.  

The o u t p u t  power vs f u e l  f l o w  c h a r a c t e r i s t i c s  a r e  shown i n  F i g u r e  28. A 
s l i g h t  v a r i a t i o n  t h a t  shows a  g r e a t e r  f u e l  f l o w  f o r  t h e  t e s t e d  locomot ive was 
found. 

The r e l a t i o n s h i p s  o f  genera to r  v o l t s ,  b a t t e r y  f i e l d  c u r r e n t ,  and eng ine 
speed o b t a l n e d  d u r i n g  t h e  t e s t s  a r e  s5own i n  F i g u r e s  29 and 30. There were 
no pub l i shed  c h a r a c t e r i s t i c s  a v a i l a b l e  f o r  comparison; however, t h e  apparent  
c o n t r o l  range o f  t h e  b a t t e r y  f i e l d  c o u l d  have a l l l o w e d  a  b e t t e r  match o f  t h e  
genera to r  power vs eng ine  speed c h a r a c t e r i s t i c s  i f  t h e  c o n t r o l s  had been 
s l i q h t l y  ad jus ted .  No c o n t r o l  ad jus tments  were made f o r  t h e  FESS proqram. 

The response t imes  o f  t h e  eng ine- generator  combinat ion were recorded  as 
t h e  eng ine  was a c c e l e r a t e d  and d e c e l e r a t e d  w i t h  s i n q l e  no tch  steps.  A l though 
some data  s c a t t e r  were obta ined,  t h e  r e s u l t s  a r e  shown i n  F i g u r e  31. 

A l l  o f  t h e  p reced ing  t e s t  c h a r a c t e r i s t i c s  were developed f rom t h e  t e s t  
data  a i d  a r e  cons idered r e p r e s e n t a t i v e  o f  t h e  t e s t e d  c o n f i g u r a t i o n .  Yowever, 
under dynamic c o n d i t i o n s ,  t h e  t r a c t i o n  motors  can p r e s e n t  d i f f e r e n t  loads t h a t  
w i l l  t end  t o  v a r y  o r  d i s t o r t  these  c h a r a c t e r i s t i c s .  

F o l l o w i n g  t h e  load box t e s t ,  t h e  locomot i ve  was subjected t o  v a r i o u s  con- 
d i t i o n s  o f  a c c e l e r a t i o n  and d e c e l e r a t i o n  w i t h  d i f f e r e n t  loads. Var ious  runs  
from t h i s  d a t a  s e t  were used i n  t h e  d e t a i l  development o f  t h e  computer model 
and i t s  v a l i d a t i o n .  F iqu res  32, 33, and 34 show t y p i c a l  da ta  o b t a i n e d  
d u r i n q  t h e s e  t e s t s .  

Refsrence 3. Performance T e s t  P l a n  f o r  SW1500 Locomotive, AiResearch 
Reoor t  78-1 5955, ~ i ~ e s e a r c l i - V a n u f a c t u r i  ng Company o f  Ca I  i f o r n i a ,  May 2, 1978. 
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I 4 c c e l e r a t i o n  Servo acce lerometer  
I 

I , Speed I GE Tachometer ' 50 mph 
1 I 

3 ; - e c t i o n  1 T r a i n l i n e  8 and 9 
v o l t a q e  d i v i d e r  

/En3 i ne Parameters 
1 

I Fuel f l o w  / T u r b i n e  f lowmeter 150 gph 
1 

( I i l e t - r e t u r n )  I I 
, Engine speed P h o t o e l e c t r i c  sensor 1000 rpm 

- -- 

lMa i n  Generator  Pardmeters 
I 
I 

B a t t e r y  f i e l d  c u r r e n t  C u r r e n t  shunt  75 adc i I I 
/ o u t p u t  v o l  tage  V o l t a g e  d i v i d e r  1200 vdc 
I 

/ Output  c u r r e n t  C u r r e n t  shun t  3000 adc 
t- 
I i r a c t  i o n  Motor Parameters 1 I 

Armature v o l t a g e  V o l t a g e  d i v i d e r  74 vdc I I 
I 
1 4 rmature c u r r e n t  1 C u r r e n t  shun t  I 1200 adc 

I 
1 Suspension d isp lacement  Cable p o t e n t i o m e t e r  - +I in. 

C o n t r o l  Parameters 
I I 1 T h r o t t l e  p o s i t i o n  Cable p o t e n t i o m e t e r  / l lo tch 0-8 I 

B rake  cy l i nder p ressure  P r e s s u r e  t ransducer  1 150 p s i  I 
I I I Wheel s l i p  r e l a y  a c t u a t i o n  T r a i n l i n e  10 v o l t a g e  d i v i d e r  74 vdc 

Sander v a l v e  a c t u a t i o n  T r a i n l i n e  23 v o l t a g e  d i v i d e r  74 vdc 

TABLE 8 

LOCOMOTIVE PERFORMANCE TESTS 
l NSTRUMENTED PARAMETEI-IS 

%, 



D I E S E L  E N G I N E ,  RPM 
S 34232 

Figure  26. SW1500 Load Box Tes t ,  Engine and Generator  Performancs, 
Locomot ive  2302 

4 7  



F i g u r e  27. Load Box Data ,  Speed vs  T h r o t t l e  



F i o i ~ r e  "8. Locomot i  V P  F i t i l l  C o n ~ u ~ ~ p t  ion ,  Load ?ox Test ,  
Locomot ive  ?30? 



E N G I N E ,  RPM 

S 34237 



ENGINE, RPM 
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Ficure 30.  Lo66 Box Data ,  F i e l d  C u r r e n t  v s  Eng ine  Speed 





F i g u r e  32. D a t a  R o l l  No. 1 

-. 





F i g u r e  34, Data R o l l  No. 3 
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SECTION 4 

SYSTEM ANALYS l S 

INTRODUCTION 

The goal  o f  t h e  system a n a l y s i s  was t o  e s t a b l i s h  t h e  most advantageous 
c o n f i g u r a t i o n  u s i n g  t h e  two  b a s i c  system elements d e f i n e d  i n  t h e  c o n t r a c t  SOW. 
These elements were t h e  EMD SW1500 locomot ive and t h e  AiResearch ACT-? Energy 
Storage U n i t  (ESU). To d e f i n e  t h i s  s u p e r i o r  c o n f i g u r a t i o n ,  a p r e l i m i n a r y  ana l-  
y s i s  i d e n t i f i e d  f o u r  a l t e r n a t e  concepts  t h a t  were eva lua ted  on a r e l a t i v e  r a t h e r  
than a b s o l u t e  bas is .  The performance requ i rements  o f  t h e  system 1 were i d e n t i f i e d  
c o n c u r r e n t l y  w i t h  t h e  p r e l i m i n a r y  a n a l y s i s  where subsequent, i ndep th  analyses 
cou ld  be performed on a f i r m  data  base. 

BAS l C SYSTEM ELEMENTS 

SW? 500 Loconwt i ve 

The SW1500 locomot ive has been manufactured by EMD s i n c e  1968 (see F i g-  
ures 35 and 36).  Another locomot ive c h o i c e  c o u l d  have been t h e  SW1000. T + i s  

F i g u r e  35. SW1500 Locomot ive ~- 
56 



1 . COC L l NG SYSTEM SHUTTERS 
2. FAN SHROUD AND SAND 

BOhES LOCAT I ON 
3. A I R  COfIPRkSSOR 
4. RADIATORS 
5. EQU l PMENT RACK 

6 .  645E 1, I L S L L  E N G I N E  12. CONTROL CONSOLE 
7. ENGINE BLOWER 13. A I R BRAKE EQU l PMENT AND 
8. ENGINE OLL BATH A I R  F I L T E R S  ELECTRICAL SWITCHGEAR 
9. A U X I L I A R Y  GENERATOR 14, BATTERY BOX AND SAND BOXES 

10. P54 I  N GENERATOR 15. TRUCK 
1 1 .  TRACTION MOTOR BLOWER 1 6 .  FUEL 1kNK 

DATA AND I L L U L  i R H T l  ONS O B T A l  NED FROM 
SWl 0 0 0 - S W 1 5 O d  OPERATOR 1 S MANUAL, 
2 N D  ED1 T I  ON. GENERAL MOTORS CORPORATION, 
E L E C T R O - I - ~ O T ~ V E  D I V I  S ION,  SEPTEMBER 1 9 6 8 .  

F i g t i - ~  3C. ' I,. i 5CO Lccomol-i ve Gcncv-a l Arrangement. 

139 19  

a. S I D E  C L E V A T l O N  

b. CROSS SECTION 

- 



locomot ive was in t roduced  i n  1966, and i s  a l s o  manufactured by EMD. The bas ic  
d i f f e r e n c e  i n  t h e  two locomot ives i s  t h e  eng ine s i ze ;  t h e  S W l O O O  has a  sma l le r  
1000 hp engine.  I n  te rms  o f  broad p r i n c i p l e s ,  t h e  system a n a l y s i s  desc r ibed  be- 
low i s  a p p l i c a b l e  t o  b o t h  locomot ives.  O n l y  d e t a i l  changes would be r e q u i r e d  t o  
accommodate a  model change. 

S p e c i f i c  i n f o r m a t i o n  on t h e  SW1500 locomot ive t h a t  i s  r e l e v a n t  t o  t 5 e  
s t u d y  i s  con ta ined  i n  Tab le  9. 

1. D i e s e l  Engine 

The eng ine  performance c h a r a c t e r i s t i c  pub l i shed  by EMD i s  shown i n  F i g u r e  
37. The brake horsepower i s  t h e  t o t a l  mechanical  power o u t p u t  pf t h e  d i e s e l  
eng ine and i n c l u d e s  power t o  t h e  main genera to r ,  a u x i l i a r y  genera to r ,  a i r  com- 
pressor ,  and r a d i a t o r  c o o l i n g  fan. The t r a c t i o n  horsepower i s  t h e  i n p u t  t o  t h e  
main genera to r .  The s p e c i f i c  f u e l  consumption c u r v e  r e l a t e s  t o  t o t a l  enq ine 
power ou tpu t ,  t h a t  i s ,  t h e  brake horsepower. 

2. M a i n G e n e r a t o r  

The main genera to r  on t h e  locomot i ve  i s  a  Model D32 manufactured by EMD. 
The genera to r  i s  d i r e c t l y  connected t o  t h e  d i e s e l  eng ine  by a  f l e x i b l e  coup l ing .  
The eng ine  r o t a t e s  t h e  genera to r  t o  deve lop a  r a t e d  600 vdc o u t p u t  v o l t a g e  a t  
1700 amp. 

The genera to r  i s  a  m u l t i f i e l d  machine hav ing  t h e  f o l l o w i n g  wind ings:  

( a )  S t a r t i n g  Windinq--The s t a r t i n g  w ind ing  i s  energ ized  by t h e  locomot ive 
b a t t e r y  d u r i n g  eng ine s t a r t  t o  motor t h e  genera to r  and crank t h e  en- 
g ine.  

( b )  l n t e r p o l e  Winding--The i n t e r p o l e  w ind ing  i s  p r o v i d e d  t o  a s s i s t  commu- 
t a t i o n  o f  armature c u r r e n t .  

( c )  Compensating P o l e  Face Winding--This w ind ing  p r o v i d e s  compensation 
f o r  armature r e a c t i o n  and m a i n t a i n s  u n i f o r m  a i r  gap f l u x  d i s t r i -  
bu t ion .  

( d )  D i f f e r e n t i a l  Windinq--This w ind ing  i s  connected i n  s e r i e s  w i t h  t h e  a r -  
mature c i r c u i t  t o  buck t h e  main f i e l d .  T h i s  produces a  droop i n  ou t-  
p u t  v o l t a g e  w i t h  load c u r r e n t ,  and a l t e r s  t h e  genera to r  c h a r a c t e r i s -  
t i c s  so a  r e l a t i v e l y  sma l l  change i n  separa te  e x c i t a t i o n  w i l l  p rov ide  
c o n t r o l  o f  genera to r  o u t p u t  power. 

( e l  B a t t e r y  F i e l d  Winding--The b a t t e r y  f i e l d  w i n d i n g  i s  a  s e p a r a t e l y  ex- 
c i t e d  shunt  f i e l d  w ind ing  connected t o  t h e  b a t t e r y  and a u x i l i a r y  gen- 
e r a t o r  c i r c u i t .  The b a t t e r y  f i e l d  i s  c o n t r o l l e d  by t h e  load r e g u l a t o r ,  
which serves t o  m a i n t a i n  a  c o n s t a n t  horsepower demand on t h e  engine 
f o r  any ampere demand w i t h i n  t h e  c a p a b i l i t y  o f  t h e  genera to r  and load 
r e g u l a t o r .  

- - 

- 



. - 
Data from E lec t ro -Mo t~ve  D ~ v i s ~ o n ,  General ulotors r n r p o r a t ~ o n ,  
SW1000-SW1500 Operator 's  Vailanual, 2nd t d l t t o n ,  September, 1968. 

Wheels 

Arrangement B - B  

9 ! am-ter 40 i n .  

Diesel  i nq ine  

Mode 1 12645E 

power 1500 hp 

Cylinder arranqement 45 deq v 

Cy l i - de r  bore and s t roke 9-1/10 in. x 10 i n .  

Maxlnum speed 900 rpm 

I d l l n o  soeed (standby) 330 rpm 

I i l l n a  speed (worklnq) 493 rpm 

Ma l n  Generator 

Model 032 

Rating 1700 amp a t  600 b 

Output Direct c u r r e n t  

Vol taqe con t ro l  

Trac t ion  Motors 

Mode I 

F i e l d  e x c i t a t i o ~  

077 

Type S e r ~ e s  f l e l d ,  se l f - exc i t ed  

Cal t lnuous r a t l n q  850 #1 amp 

1 Cooi lna a i r f l o w  per motor 1400 cfm 

/ Connection Permanent se r i es lpa ra l  l e i  I 
I Gear r a t i o  62:15 I 

M~YIIIU~ speed (armature I  l r n ~ t )  71 mph 

i ocono t i ve  We~qh t  (maximum) 250,000 i b  

Consu~able  supp l ies  

Sand 30 cu f t  

F u e l ,  basic 600 U.S. qal  

- -ex t ra  I100 U.S. qal  

TABLE 9 

GENERAL DATA OF SW1500 LOCOMOTIVE 



THROTTLE P O S I T I O N  

I I I I I I I I I 
342 4 1 7  5 0 4  583  6 6 2  744 8 2 5  9 0 5  

ENGINE SPEED, RPM ~ 3 3 8 ~  

F ~ y u r e  37. 12-645E E n s ~ n e  Performance (Data  f rom General  Motors  Corpord t lon ,  
E l e c t r o- M o t i v e  D i v ~ s i o n ,  Curve SC2980, March 5, 1974) 



( f )  Shunt F i e l d  Winding--A smal l  p o r t i o n  o f  genera to r  o u t p u t  i s  fed  back 
and used t o  e x c i t e  t h e  shun t  f i e l d .  T h i s  f i e l d  i s  used t o  a d j u s t  generator  
c h a r a c t e r i s t i c s  i n  r e l a t i o n  t o  t h e  number and connec t ion  o f  moto rs  powered by 
t h e  generator .  

F i g u r e  38 shows t h e  c h a r a c t e r i s t i c s  o f  a  D32 g e n e r a t o r  which r e f l e c t s  t h e  
t r a c t i o n  power a v a i l a b l e  f rom t h e  d i e s e l  eng ine between maximum c u r r e n t  and 
maximum v o l t a g e  l i m i t a t i o n s .  

3. T r a c t i o n  Motors  

The f o u r  t r a c t i o n  motors  a r e  s tandard D77 models used on most EMD road and 
s w i t c h i n g  locomot ives.  D77 models a r e  s e r i e s  f i e l d ,  s e l f - e x c i t e d  t r a c t i o n  
motors. The c h a r a c t e r i s t i c s  o f  t h e  motor  used i n  t h e  SW1500 locomot ive a r e  
shown i n  F i g u r e  39. As i n s t a l l e d  i n  t h e  SW1500 locomot ive,  t h e  t r a c t i o n  motors  
a r e  a i r  coo led a t  1400 cfm/motor a t  maximum engine speed f rom a  s i n g l e  engine- 
d r i v e n  blower, g i v i n g  a  con t inuous  c u r r e n t  r a t i n g  o f  850 amp. S h o r t  te rm r a t i n g s  
a r e  g iven  i n  Tabie  10. 

TABLE 10 

U77 TRACTION MOTOR RATINGS IN SW1500 LOCOMOTIVE 

D u r a t i o n  Current ,  Amp Speed, mph 

r 

Cont inous 850 10.7 

1 h r  890 9.8 

30 rnin 965 8.7 

15 min 1065 7.4 

A  more d e t a i l e d  d e s c r i p t i o n  o f  t h e  t r a c t i o n  motor i s  g i v e n  i n  S e c t i o n  5  o f  
t h i s  r e p o r t .  

4. Power and C o n t r o l  C i r c u i t s  

The s i r n p i i f i e d  power schemat ic i n  F i g u r e  40 shows t h a t  t h e  t r a c t i o n  motors  
d r e  connected i n  permanent s e r i e s / p a r a l l e l .  T h i s  arranyement reduces t h e  s i z e  
o f  t h e  genera to r  r e q u i r e d  t o  supp ly  t h e  motors. For example, i f  t h e  f o u r  t r a c -  
t ~ o n  motors  were a i l  connected i n  p a r a l l e l ,  t h e  genera to r  would have t o  be capable  
o f  d e l ~ v e r i n g  3400 amp a t  low iocomot i ve  speeds. I f  d l 1  t r a c t i o n  motors  were 
connected i n  s e r i e s ,  a  g e n e r a t o r  c a p a b i l i t y  o f  2200 v  would be r e q u i r e d  a t  
h i g h  speeds. Therefore ,  t h e  s e r i e s / p a r a l l e l  connec t ion  r e p r e s e n t s  a  compromise 
o f t e n  made i n  d i e s e i  locomot ive p r a c t i c e .  

Power c o n t r o l  i s  ach ieved by t h e  load r e g u l a t o r ,  which i s  a  p l a t e- t y p e  rheo-  
s t a t  d r i v e n  by a  h y d r a u l i c a i l y  opera ted  vane motor. 



F i c u r c  5 6 .  L32 Generator  C h a r a c t e r ~ s t ~ c s  ( D a t a  f rom E l e c t r o - M o t ~ v e  D i v ~ s ~ o n ,  
Generzl  Plotors Corpora t ion ,  Curve 2689, October  25, 1978) 

-- 
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F i gu re  39. C h a r a c t e r i s t i c s  o f  D77 T ranc t i on  Motor a t  260 kw ( D a t a  from General Motors  
C ~ r p o r a t i o n ,  Electro-Motive D i v i s i o n ,  Curve SC2673, November 20, 1966) 
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F i g u r e  40. Simplified Schematic o f  SW1500 Locomotive 
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A p i l o t  v a l v e  i n  t h e  eng ine  governor  c o n t r o l s  a f l o w  o f  eng ine  o i l  under 
essure  t o  d r i v e  t h e  vane motor c l o c k w i s e  o r  coun te rc lockw ise ,  the reby  pos i -  

i o n i n g  t h e  r h e o s t a t  brush arm and r e g u l a t i n g  t h e  o u t p u t  o f  t h e  main genera to r  
y v a r y i n g  e x c i t a t i o n  o f  t h e  genera to r  f i e l d .  C o n t r o l  o f  genera to r  f i e l d  

e x c i t a t i o n  r e s u l t s  i n  c o n t r o l  o f  t h e  load on t h e  engine.  Load c o n t r o l  on t h e  
eng ine  (by  t h e  governor )  p e r m i t s  t h e  governor  t o  m a i n t a i n  eng ine  speed w i t h  
r e g u l a t i o n  o f  power a t  t h e  c o r r e c t  l e v e l  f o r  a g i v e n  speed. 

The p i l o t  v a l v e  i n  c o n j u n c t i o n  w i t h  t h e  load r e g u l a t o r  r e q u i r e s  t h e  eng ine 
t o  assume a predetermined load f o r  each t h r o t t l e  p o s i t i o n  by c o n t r o l l i n g  t h e  
l o a d i n g  o f  t h e  main g e n e r a t o r  th rough  t h e  b a t t e r y  f i e l d .  

Engine speed i s  c o n t r o l l e d  u s i n g  f o u r  c o n t r o l  s o l e n o i d s  fed  from r e l a y s  
c o n t r o l l e d  by t h e  o p e r a t o r ' s  t h r o t t l e  c o n t r o l .  These feeds a r e  t r a i n l i n e d ,  as  
shown i n  Table  1 1 ,  t o  g i v e  m u l t i p l e  u n i t  c o n t r o l  o f  eng ines when r e q u i r e d .  

TABLE 1 1  

ENGINE SPEED CONTROL TRAINLINES 

1 T h r o t t l e  1 
T h r o t t l e  Relays Engine T r a i n l i n e s  

stop P o s i t  i o n  n rg ized  Speed Energized 

- 3 
1 None 315 None* 
2 A 395 15 

t 
3  C 480 7 I 

4 AC 560 15, 7 I 
I 5 BCD 650 12, 7, 3 

6 ABCD 735 15, 12, 7, 3 ( 
7 BC 815 12, 7 
8 ABC 900 15, 12, 7 , 

1 

*None o f  t h e  f o u r  " engine speed" t r a i n l i n e s .  

5. B r a k i n g  System 

The SW1500 locomot ive i s  equipped w i t h  a s tandard  26 NL- type a i r  brdke. 

6. Wheel S p i n / S l i d e  C o n t r o l  

Wheel s p i n  i s  d e t e c t e d  by means o f  wheel s p i n  r e l a y s  connected i n  a b r ~ d g e  
c i r c u i t  around each p a i r  o f  ser ies- connected t r a c t i o n  motors  ( F i g u r e  41) .  I n  
t h i s  c i r c u i t ,  d i f f e r e n t i a l  wheel s p i n  between a p a i r  o f  a x l e s  i s  de tec ted  by t h e  
presence o f  s u f f i c i e n t  d i f f e r e n t i a l  v o l t a g e  t o  p i c k  up a wheel s p i n  r e l a y .  When 
a wheel s p i n  i s  de tec ted ,  a wheel s p i n  l i g h t  i s  i l l u m i n a t e d  i n  t h e  cab and a 
b a t t e r y  f i e l d  c o n t a c t o r  opened t o  reduce main g e n e r a t o r  e x c i t a t i o n .  Thus, 
locomot ive power on a l l  mo to rs  i s  reduced u n t i l  s u f f i c i e n t  adhesion i s  r e g a ~ n e d  
t o  reduce t h e  s p i n ,  decrease t h e  d i f f e r e n t i a l  v o l t a g e ,  d r o p  o u t  t h e  s p i n  r e l a y ,  
r e c l o s e  t h e  b a t t e r y  f i e l d  c o n t a c t o r ,  and r e s t o r e  locomot i ve  power t o  t h e  pre-  
v i o u s  l e v e l  o f  o u t p u t .  L 
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F i g u r e  41. Wheel S p i n  P r o t e c t i o n  C i r c u i t  

I n  t h e  e v e n t  o f  synchronous s p i n  o f  b o t h  a x l e s  on a t r u c k ,  t h e  wheel s p i n  
b r i d g e  c i r c u i t s  w i l l  n o t  r e c e i v e  any d i f f e r e n t i a l  v o l t a g e  and t h e  wheel s p i n  r e-  
l a y s  w i l l  n o t  p i c k  up. However, when a synchronous s p i n  c o n d i t i o n  deve lops  on a 
s i n g l e  t r u c k ,  t h e  i n c r e a s e  on motor  speed w i l l  r e s u l t  i n  a c u r r e n t  decrease i n  
each o f  t h e  s p i n n i n g  motors.  The genera to r  v o l t a g e  and c u r r e n t  w i l l  i nc rease  
i n  t h e  p a i r  o f  nonsp inn ing  motors.  The d i f f e r e n t i a l  c u r r e n t  between t h e  motor  
p a i r s  r e s u l t i n g  f rom t h i s  c o n d i t i o n  w i l l  p i c k  up a d i f f e r e n t i a l  c u r r e n t  r e l a y ,  
T h i s  r e l a y  pe r fo rms  t h e  same f u n c t i o n s  a s  t h e  d i f f e r e n t i a l  v o l t a g e  s e n s i n g  
r e l a y s ,  and r e s u l t s  i n  t h e  removal o f  a l l  t r a c t i v e  e f f o r t  u n t i l  s u f f i c i e n t  
adhes ion i s  r e g a i n e d  t o  reduce t h e  d i f f e r e n t i a l  c u r r e n t  below t h e  d r o p o u t  v a l u e  
o f  t h e  d i f f e r e n t i a l  c u r r e n t  wheel s p i n  r e l a y .  

Synchronous s p i n  o f  a l l  f o u r  a x l e s  on t h e  l ocomot i ve  i s  u n d e t e c t a b l e  by t h e  
wheel s p i n  b r i d g e  on d i f f e r e n t i a l  c u r r e n t  c i r c u i t s ,  and no a u t o m a t i c  p r o t e c t i o n  
i s  p r o v i d e d  on t h e  SW1500 l ocomot i ve  f o r  c o r r e c t i o n  o f  t h i s  c o n d i t i o n .  

When wheel s p i n  c o n d i t i o n s  a r e  encountered,  t h e  eng ineer  can use f h e  sand- 
i n g  s w i t c b  t o  a p p l y  sand which  improves adhes ion  c o n d i t i o n s ,  o r  i f  t h e  l ocomot i ve  
i s  equipped w i t h  a u t o m a t i c  sand ing c i r c u i t s ,  t h e s e  c i r c u i t s  can app 
s p i n  c o n d i t i o n s  a r e  detec ted.  

l y  sand when 



Wheel s l i d e  p r o t e c t i o n  d u r i n g  f r i c t i o n  b r a k i n q  i s  n o t  prov ided.  Al though 
d u r i n g  t h e  data  g a t h e r i n g  t a s k s  i t was noted t h a t  t h e  f r i c t i o n  b rake  f o r c e s  
were r e l a t i v e l y  low (approx imate ly  35,000 l b  f o r  a 250,000-lb locomot ive) ,  
t h e  requ i rement  f o r  14- percent ddhesion does n o t  r e s u l t  i n  an unacceptab le  
number o f  s l i d e s .  

ACT-1 ENERGY STORAGE UNIT (ESU) 

The ESU in  F i a u r e  42 shows t h e  ACT-I energy s t o r a g e  u n i t  as  designed f o r  
t h e  ACT-1 and NYCTA a p p l i c a t i o n s .  T h i s  u n i t  c o n s i s t s  o f  a s i n g l e  ACT-1 t y p e  o f  
f l yw9ee l  assembly w i t h  i t s  gearbox and e l e c t r i c a l  machine. T h i s  u n i t  accepts  
t h e  e l e c t r i c a l  energy t r a n s m i t t e d  f rom t h e  t r a c t i o n  motor  d u r i n g  b r a k i n g  
and s t o r e s  it as mechanical energy i n  t h e  form o f  a r o t a t i n g  mass. On demand, 
t h i s  mechanical energy i s  t ransformed back t o  e l e c t r i c  power and d e l i v e r e d  
t o  t h e  locomot ive t r a c t i o n  motors  so t h e  locomot ive may be a c c e l e r a t e d  i n i t i a l l y  
w i t h o u t  t h e  use o f  power from t h e  d i e s e l  engine. M o d i f i c a t i o n s  t o  t h e  ESU 
f o r  t h e  FESS a p p l i c a t i o n  a r e  desc r ibed  l a t e r .  

T4e f i ywhee l  a l s o  p r o v i d e s  d i r e c t  mechanical d r i v e  t o  a l a r g e  blower and 
an a u x i l i a r y  a l t e r n a t o r .  The a l t e r n a t o r  i s  t h e  pr ime source f o r  t h e  motor f i e l d  
power d u r i n q  normal o p e r a t i o n .  

Flywheel  Enerqy Storage Capac i t y  

There i s  an optimum ranqe o f  energy s t o r a g e  c a p a c i t y  f o r  t h e  flywheels f o r  
r a p i d  t r a n s i t  systems. T h i s  d e f i n e s  t h e  ~ t n r a g e  c a p a c i t y  and qo+ t h e  FESS 
a p p l i c a t i o n  t o  which t h e  ESU i s  now be ing  a p p l i e d .  T h i s  c a p a c i t y  i s  a f u n c t i o n  
o f  t h s  v e h i c l e  w e i g h t  and t h e  averaqe v e l o c i t y  p r o f i l e  over  which t h e  v e h i c l e  
w i l l  be operated.  I t  was determined t h a t  a f l y w h e e l  c a p a c i t y  o f  4.5 kw-hr 
(12 x l o 6  f t - l b )  was optimum f o r  t h e  ACT-1 u n i t .  

F lywheel  Assembly 

The AiHesearch f l y w h e e l  des ign empioys t h e  laminated d i s c  concepi  i l l u -  
stpz+?? i r :  F i g u r e  43. The r o t o r  uses a b e a r i n g  and sea l  arrangemerit s i n ~ i l a r  
+= f h s t  developed f o r  t h e  NYCTA R-37 c a r  energy s t o r a g e  f l y w h e e l .  The s h a f t  
p r o v i d e s  a backbone f o r  s u p p o r t i n q  t h e  d i s c  laminat ions.  The l a m i n a t i o n s  a r e  
i n s t a l l e d  w i t h  a thermal  d i f f e r e n t i a l  expansion t o  t h e  s h a f t  t h a t  r e s u l t s  i n  a 
o res t ressed  f i t  a f t e r  assembly. Suppor t  p l a t e s  a r e  l o c a t e d  a t  t h e  r o t o r  ends 
t o  a c t  as  a secondary b e a r i n g  i n  t h e  e v e n t  o f  r o l l e r  b e a r i n g  f a i l u r e .  

T e s t i n g  o f  t h e  NYCTA and ACT-1 energy s t o r a g e  f l y w h e e l s  has produced data 
f o r  system and component losses t h a t  have been used t o  d e r i v e  improvements i n  
component opera t ion .  A 50- percent improvement has been ach ieved on t h e  f i r s t  
u n i t  t e s t e d .  An a d d i t i o n a l  improvement o f  20 percen t  f rom t h e  p r e s e n t  loss  
v a l u e  a l s o  i s  expected. 

The losses f o r  t h e  c u r r e n t  ACT-1 design m o d i f i e d  f o r  t h e  FESS a p p l i c e t i o n  
d r n  stimmarized by component i n  Tab le  12. 
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F ~ g u r e  42. Energy S t o r a g e  U n i t  





L a t e r a l  t h r u s t  a r i s i n g  from a c c e l e r a t i o n ,  d e c e l e r a t i o n ,  o r  minor  m i s a l i g n -  
n e n t  of t h e  f l ywhee l  i s  r e a c t e d  by f l a n q e s  on one o f  t h e  r o l l e r  b e a r i n g s  w i t h  
machined cages. The p l a n e t a r y  gears t r a n s m i t t i n g  t h e  power between t h e  motor 
and t h e  f l ywhee l  a r e  supported by r o l l e r  bear ings.  

2. Seals - 
The two s h a f t  s e a l s  a r e  o f  conven t iona l  design,  which i s  t y p i c a l  o f  many 

a p p l i c a t i o n s  used a t  AiResearch f o r  h igh- speed machinery. The s e a l s  a r e  o f  t h e  
r a d i a l  t y p e  w i t h  a  hardened s u r f a c e  r o t o r  t h a t  r u n s  a d j a c e n t  t o  t h e  carbon face. 
A s u r f a c e  v e l o c i t y  o f  190 f t / s e c  maximum i s  w e l l  w i t h i n  t h e  o p e r a t i n g  reg ime o f  
t h i s  t y p e  o f  sea l .  An o p e r a t i n g  l i f e  o f  g r e a t e r  than  25,000 h r  i s  expected f o r  
t h i s  sea l .  

3. Gears 

The f l ywhee l  d r i v e s  t h e  motor- generator  th rough  a p l a n e t a r y  gear t r a i n  a t  a  
gear r a t i o  o f  3 t o  1. The gears  a r e  o f  t h e  conven t iona l  spur- gear t y p e  and a r e  
designed t o  o p e r a t e  r e l i a b l y  f o r  25,000 h r .  

I. Bear ings  

The f lywheel  r o t o r  i s  supported by t w o  r o l l e r  bear ings.  The r i n g s  and 
r o l l e r s  a r e  made from 52100 s t e e l ,  which p r o v i d e s  adequate s t r e n g t h  and 
hardness a t  t h e  des ign  o p e r a t i n g  temperatures.  The r o l l e r  bear ings  w i l l  
be p r o v i d e d  w i t h  t h r u s t  c a p a b i l i t y ,  e l i m i n a t i n g  t h e  need f o r  a d d i t i o n a l  
t h r u s t  b a l l  bear ings  and t h e r e b y  m i n i m i z i n g  mechanical losses. The design 
o b j e c t i v e  i s  a  110,000-hr 0-10 f a t i g u e  l i f e  f o r  t h e  bear ings  t h a t  p r o v i d e s  
a  marg in  f o r  any unforeseen load ing  o r  o p e r a t i o n  c o n d i t i o n s .  

4. L u b r i c a t i o n  and Vacuum System 

The l u b r i c a t i o n  system p r o v i d e s  l u b r i c a t i o n  and c o o l i n g  f o r  bear ings,  
sea ls ,  and gears. An a i r - t o - o i l  h e a t  exchanger removes t h e  h e a t  losses f rom t h e  
lube o i l .  The l u b r i c a n t  used i s  MIL-1-23699, which i s  a  s y n t h e t i c  o i l  used i n  
t u r b i n e  eng ines o p e r a t i n g  under severe tempera tu re  and load c o n d i t i o n s .  T h i s  

Mechanical Losses a t  100-percent rpm Loss, hp 

Windage, f l ywhee l  
Ro to r  bear ings  (2 )  
R o t o r  s e a l s  ( 2 )  
P l a n e t a r y  gears (no load)  
P l a n e t a r y  b e a r i n g  ( 6 )  
L u b r i c a t i o n  and vacuum pump 
Accessory gears  

Tota l 

2.0 
2.0 
2.7 
0.5 
1  .0 
1.7 
- 0.3 

9.7 

TABLF 12 

ACT-1 ENERGY STORAGE FLYWHFEL SUMMARY OF LOSSES 

.- 
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sysiem c o n t a i n s  a  f i l t e r  and r e l i e f  v a l v e  t o  p r o v i d e  p r o p e r l y  c o n d i t i o n e d  o i l  t o  
+he v a r i o u s  l u b r i c a t i o n  p o i n t s .  L u b r i c a t i o n  o f  t h e  bear ings  i s  performed by o i l  
Je ts .  The system i s  designed t o  m in im ize  o i l  sp lash  and reduce o i l  churn ing  
losses. 

The l u h r i c a t i o n  and vacuum pump i s  s i m i l a r  t o  t h e  Dump used on t h e  NYCTA 
and ACT-1 energy s t o r a a e  f lywheels ,  b u t  i s  removable w h i l e  t h e  ESU i s  on t h e  
car. The pump i s  made from two  i n t e r n a l  qear pumpinq elements and i s  t y p i c a l  o f  
l u b r i c a t i o n  pumps used i n  a i r c r a f t  j e t  enq ines and qas t u r b i n e s .  The expected 
l i f e  i s  a  minimum o f  25,000 hr. 

5. R o t o r  S t resses  

The s h a f t  and t h e  lamina t ions  a r e  p r o p o r t i o n e d  t o  t a k e  maximum advantage o f  
t h e  d i r e c t i o n  i n  which t h e  c e n t r i f u g a l  s t r e s s  i s  a p p l i e d .  The s h a f t  i s  s t ressed  
compress ive ly  by t h e  d i s c s  and i s  l i g h t l y  loaded from t h e  c e n t r i f u g a l  f o r c e s  a t  
maximum speeds. The r e s u l t i n g  c y c l i c  loads on t h e  s h a f t  s u r f a c e  a r e  w e l l  below 
t h e  f a t i g u e  l i m i t  f o r  conven t iona l  m a t e r i a l s .  

The l a m i n a t i o n s  a r e  made from a l l o y  s t e e l  formed by h o t  r o l l i n g  from b i l -  
l e t s .  The p l a t e  t h i c k n e s s  i s  s e l e c t e d  t o  p r o v i d e  optimum conta inment  we igh t  
and r e s i s t a n c e  t o  buck l ing .  The l a m i n a t i o n s  a r e  h e a t- t r e a t e d  t o  o b t a i n  a  com- 
b i n a t i o n  o f  maximum f a t i g u e  s t r e n g t h  and d u c t i l i t y .  N o n d e s t r u c t i v e  t e s t i n g  o f  
t h e  I 3 q i n a t i o n s  i s  enhanced by t h e  t h i n  p l a t e  desiqn,  which can be inspec ted  
u l t r a s o n i c a l l y .  Overspeed t e s t i n g  o f  each d i s c  w i l l  f u r t h e r  e v a l u a t e  m a t e r i a l  
p r o p e r t i e s .  AiResearch exper ience w i t h  these  i n s p e c t i o n  methods has p rov ided  
a  bigi- degree o f  p r o d u c t  r e l i a b i l i t y  i n  r o t a t i n q  machinery. 

The l a m i n a t i o n s  a r e  t h e  most h i g h l y  s t r e s s e d  components i n  t h e  r o t o r .  
The maximum d i s c  s t r e s s  w i t h  no c e n t r a l  h o l e  would be approx imate ly  one- hal f  
t h a t  o f  a  d i s c  w i t h  a  c e n t e r  hole;  however, no p r a c t i c a l  method e x i s t s  t o  
assemble a  laminated d i s c  o f  t h i s  c o n f i g u r a t i o n  and t o  r e t a i n  i t i n  a  r o t o r  
w i t h o u t  i n t r o d u c i n g  s t r e s s  c o n c e n t r a t i o n  e f f e c t s  such as t i e b o l t  h o l e s  t h a t  
would i n c r e a s e  t h e  l o c a l  s t r e s s  approx imate ly  t o  t h e  l e v e l s  i n  t h e  d i s c  
w i t h  a  c e n t r a l  hole.  I n  a d d i t i o n ,  a  des ign  o f  t h i s  t y p e  would n o t  have t h e  
i n t r i n s i c  r o t o r  i n t e g r i t y  p rov ided  by a  l a r g e  c e n t r a l  s h a f t .  

For t h e  m a t e r i a l  se lec ted ,  t h e  maximum d i s c  s t r e s s  and co r respond ing  aver-  
aqe t a n g e n t i a l  s t r e s s  must he l i m i t e d  t o  a  l e v e l  t h a t  w i l l  p r o v i d e  adequate m d r -  

g i n s  o f  s a f e t y  on y i e l d  and d i s c  but s t  speed; however, t h e  l i m i t i n g  c r i t e r i o n  
f o r  a  m a t e r i a l  exposed t o  many d u t y  c y c l e s  o f  f l u c t u a t i n g  s t r e s s e s  i s  f a t i g u e  
s t r e n g t h .  Assuming an 8-hr/day, 6-day/week u t i l i z a t i o n ,  t h e  f l ywhee l  w i l l  
exper ience  72,000 c y c l e s  d u r i n g  a  I- year  pe r iod .  The speed w i l l  range from 
70 t o  100 percent ,  t h e r e f o r e ,  h a l f  t h e  f u l l  s t r e s s  range i s  exper ienced d u r i n g  
each c y c l e .  I f  t h e  maximum s t r e s s  range  exper ienced i s  reduced d u r i n g  a  d u t y  
c y c l e ,  t h e  f a t i g u e  l i f e  o f  t h e  d i s c  i s  increased. The s t r e s s  range i n  t h e  d i s c  
l a m i n a t i o n s  i s  reduced by i n t r o d u c i n g  a  r e s i d u a l  s t r e s s  i n  t h e  d i s c s  w i t h  a  
s h r i n k  f i t  on assembly. The s h r i n k  f i t  c r e a t e s  a  r e s i d u a l  t e n s i l e  t a n g e n t i a l  
s t r e s s  and a  r e s i d u a l  compressive r a d i a l  s t r e s s  a t  t h e  d i s c  bo re  a t  z e r o  speed. 
A t  o p e r a t i n g  speed, t h e  s h r i n k  p r e s s u r e  and r a d i a l  s t r e s s  i s  n e a r l y  zero, and 
o n l y  t h e  t a n g e n t i a l  s t r e s s  remains a t  t h e  bore. U s i n g  t h e  e f f e c t i v e  Hencky-von 
" i sas  bore  s t r e s s ,  t h e  b e n e f i c i a l  e f f e c t  o f  t h e  s h r i n k  f i t  on t h e  d i s c  bo re  
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s t r e s s  range i s  i l l u s t r a t e d  i n  F i g u r e  44. The maximum s t r e s s  range exper ienced 
by a  d i s c  w i t h  an 8- in .  bo re  diameter,  and a  s h r i n k  f i t  designed t o  p reven t  
s e p a r a t i o n  o f  t h e  d i s c  f rom t h e  s h a f t  o v e r  t h e  o p e r a t i n g  speed range, i s  
approx imate ly  15 percen t  o f  t h e  s t r e s s  range exper ienced by a  s i m i l a r  d i s c  
w i t h  no s h r i n k  f i t .  To assess t h e  e f f e c t  on f a t i g u e  l i f e ,  a  c o n s t a n t - l i f e  
o r  m o d i f i e d  Goodman diagram should  be used. F i g u r e  45 i s  a  m o d i f i e d  Goodman 
d iagram f o r  A l S l  4340 s t e e l  a t  an u l t i m a t e  s t r e n g t h  o f  200 k s i .  

The s t r e s s e s  in t roduced  i n  t h e  s h a f t  due t o  r o t a t i o n a l  speed and s h r i n k  
f it a r e  much lower than those  i n  t h e  d i s c s ,  and adequate l i f e  marg ins  can be 
ach ieved w i t h  r e l a t i v e  ease. 

The c y c l  i c  bending s t r e s s e s  imposed on t h e  s h a f t  due t o  gy roscop ic  
moments from t h e  f l ywhee l  a r e  r e l a t i v e l y  low f o r  t h e  des ign  approach used by 
4 i9esearch because o f  t h e  l a r g e  s h a f t  d iameter  and bear ing  span. 

5. Roto r  Dynamics 

A c r i t i c a l  speed a n a l y s i s  o f  t h e  f l ywhee l  r o t o r  shows t h a t  no r o t o r  
c r i t i c a l  speeds occur  i n  t h e  o p e r a t i n g  speed range. The r e q u i r e d  e f f e c t i v e  
b e a r i n g  s t i f f n e s s  has been determined t o  p o s i t i o n  t h e  f i r s t  two  r i g i d - b o d y  
c r i t i c a l  speeds below t h e  minimum o p e r a t i n g  speed. 

The e f f e c t i v e  bear ing  s t i f f n e s s ,  damping, and bear ing  c o n f i g u r a t i o n  i s  
o p t i m i z e d  t o  l o c a t e  t h e  c r i t i c a l  speeds o u t  o f  t h e  o p e r a t i n g  speed range. T h i s  
e f f e c t i v e  s t i f f n e s s  i s  ach ieved by i n t r o d u c i n g  mechan ica l l y  r e s i l i e n t  bear ing  
suppor ts .  AiResearch has found t h i s  approach h i g h l y  success fu l  i n  many r o t a t i n g  
mschinery  a p p l i c a t i o n s ,  i n c l u d i n g  t h e  energy s t o r a g e  f l ywhee l  f o r  NYCTA. The 
r e s i l i e n t  mounts reduce t h e  r o t o r- g e n e r a t o r  v i b r a t i o n  and inc rease  t h e  t o l e r a n c e  
t o  r o t o r  unbalance. 

7. Containment S h i e l d  

Under normal c o n d i t i o n s ,  t h e  s t r e s s  l e v e l  i n  t h e  d i s c  should  e l i m i n a t e  
t h e  p o s s i b i l i t y  o f  f a i l u r e  f rom s t a t i c  o v e r l o a d  o r  f a t i g u e ;  however, a f t e r  
a l l  i n s p e c t i o n s  and p r o d u c t i o n  screen ing processes a r e  performed, manu fac tu r ing  
f l a w s  t h a t  c o u l d  g rod  t o  c r i t i c a l  s i z e  d u r i n g  o p e r a t i o n  c o u l d  e x i s t .  

The i n c o r p o r a t i o n  o f  a  conta inment  s h i e l d  i s ,  t h e r e f o r e ,  a  requ i rement  o f  
t h e  f l ywhee l  system. The s h i e l d  i s  o f  fo rged  s t e e l ,  1.5 i n .  t h i c k .  

The conta inment  s h i e l d  must be capab le  o f  p r o t e c t i o n  a g a i n s t  p r o j e c t i i e s  
r e s u l t i n g  f rom s t r u c t u r a l  f a i l u r e  o f  t h e  r o t o r  t h a t  may occur  d u r i n g  normal 
o p e r a t i o n .  A s t u d y  made o f  v a r i o u s  des igns  t o  determine t h e  system we igh t  
o f  t h e  r e s p e c t i v e  des igns showed t h a t  t h e  prest ressed- bore,  laminated r o t o r  
w i t h  a  l i g h t w e i g h t  conta inment  s h i e l d  r e s u l t e d  i n  t h e  l e a s t  system weight .  

S a f e t y  Features 

Aiqesearch has cons idered t h e  s a f e t y  aspec ts  o f  t h e  energy s t o r a g e  u n i t  
i i  a  p u b l i c  t r a n s i t  v e h i c l e .  These c o n s i d e r a t i o n s  a r e  c a r r i e d  t h r o u g h  t o  t h e  
FESS a p p l i c a t i o n  even though t h e r e  i s  no passenger involvement.  The s a f e t y  

---- 
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p e c t s  a r e  summarized below. A l thouqh t h e  energy s t o r a g e  u n i t  s t o r e s  a  l a r g e  
o u n t  o f  energy, i t can be designed t o  be s a f e  u s i n q  t h e  f o l l o w i n g  conserva- 

i ve ,  ach ievab le ,  l o w- r i s k  design p r a c t i c e s :  

c Conserva t i ve  des ign  s t r e s s  l e v e l s  t o  ensure t h a t  no r o t o r  f a i l u r e  
occurs  

e I d e n t i f i c a t i o n  o f  t h e  most severe t y p e s  of f a i l u r e  and a n a l y s i s  
o f  t h e i r  p o t e n t i a l  hazard 

c Containment o f  t h e  r o t o r  f o r  r o t o r  f a i l u r e ,  b e a r i n g  f a i l u r e ,  o r  
a c c i d e n t a l  v e h i c l e  impact 

e E l a b o r a t e  i n s p e c t i o n  and t e s t  techn iques  t o  ensure proper m a t e r i a l  
and f a b r i c a t i o n  q u a l i t y  

e Safety  dev ices  t o  p r e v e n t  unsafe o p e r a t i o n  

AiResearch has designed, developed, and produced over  3.5 m i l l i o n  p ieces  o f  
high-speed r o t a t i n g  equipment, and most o f  them a r e  used i n  man-rated v e h i c l e s .  
Each new des ign i s  sub jec ted  t o  e x t e n s i v e  v e r i f i c a t i o n  o f  des ign  safe ty ,  
i n c l u d i n g  b u r s t  t e s t i n g .  AiResearch has accumulated a  v a s t  knowledge o f  t h e  
t h e o r y  and t e s t  da ta  t h a t  a l l o w s  des ign s a f e t y  o p t i m i z a t i o n ,  i n c l u d i n g  r o t o r  
containment,  o f  a  high-speed r o t a t i n g  d e v i c e  such as t h e  energy s to rage  u n i t .  

T4e m a t e r i a l  s e l e c t e d  f o r  t h e  f l y w h e e l  i s  o p t i m a l  (based on c y c l i c  f a t i g u e ,  
h i g h  s t reng th ,  and f r a c t u r e  toughness) and w i t h i n  t h e  c o n s t r a i n t s  o f  reasonable  
c o s t  f o r  m a t e r i a l  and f a b r i c a t i o n .  I n  a d d i t i o n ,  t h e  m u l t i p l e  d i s c  des ign  i s  
i n h e r e n t l y  s a f e  because o f  t h e  f o l l o w i n g  c o n s i d e r a t i o n s :  

e Simultaneous f r a c t u r e  o f  a l l  t h e  d i s c s  i s  exceed ing ly  remote; hence, 
o n l y  a  smal l  p o r t i o n  o f  t h e  s t o r e d  energy i s  d i s s i p a t e d  i n  a  b u r s t .  

c The f l ywhee l  cannot  be oversped because t h e  d i s c s  w i l l  l o s e  t h e i r  
r a d i a l  c o n t a c t  w i t h  t h e  s h a f t ,  and t h u s  t h e  s h a f t  w i l l  n o t  t r a n s m i t  
f u r t h e r  t o r q u e  t o  t h e  d iscs .  

e F a i l u r e  o f  one d i s c  w i l l  se rve  as a  b rake  f o r  t h e  r o t o r ,  and t h e  
r e s t  o f  t h e  s t o r e d  energy w i l l  be d i s s i p a t e d  s l o w l y  as  heat.  

e The d i s c  m a t e r i a l  has h i g h  d u c t i l i t y  t h a t  a l l o w s  t h e  d i s c s  t o  creep 
r a t h e r  than  f r a c t u r e  i n  t h e  e v e n t  o f  r o t o r  overhea t ing .  

The laminated f l ywhee l  des ign p r o v i d e s  i m p o r t a n t  s a f e t y  f e a t u r e s  w i t h  
r e s p e c t  t o  t h e  p o s s i b i l i t y  o f  a  t r i a x i a l  hub b u r s t  o f  t h e  r o t o r  caused by a  
d e f e c t  t h a t  i s  n o r m a l l y  u n d e t e c t a b l e  d u r i n g  f l y w h e e l  o p e r a t i o n .  The use o f  
many s tacked l a m i n a t i o n s  l i m i t s  t h e  k i n e t i c  energy r e l e a s e  t o  a  minor  f r a c t i o n  
o f  t h e  a v a i l a b l e  k i n e t i c  energy i n  t h e  complete f l ywhee l .  P a r t i c l e  conta inment  
i s  ach ieved t h r o u g h  t h e  use o f  a  l i g h t w e i g h t  h i g h- s t r e n g t h  d u c t i l e  housing 
q a t e r i a l .  Momentum t r a n s f e r  t o  t h e  su r round ing  s t r u c t u r e  i s  l i m i t e d  t o  t h e  
t r a n s l a t i o n  and r o t a t i o n  caused by b u r s t  o f  t h e  lamina t ion .  The t r i g g e r i n g  
e f f e c t  o f  t h e  subsequent unbalance and shock can then employ a  b r a k i n g  dev tce  
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t o  d e c e l e r a t e  t h e  f l ywhee l .  The shock loads a r e  l i m i t e d  t o  a  v a l u e  e s t a b l i s h e d  
by shear p i n s  loca ted  i n  two g i r t h  r i n q s  t h a t  su r round  t h e  p r o p u l s i o n  u n i t .  
T h i s  arrangement p reven ts  t h e  main mounts f rom be ing  loaded t o  f a i l u r e  i n  t h e  
e v e n t  o f  r o t o r  se izu re .  

Gyroscopic  E f f e c t s  

A l though t h e  f l ywhee l  possesses a  r e l a t i v e l y  l a r g e  angular  momentum when 
s p i n n i n g  a t  i t s  des ign  speed o f  11,000 rprn, t h e  r e s u l t a n t  gy roscop ic  fo rces  
w i l l  n o t  have an adverse e f f e c t  on c a r  performance o r  f l ywhee l  component l i f e .  

S ince  t h e  s p i n  a x i s  o f  t h e  f l ywhee l  w i l l  be p a r a l l e l  t o  t h e  l o n g i t u d i n a l  
a x i s  o f  t h e  ca r ,  no qy roscop ic  moment w i l l  be developed by angular  movement 
o f  t h e  c a r  about  t h i s  a x i s  ( r o l l ) .  C o n s i d e r i n g  t h e  case o f  c a r  mot ion about  
t 4 e  p i t c h  a x i s  (e.g., c a r  f ront- end up, c a r  rear- end down) and assuming t h a t  
t h e  ends o f  a  5 0- f t - l o n q  c a r  a r e  moving up and down a t  an a m p l i t u d e  o f  55 in .  
a t  a  f requency o f  1 o s c i l l a t i o n  per  second, it can be shown t h a t  a  gy roscop ic  
ronen+ o f  2654 l b - f t  w i l l  be developed. T h i s  moment w i l l  i nc rease  t h e  s i d e  
load ing on t h e  f o u r  ESU mounts by 514 l b  pe r  mount, which i s  l ess  than  30 
o e - c e l t  o f  t h e  load on t h e  mounts f rom t h e  ESU weight ,  and i s  w e l l  w i t h i n  
design l i m i t s .  

I n  t h e  case o f  a  c a r  n e g o t i a t i n g  a  t u r n  o f  1 4 5- f t  r a d i u s  a t  a  speed o f  
33 mph, a  v e r t i c a l  load o f  585 l b  w i l l  b e  developed a t  each mount. T h i s  load 
i s  a p p r o x i m a t e l y  40 percen t  o f  t h a t  due t o  ESU w e i g h t  alone, and aqa in  i s  w e l l  
w i t h i n  des ign  l i m i t s  p a r t i c u l a r l y  s i n c e  speeds o f  t h i s  magni tude a r e  n o t  
ach ieved w i t h i n  t h e  swi tchyard.  

Comparing these  f o r c e s  t o  t h e  empty c a r  we igh t  o f  50,000 l b  and t h e  
maximum loaded w e i g h t  o f  123,000 lb ,  i t  can be seen t h a t  t h e  g y r o s c o p i c  f o r c e s  
do n o t  p r e s e n t  a  problem. 

Input- Output  Machine 

The f o l l o w i n g  i s  a  d e s c r i p t i o n  o f  t h e  i n p u t- o u t p u t  machine t h a t  i s  
coupled t o  t h e  f l ywhee l .  

1. R a t i n g  

The machine has a  r a t i n g  o f  610 kw, 1200 v, 540 amp, 2730- t o  3900- rpn 
range. The peak r a t i n g  i s  1020 kw, 1200 v, 900 amp as a  motor: and 540 kw, 
600 v, 900 amp as a  genera to r .  

2. Type o f  Machine 

The i n p u t- o u t p u t  machine i s  a  s e p a r a t e l y  e x c i t e d  shunt w i t h  p o l e  face  
w ind ing  t o  compensate t h e  armature r e a c t i o n .  The frame i s  f u l l y  laminated 
t o  g i v e  good commutation under a l l  s t e a d y- s t a t e  and t r a n s i e n t  load c o n d i t i o n s .  
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3. I n s u l a t i o n  

The i n s u l a t i o n  o f  t h e  armature and s t a t o r  w ind inq i s  C l a s s  200. I t  con- 
s i s t s  o f  Kapton ( p o l y i m i d e  f i l m )  i n s u l a t e d  copper w i re ,  w i t h  Kapton ground 
i n s u l a t i o n  i n  t h e  armature and p o l e  face winding,  and mica paper i n s u l a t i o n  on 
shun t  and i n t e r p o l e  c o i l s .  The o t h e r  i n s u l a t i o n  m a t e r i a l s  a r e  g l a s s  tapes, 
e i t h e r  u n t r e a t e d  or t r e a t e d  w i t h  h igh- temperature  El-staged r e s i n s .  The 
armature i s  vacuum-pressure impregnated i n t o  s o l v e n t l e s s  s i l i c o n  r e s i n ;  a f t e r  
p a r t i a l  cu r ing ,  i t  i s  d ipped i n t o  t h e  same r e s i n  and then  f u l l y  cured. The 
s t a t o r  w ind ings  a r e  impregnated and d ipped i n  t h e  same s i l i c o n  r e s i n  and 
cured. A f t e r  mount inq and connec t ing  t h e  c o i l s  i n t o  t h e  s t a t o r ,  t h e  whole 
s t a t o r  i s  d ipped i n t o  a  h igh- tempera tu re  p o l y e s t e r  r e s i n  and cured. Nomex 
and f l e x i b l e  mica sheets  a r e  used on suppor ts .  

4. Armature 

The armature c o n s i s t s  o f  l o w- s i l i c o n  s t e e l  l a m i n a t i o n s  pressed on a  
s o l i d  s h a f t .  End-support r i n g s  keep t h e  l a m i n a t i o n s  under u n i f o r m  pressure.  
The commutator i s  o f  t h e  r i n g- n u t  type,  w i t h  a  s p r i n g  r i n g  t o  g i v e  it e l a s-  
t i c i t y  i n  a x i a l  d i r e c t i o n ,  and t o  p r e v e n t  o v e r s t r e s s e s  under a l l  speed and 
tempera tu re  c o n d i t i o n s .  The s l o t  wedges a r e  machined f rom g l a s s  lamina te  
impregnated w i t h  h igh- temperature  p o l y e s t e r  t o  p r e v e n t  d e l a m i n a t i o n  o f  wedges 
The end bands a r e  made from p a r a l l e l - f i l a m e n t  ( w e f t l e s s )  g l a s s  f i b e r s  h e l d  
t o g e t h e r  by B-shaped r e s i n .  I t  i s  wound h o t  w i t h  a  h i g h  p r e l o a d  o v e r  t h e  end 
t u r n s  and then cured. The armature conduc to rs  a r e  TIG-welded t o  t h e  r i s e r s  
i n  such a  f a s h i o n  t h a t  t h e  copper o f  t h e  commutator b a r s  i s  n o t  overheated 
d u r i n g  t h e  we ld ing  opera t ion .  A f t e r  t h e  r e s i n  t rea tment ,  t h e  commutator 
i s  f i n i s h - t u r n e d  and t h e  copper b a r s  a r e  beveled. 

5. S t a t o r  

The magnet ic a c t i v e  p o r t i o n  o f  t h e  s t a t o r  i s  made up o f  octagonal- shaped 
l a m i n a t i o n s  w i t h  t h e  same a x i a l  l e n g t h  a s  t h e  armature.  End p l a t e s  o f  t h e  
same shape a r e  on t h e  commutator end b e l l  and o t h e r  s i d e ;  a f t e r  p r e s s i n g  t h e  
s t a t o r  s tack,  e i g h t  t i e b a r s  a r e  welded between t h e  two  end p l a t e s  t o  make a  
s t a t o r  housing. The main p o l e  seats,  b e a r i n g  f i t s ,  s h i e l d  r e g i s t e r s ,  brush- 
h o l d e r  suppor ts ,  etc., a r e  machined c o n c e n t r i c  t o  each o t h e r  t o  ensure a  
u n i f o r m  a i r  gap. The p r e c i s e  c i r c u m f e r e n t i a l  p o s i t i o n i n g  o f  t h e  main p o l e s  
and i n t e r p o l e s  i s  assured by recesses i n  t h e  s t a t o r  l a m i n a t i o n s  i n t o  which 
t h e  po les  f it. 

The shunt  f i e l d  w ind ings  a r e  f i t t e d  t o  t h e  main p o l e s  and then mounted 
i n t o  t h e  s t a t o r .  Then t h e  i n t e r p o l e  c o i l s  a r e  mounted on t h e  po les ,  t h e  
p o l e  face  wind ing i s  i n s e r t e d  i n  t h e  p o l e  face,  and a l l  t h e  c o i l s  a r e  connected 
t o  each o t h e r  and t o  t h e  motor  leads. 

6. Bear inqs  and Seals 

R o l l e r  bear ings  a r e  used-- the one on t h e  commutator i s  locked a g a i n s t  
a  shoulder  w i t h  a  l o c k i n g  r i n g ;  t h e  o t h e r  i s  f l o a t i n q .  The s e a l s  a r e  of t h e  
l a b y r i n t h  t ype .  The b e a r i n g s  and s e a l s  a r e  l u b r i c a t e d  w i t h  a  s u i t a b l e  grease 
t h a t  w i l l  w i t h s t a n d  a l l  t empera tu re  c o n d i t i o n s .  No r e g r e a s i n g  between over-  

h a u l s  w i l l  be necessary. 
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7. Brushes and Brushholders  

The brushes w i l l  be o f  t h e  s p l i t  t y p e  w i t h  an e l a s t i c  pad on t o p  t o  
d i s t r i b u t e  t h e  s p r i n g  p ressure  even ly  and t o  dampen any v i b r a t i o n s .  The 
brush s p r i n g s  w i l l  be o f  c o n s t a n t  f o r c e  o v e r  t h e  whole u s e f u l  brush length.  
The h o l d e r s  a r e  mounted t o  i n s u l a t e d  r a d i a l  s t u d s  t h a t  a r e  mounted t o  t h e  
brushholder  lugs on t h e  s t a t o r .  P o s i t i o n i n g  o f  t h e  b rushho lder  l ugs  i s  from 
t h e  p o l e  recesses o f  t h e  s t a t o r  t o  ensure p e r f e c t  n e u t r a l  p o s i t i o n .  

8. V e n t i l a t i o n  

The machine i s  v e n t i l a t e d  w i t h  f i l t e r e d  a i r  e n t e r i n g  f rom t h e  a i r  i n l e t  o r  
t h e  noncommutator s ide.  T h i s  ensures a  c l e a n  motor f r e e  o f  contaminat ion,  
i n c l u d i n g  carbon dust .  The a i r  i s  d i s t r i b u t e d  by means o f  an i n l e t  b a f f l e ,  
wh ich g i v e s  t h e  r i g h t  amount o f  a i r  t o  t h e  s t a t o r  and r o t o r .  The r o t o r  
a i r  d i s t r i b u t i o n  g i v e s  t h e  optimum c o o l i n g  t o  end t u r n s ,  armature core,  and 
under t h e  commutator. 

COMPUTER SIMULATION 

Two computer programs were cons t ruc ted :  ( 1 )  a  s i m u l a t i o n  o f  t h e  s tandard 
SW1500 locomot ive,  and (2) a m o d i f i e d  v e r s i o n  t h a t  p r o v i d e s  f o r  energy s t o r a g e  
and recovery .  These programs have been used t o  genera te  v a r i o u s  performance 
p r o f i l e s  under a  wide range o f  o p e r a t i n g  c o n d i t i o n s .  The s tandard SWl500 s imu l-  
a t o r  has been e x e r c i s e d  i n  t e s t  p r o f i l e s  t h a t  have been d i r e c t l y  compared w i t h  
da ta  taken d u r i n g  a c t u a l  t e s t s  o f  an SW1500 i n  A t l a n t a .  The r e s u l t s  i n d i c a t e  
a  good o v e r a l l  r e p r e s e n t a t i o n  by t h e  model i n  b o t h  t h e  b a l l i s t i c  sense and t h e  
fundamental e l e c t r i c a l  parameters, and a l s o  i n  f u e l  consumption c a l c u l a t i o n s .  

The models s i m u l a t e  t h e  locomot ive t o  a  f i n e  l e v e l  o f  d e t a i l .  The major  
parameters a r e  p r o v i d e d  as p r i n t o u t  a t  I - sec  i n t e r v a l s  ( i n t e r n a l  computat ion 
t a k e s  p l a c e  a t  0.1-sec i n t e r v a l s )  and i n c l u d e  such q u a n t i t i e s  as: a c c e l e r a t i o n ,  
speed, drag fo rce ,  t o t a l  t r a c t i v e  e f f o r t ,  motor parameters ( r o t a t i o n a l  speed, 
c u r r e n t ,  vo l tage ,  t o r q u e ) ,  main genera to r  o p e r a t i o n ,  d i e s e l  engine p r i m a r y  per-  
formance parameters ( b r a k e  horsepower, r o t a t i o n a l  speed, f u e l  consumpt ion) and 
o t h e r s .  The s i m u l a t o r  f o r  t h e  s tandard SW1500 responds t o  an i n p u t  p r o f i l e  
o f  locomot ive t h r o t t l e  no tch  s e t t i n g  v s  t ime.  A l though  n o t  shown i n  t h e  p r i n t -  
o u t s  p rov ided  here,  c o n s i d e r a b l y  more d e t a i l  i n t e r n a l  t o  t h e  programs can be 
accessed such as motor i r o n  and copper losses, e f f i c i e n c y  and gearbox losses, 
Dav is  drag components, e t c .  

The format  o f  t h e  d i g i t a l  programs o f  these  models i s  ar ranged so t h e y  
can be e a s i l y  r e c o n f i g u r e d  t o  r u n  4- ax le  and 6- a x l e  v e h i c l e s  w i t h  t h e  e x i s t i n g  
motor subrou t ines .  Other  motor des igns may be s u b s t i t u t e d  u s i n g  t h e  same motor 
s u b r o u t i n e  format.  

S e r i e s  Motor Model 

The s tandard SW1500 model f u n c t i o n s  a r e  shown i n  genera l  terms i n  t h e  
b l o c k  diagram o f  F i g u r e  46. The d e t a i l e d  p r i n t o u t  i n c l u d e s  parameters 
cor responding t o  those  recorded  d u r i n g  a c t u a l  t e s t s  o f  t h e  SW1500. There- 
fo re ,  t h e  model performance can be eva lua ted  by d i r e c t  comparison o f  t i m e  

p r o f i l e s  o f  a c t u a l  t e s t  data  and o v e r a l l  f u e l  consumption f o r  a  g i ven  tdsk.  
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PROPULS l ON 
AND BRAKING 

DISTANCE, SPEED, VOLTS. AMPS KW. BHP. 

RUN SUMMARY DATA: T I M E ,  D I S T R I B U T I O N ,  KW-HR, GAL, RMS AMP 

t 1 3 u r e  46. Computer Model Standard Sh1500 



The i n p u t  card deck f o r  t h e  model i s  s t r a i g h t f o r w a r d  i n  terms o f  t r a i n  
c o n s i s t ,  locomot ive gearbox r a t i o ,  motor o p e r a t i n g  temperature ,  t h r o t t l e  notch 

s  t i m e  p r o f i l e ,  e tc .  The deck c o n s i s t s  o f  n i n e  data  c a r d s  as shown i n  F i g u r e  
7, sheet  1 (bot tom i n s e t ) .  The model can be r u n  i n  a  c a r  k i c k i n g  mode and 

I n  a  c u t  f e t c h i n g  mode and can s i m u l a t e  a  v a r i e t y  o f  o p e r a t i n g  c o n d i t i o n s  
u s i n g  t h e  t h r o t t l e  no tch  p r o f i l e  as  t h e  v a r i a b l e  input.  

Examples o f  t h e  model o p e r a t i n g  i n  f e t c h  mode and s w i t c h i n g  mode a r e  shown 
i n  t h e  computer p r i n t o u t  sheets  o f  F i g u r e s  47 and 48, r e s p e c t i v e l y .  The 
f i r s t  page o f  t h e  p r i n t o u t  r e f l e c t s  t h e  i n p u t  ca rd  deck s o  t h a t  t h e  o u t p u t  
performance data  may be examined i n  p roper  con tex t .  To s i m p l i f y  t h e  i n p u t  
deck s t r u c t u r e ,  t h e  c h a r a c t e r i s t i c  data  f o r  t r a c t i o n  motors, main generator ,  
and d i e s e l  a r e  s t o r e d  as separa te  s u b r o u t i n e s  i n t e r n a l  t o  t h e  program. The 
s i m u l a t o r  responds t o  t h e  t h r o t t l e  no tch  v s  t i m e  p r o f i l e  i n  t h e  same way as 
t h e  r e a l  locomot ive does. B r a k i n g  i s  i n i t i a t e d  when t h r o t t l e  no tch  command 
i s  n e g a t i v e .  

The model i n c o r p o r a t e s  t h e  major t i m e  c o n s t a n t s  o f  t h e  machine. These 
i n c l u d e  t h e  r a t e  o f  i nc rease  i n  eng ine speed f o r  a  change i n  t h r o t t l e  s e t t i n g  
(which i s  dependent on t h e  eng ine  speed) and b r a k i n g  t r a c t i v e  e f f o r t  ramp 
r a t e .  E l e c t r i c a l  t r a n s i e n t  da ta  due t o  system inductance, r e s i s t a n c e ,  and 
capac i tance  r a t i o s  a r e  n o t  s imula ted.  The c h a r a c t e r i s t i c  l ags  can be observed 
I? t h e  second-by-second p r i n t o u t  v s  t h r o t t l e  s e t t i n g ,  and i n  t h e  d r i v e / b r a k e  
t r a n s i t i o n .  Cur ren ts  and v o l t s  i n  t h e  p r i n t o u t  a r e  pe r  motor. T r a c t i v e  e f f o r t  
(TE) as shown i n c l u d e s  D a v i s  drag, a i r  brake, and t r a c t i o n  motors  o u t p u t  a t  t h e  
wheels ( i n c l u d i n g  geprbox and motor losses) .  The drag shown i s  Dav is  d rag  on ly ,  
i n  pound- force a t  t h e  wheels. The d i e s e l  eng ine  r o t a t i o n a l  speed (DSL-RPM) 
and f u e l  consumption shown i n  F i g u r e s  47 and 48 r e f l e c t  t h e  road t e s t  da ta  
c o l l e c t e d  a t  lnnman Yard, A t l a n t a ,  June 26 and 27, 1978. 

The f e t c h  mode p r i n t o u t  o f  F i g u r e  47 t a k e s  t h e  model th rough  an a c c e l -  
e r a t i o n  phase, then a  s h o r t  r u n  a t  c o n s t a n t  speed, and f i n a l l y  b r a k i n g  t o  a  
s t o p  w i t h  locomot ive brake, a l l  on l e v e l  t r a c k .  The model a l s o  can accommodate 
c o a s t i n g  (eng ine  i d l i n g  and no brake)  and t h e  e f f e c t s  o f  grade. F i g u r e  48 
shows two  c y c l e s  o f  a  s w i t c h i n g  o p e r a t i o n  s t a r t i n g  w i t h  16 c a r s  and k i c k i n g  
2 a t  a  t ime, end ing w i t h  12 cars.  

The r u n  summary i n  F i g u r e  47, shee t  4, i s  s e l f - e x p l a n a t o r y  and shows t o t a l  
t i m e  and d is tance ,  t o t a l  f u e l  consumed, and rms c u r r e n t  per motor. The f i n a l  
i t e m  i n  t h e  p r i n t o u t  i s  t h e  s t a t i s t i c a l  summary, which i s  generated i n  t h e  
same format  as t h a t  used i n  summarizing t h e  s c e n a r i o  t a p e s  data  r e d u c t i o n .  T h i s  
da ta  may be combined i n t o  a  d a i l y  o p e r a t i n g  composite, p r o v i d i n g  one method o f  
comparison o f  d a i l y  ya rd  opera t ion .  The summary f o r  t h e  s w i t c h i n g  example i s  
s i m i l a r .  There a r e  i n t e r m e d i a t e  r u n  summaries f o r  each s e t  o f  c a r s  swi tched 
o u t  and a  t r i p  summary. U s u a l l y ,  t h e  p r i n t o u t  would c o n t i n u e  u n t i l  a l l  car6  
i n  t h e  c u t  a r e  swi tched o u t ;  t h e  example i n  F i g u r e  48 was t e r m i n a t e d  on a  t i m e  
l i m i t  f o r  b r e v i t y .  

v 
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TABLE 13 

ACCELERATION/DECELERATlON TESTS, CUT CONSIST 

Car I d e n t i f i c a t i o n  Loaded/Empty Tons 

ACL 38761 L  77 

SAN 638 E  23 

SOU 98039 E 23 

SOU 65295 L  

SOU 550303 L 

NATX 18623 E 

CIR 2123 E 

UP 451241 L  

SAN 551027 E  

GATX 126940 E  - 

451 

Caboose 

Locomot ive - 124 

To ta  l 613 

S e r i e s  Motor Model V a l i d i t y  

Data r e t r i e v e d  f rom yard  o p e r a t i o n  o f  an ins t rumented s w i t c h e r  locomot ive 
eng ine were used as t h e  b a s i s  f o r  e s t a b l i s h i n q  t h e  v a l i d i t y  o f  t h e  computer 
model. For purvoses o f  t h i s  r e p o r t ,  a  p a i r  o f  acce le ra t i on /dece le ra t i on  runs  
i n  two d i r e c t i o n s  was s e l e c t e d  as r e p r e s e n t a t i v e  o f  t h e  locomot i ve  performance. 

The p a r t i c u l a r  t e s t  da ta  a r e  from t a p e  r e e l  I I  s t a r t i n g  a t  t a p e  counts  
1261 and 1329. The f i r s t  i s  an upgrade r u n  i n  reverse ,  t o  approx imate ly  16 
mph, then b r a k i n g  t o  a  s t o p  u s i n g  approx imate ly  6 t o  7 p s i  a i r  brake. The 
parameters used as t h e  b a s i s  f o r  comparison t o  t h e  s i m u l a t o r  a re :  t h r o t t l e  
notch,  d i e s e l  eng ine r o t a t i o n a l  speed, t r a c t i o n  motor c u r r e n t ,  t r a c t i o n  motor 
vo l tage ,  and locomot ive speed. The recorded  da ta  p layed back i n  eng ineer ing  
u n i + s  a r e  shown i n  F i g u r e  49. The c o n s i s t  was locomot ive p l u s  caboose and 10 
c a r s  a t  613 tons t o t a l ,  as  shown i n  T a b l e  13. 

&.- 
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F i g u r e  49. Reverse Run Tes t  D a t a  ( S t a r t  1261) 



I n i t i a l  r u n s  o f  t h e  model were made u s i n g  d i e s e l  and genera to r  c h a r a c t e r-  

i s t i c s  d e r i v e d  f rom t h e  load box t e s t  data. However, t h e  compute r- p lo t ted  ou t -  
p u t  f rom t h e  model d i d  n o t  match t h e  q e n e r a t o r  c u r r e n t  curve,  a s  shown a t  t h e  
bo t tom o f  F i g u r e  49, i n  t h e  0  t o  8 mph r e g i o n .  I t  a l s o  became e v i d e n t  t h a t  
an a p p r e c i a b l e  grade was p r e s e n t  by compar ing t h e  speed cu rves  ( a c c e l e r a t i o n  
and d e c e l e r a t i o n )  o f  t h e  model and t h e  t e s t  data.  These parameters  were v a r i e d  
u n t i l  a  reasonab le  match was o b t a i n e d  a s  shown i n  F i g u r e  50 f o r  t h e  r e v e r s e  
r u n  s t a r t i n g  a t  t a p e  foo tage  c o u n t  1261. The compute r- p lo t ted  da ta  compr ise  
t h e  s i m u l a t o r  model, t h e  dash l i n e s  a r e  d a t a  r e p l o t t e d  from F i g u r e  49. The 
b a s i c  i n p u t  t o  t h e  computer model i s  t h r o t t l e  n o t c h  vs  t i m e  taken  f rom t h e  
t e s t  run .  

I t  was determined t h a t  t h e  grade f o r  t h e  r e v e r s e  r u n  was +0.5 p e r c e n t  a t  
t h i s  l o c a t i o n .  A compar ison o f  t h e  p u b l i s h e d  da ta  f o r  t h e  d i e s e l  w i t h  t h e  load 
box t e s t  and t h e  road t e s t  d a t a  i s  shown i n  F i g u r e  51. Accord ing  t o  t h e  com- 
p a r i s o n ,  t h e  response o f  t h e  power u n i t  t o  t h r o t t l e  n o t c h  was q u i t e  d i f f e r e n t  
f o r  a  dynamic load, i n  t h e  low speed r e g i o n ,  a s  opposed t o  t h e  f i x e d  r e s i s t i v e  
load i n  t h e  load box t e s t .  

The same c o n s i s t  was r u n  i n  t h e  fo rward  d i r e c t i o n  (downgrade). T e s t  data 
s t a r t i n g  a t  t a p e  coun t  1329 a r e  shown i n  F i g u r e  52, and compar ison w i t h  t h e  
qodel  i s  shown i n  F i g u r e  53. The p l o t  d a t a  f o r  t h e  model i n  F i g u r e  53 were 
r u n  a t  -0.4 p e r c e n t  grade average f o r  t h e  run.  The downgrade r u n  was cons id-  
e r a b l y  longer  and it i s  assumed t h a t  some grade change was encountered i n  t h e  
extended p a r t  o f  t h e  run. The motor  c u r r e n t  c u r v e  was n o t  as  qood a  match on 
t h e  downgrade run,  which i n d i c a t e s  t h a t  t h e  assumed l o a d i n g  c h a r a c t e r i s t i c  
( F i q u r e  51) i s  i n f l u e n c e d  by t h e  h i q h e r  motor vo l tage .  

The o v e r a l l  match i s  good and t h e  s e n s i t i v i t y  t o  grades and power l oad ing  
demonst ra tes  t h e  i n t e g r i t y  o f  t h e  model. 

FESS MODEL 

The SW1500 w i t h  two ACT-1 f l y w h e e l s  i s  an expanded v e r s i o n  o f  t h e  s e r i e s  
motor model. Computat ion was expanded t o  i n c l u d e  o p e r a t i o n  o f  t h e  f i e l d  power 
s u p p l y  as an added c o n t r o l  subsystem, powered by a  400-Hz, 150-kva a l t e r n a t o r  
d r i v e n  f rom t h e  fo rward  l i n e  s h a f t  o f  t h e  d i e s e l  engine.  T h i s  power t a k e o f f  i s  
i nc luded  as  an added load on t h e  eng ine  and v a r i e s  w i t h  the.  demands f o r  f i e l d  
power. I n  a d d i t i o n ,  t h e  necessary  c o o l i n g  f o r  t h e  t r a c t i o n  moto rs  d u r i n g  
dynamic b r a k i n g  i s  p resen ted  as  a  l oad  on t h e  a l t e r n a t o r  t h a t  reaches an e s t i -  
mated 15 kw maximum. A s teady 1.5-kw load i s  assumed t o  be s u p p l i e d  v i a  t h e  
a l t e r n a t o r  f o r  c o n t r o l s  a u x i l i a r y  power. A l l  o f  t h e s e  i t ems  a r e  r e f l e c t e d  i n  
an inc reased  t o t a l  power o u t p u t  and fue.1 consumpt ion o f  t h e  FESS c o n f i g u r a t i o n  
as  compared w i t h  t h e  s t3ndard  SW1500 mode I .  The FESS s i-nu i  iit?r ii l  io ;lclficiii~i,- 

; * i t i s  t h e  a d d i t i o n a l  c o n t r o l  system t r a n s i t i o n s  f rom f lywheel- powered t o  main 
g e n e r a t o r  power a c c e l e r a t i o n  when t h e  f l y w h e e l  energy i s  dep le ted ;  and t h e  
t r a n s i t i o n  f rom e l e c t r i c  t o  a i r  b rake  when t h e  f l y w h e e l  speed reaches i t s  
upper l i m i t .  

The l o g i c  r e q u i r e d  f o r  c o n t r o l l i n g  a  r e a l - w o r l d  system i s  con ta ined  w i t h i n  
t h e  program and r e p r e s e n t s  a  f i r s t  d e s i g n  i t e r a t i o n  f o r  t h e  c o n t r o l s  c o n f i g u r -  
a t i o n .  A b l o c k  diagram o f  t h e  FESS model i s  shown i n  F i g u r e  54. 
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F i g u r e  51.  D iese l  C h a r a c t e r i s t i c s  



Figure 52. Forward Run T e s t  Data ( S t a r t  1329) 
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F i g u r e  53. Forward R u n  Comparison o f  Model and T e s t  D a t a  
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AN0 BRAKING 
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GAL,  RMS AMP 

F i g u r e  54. C o m p u t e r  M o d e l  FESS 
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The computer input deck is simi lar to the SW1500 model with added para­
meters to accommodate changes in th basic size and speed of the flywheel design.
An example of the basic .input (10 card) deck is shown in the lower inset of
Figure 55, sheet 1, and the associated computer printout is shown in Figure 55,
sheets 1; 2, and 3.

A comparison of Figure 48, sheets 2 and 3, with Figure 55, sheets 2 and 3,
showing essentia I operating parameters, wi II demonstrate the difference in
response of the two systems in a simi lar operating profi le , In particular, the
diesel engine loading profi Ie is quite different due to the energy suppl ied by
the f Iywheelin the FESS ·mode I dur i ng acce Ierat ion to the time the f Iywhee I
is depleted to its lower limit. AI I armature currents and voltages are shown
on a per-motor basis in these printouts. The armature circuit connections
for the two models are shown in Figure 56, and it is assumed that the paral­
lel sets share current equally. Hence, flywheel machine armature current
is half of traction motor armature current, and main generator current equals
traction motor current in the FESS model.

To accommodate the requirement for the separately excited motors' and the
flywheel motors' field power, a shaft-driven alternator is incorporated into
the F~SS rrodel , The model also incorporates auxi I iary power usage for con­
trols and for motor cool ing during dynamic braking. This shows as increased
fue I consumpt ion for FESS as compared with the standard mode lin the brak ing
phase. The alternator is engine shaft-driven so these auxi I iaries show as a
power demand on the diesel engine, which is reflected in the second-by-second
data printout of Figure 55, sheets 2 and 3. Thus, some of the fuel saving
gained when using the flywheel for acceleration is lost during dynamic braking.

In the Figure 55 printout, it wil I be noted that the motor field cur-
rent is the same as the armature current, producing essentially the same oper­
ation as the series motor configuration. Other field schedules could be used,
hut for the purpose of performance comparison of the SW1500 and FESS, this was
considered acceptable. Even with different field coi I turns, the field power
requirement would be unchanged, and as a convenience, the shunt field version
of the 077 motor subroutine (which removes the field voltage drop from the
armature circuit) was used. In addition, keeping the field current proportional
to armature current (rather than using ful I field at low speed) reduces field
power demand and represents a more efficient mode of operation.

The same program is used for running fetch mode, with a slight alteration
of the input card deck. For example, switching speed is set to a negative value
and the two blank cards, shown in Figure 55, sheet 1 inset, are fi lied with
armature currentvs time profi Ie data. Cal ling for a specific negative armature
current initiates dynamic braking at the desired level.

FESS Model Val idity

The val idity of the standard SW1500 model has been establ ished as accept­
able through comparison of bal listie and electrical performance with real-world
tests. The FESS model uses the component subroutines from the SW1500 model
and is an extension, using an added motor model of the same format (proven
accurate with existing real-world test data for the ACT-l ESU.
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FESS 

G = GENERATOR 

TM = TRACT1 ON MOTOR 

FW = FLYWHEEL MACH I NE 

NOTE: F I E L D  CONNECTIONS NOT SHOWN 

5.34186 

Figure 56.  Armature  Circuit Connections 



The a u x i l i a r y  loads i n c l u d i n g  t h e  f i e l d  power supp ly  and added c o o l i n g  a r e  
p robab ly  n o t  more than 20 p e r c e n t  i n  erbor .  These are,  i n  any case, o n l y  
second-order increments i n  t h e  range o f  40 t o  90 hp abso lu te .  Therefore ,  it 
i s  e s s e n t i a l l y  o f  t h e  same m e r i t  as  t h e  SW1500 model. 

USE OF THE MODELS 

Model f l e x i b i l i t y  i s  e x e r c i s e d  t h r o u g h  v a r i a t i o n s  i n  i n p u t  deck data; 
however, changes i n  b a s i c  system component c h a r a c t e r i s t i c s  can be r e a d i l y  
accommodated by s u b s t i t u t i o n  o f  t h e  r e s p e c t i v e  subrou t ines .  I n  genera l ,  t h e  
component s u b r o u t i n e s  c o n t a i n  s t o r e d  da ta  s e t s  d e f i n e d  by r e a l - w o r l d  t e s t  data. 
These data  s e t s  can be a l t e r e d  w i t h o u t  any b a s i c  m o d i f i c a t i o n  o f  t h e  s u b r o u t i n e  
format. 

Tables 14 and 15 show v a r i a t i o n s  t h a t  may be e n t e r t a i n e d  by a l t e r a t i o n s  
o f  data  i n  t h e  i n p u t  c a r d  decks. The c a r d  decks i l l u s t r a t e d  i n  F i g u r e s  47 
(;bee' I), 48 ( s h e e t  I ) ,  and 55 (shee t  1)  a l s o  show t h e  c o n t r o l  ca rds  t h a t  
a r e  dsed w i t h  t h e  UNIVAC 1100 system. The programs a r e  w r i t t e n  i n  FORTRAN V 
and a r e  compat ib le  w i t h  minor m o d i f i c a t i o n s  down t o  l e v e l  IV G. 

A l i s t  o f  programs and s u b r o u t i n e s  r e l a t e d  t o  t h e  s i m u l a t o r  models i s  g i v e n  
i~ Appendix 0. 

PRELIMINARY ANALYSIS (TASK 110) 

Th is  Phase I  s t u d y  o f  a  y a r d- s w i t c h i n g  locomot i ve  i n c o r p o r a t i n g  a  f l y -  
w+eel energy s t o r a g e  u n i t  has been s t r u c t u r e d  t o  e s t a b l i s h  t h e  most advan- 
tageous system c o n f i g u r a t i o n  w i t h i n  t h e  l i m i t s  o f  e x i s t i n g  conven t iona l  

hardware components (i.e., SW1500 locomot i ve  and ACT-1 f l ywhee l  u n i t )  by 
means o f  a  p r e l i m i n a r y  system a n a l y s i s ,  a s  d e f i n e d  i n  t h e  c o n t r a c t  SOW. 

The f o l l o w i n g  two  b a s i c  c o n f i g u r a t i o n s  were cons ide red  i n  t h e  a n a l y s i s :  

( a )  The f l ywhee l  energy s t o r a g e  u n i t  i n  a  t r a i l i n g  c a r  w i t h  t h e  loco-  
m o t i v e  m o d i f i e d  f o r  s e p a r a t e l y  e x c i t e d  t r a c t i o n  motors  

( b )  The f l ywhee l  energy s to rage  u n i t  i n  a  t r a i l i n g  c a r  w i t h  t h e  t r a i l i n g  
car  h a v i n g  s e p a r a t e l y  e x c i t e d  t r a c t i o n  motors  and t h e  locomot ive 
b a s i c a l l y  unmod i f i ed  

I t  was n o t  t h e  purpose o f  t h e  p r e l i m i n a r y  a n a l y s i s  t o  e s t a b l i s h  an o p t i -  
mum c o n f i g u r a t i o n .  No a d d i t i o n a l  c o n f i g u r a t i o n s  o t h e r  t h a n  t h e  s p e c i f i e d  
a l t e r n a t i v e s  were i d e n t i f i e d  a t  t h i s  s t a g e  i n  t h e  s tudy.  

The FESS concepts  p r e v i o u s l y  ana lyzed i n  AiResearch Repor t  78-15053 
(Reference 41, a r e  summarized below. 

Reference 4. A n a l y s i s  Repor t ,  Flywheel  Energy Storage Swi tcher ,  AiResearch 
Repor t  78-15053, AiResearch Manu fac tu r ing  Company o f  C a l i f o r n i a ,  June, 1978. 

I 
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Card 1 T i t l e .  

Cards 2, 3 C o n s i s t  d e f i n i t i o n .  

Card 4 Locomot ive  c o n f i q u r a t i o n  and t r a c t i o n  motor  mean 
temperature.  

Card 5 F lywheel  c o n f i g u r a t i o n .  

Card 6 System o p e r a t i n g  l e v e l s  and a u x i l i a r y  load l e v e l .  

Card 7 D e c l a r e s  k i c k i n q  o r  f e t c h i n q  mode; i f  k i c k i n g ,  i t  d e f i n e s  
k i c k  speed and number o f  c a r s  pe r  k i c k .  

I Cards 8, 9 D e f i n e s  o p e r a t i n g  p r o f i l e  f o r  f e t c h  mode. 

Card I 0  Proqram c o n t r o l  f o r  r u n  d u r a t i o n  and p r i n t o u t  o p t i o n s .  

Card 1 T i t l e  ca rd  ( a l l  l i t e r a l ) .  

Cards 2, 3 D e f i n e  t h e  c o n s i s t .  

Card 4 De f ines  t h e  locomot i ve  c o n f i g u r a t i o n  and mean t r a c t i o n  
motor o p e r a t i n g  temperature .  

Cards 5, 6 D e f i n e  o p e r a t i n g  p r o f i l e  f o r  f e t c h  mode. 

Card 7 D e f i n e s  system response r a t e s .  

Card 8 Dec la res  k i c k i n g  o r  f e t c h i n g  mode; i f  k i c k i n g ,  it d e f i n e s  
k i c k  speed and number o f  c a r s  pe r  k i c k .  

Ca-d 9 Program c o n t r o l  f o r  r u n  d u r a t i o n  and p r i n t o u t  o p t i o n s .  

TABLE 14 

SW1500 MODEL INPUT DECK DESCRIPTION 

TABLE 15 

FESS CARD INPUT 

'*u 



Concept A 

The b a s i c  Concept A 1  system schemat ic i s  shown i n  F i g u r e  57. I n  t h i s  
system, t h e  d i e s e l  engine, main dc genera to r ,  and t h e  b a s i c  f r i c t i o n  brake 
system a r e  e x i s t i n g  SW1500 locomot ive equipment. The t r a c t i o n  motors  a r e  
m o d i f i e d  by t h e  replacement o f  t h e  e x i s t i n g  series-wound main f i e l d  c o i l s  w i t h  
low- current  main f i e l d  c o i l s  t h a t  a r e  e x c i t e d  from a  separa te  source. No 
changes t o  t h e  magnet ic c i r c u i t  o r  a rmatu re  o f  t h e  t r a c t i o n  motor a r e  requ i red .  
The a u x i l i a r y  a l t e r n a t o r  has been added t o  t h e  eng ine- dr iven a u x i l i a r i e s ,  
and t h e  locomot ive c o n t r o l s  m o d i f i e d  f o r  o p e r a t i o n  w i t h  t h e  energy s to rage  
u n i t .  The f l ywhee l  energy s t o r a g e  u n i t  i s  i n s t a l l e d  i n  a  t r a i l i n g  car .  
S u i t a b l e  power and c o n t r o l  i n t e r c o n n e c t i o n s  a r e  p rov ided  between t h e  locomo- 
t i v e  and t r a i l i n g  car .  The l i m i t a t i o n  on t h e  performance o f  t h i s  system was 
found t o  be t h e  f l ywhee l  machine c o n t i n u o u s  c u r r e n t  r a t i n g  o f  540 amp. TO 

overcome t h i s  l i m i t a t i o n ,  Concept A2, shown d i a g r a m m a t i c a l l y  i n  F i g u r e  58, 
was developed. 

The b a s i c  Concept B1 system schemat ic i s  shown i n  F i g u r e  59, and con- 
s i s t s  o f  an SW1500 locomot ive w i t h  t h e  a d d i t i o n  o f  an a u x i l i a r y  a l t e r n a t o r ,  
a  s e - i e s / p a r a l l e l  s w i t c h  f o r  t h e  t r a c t i o n  motors, an i s o l a t i o n  s w i t c h ,  a  
necessary m o d i f i c a t i o n  o f  locomot ive c o n t r o l s  f o r  o p e r a t i o n  w i t h  an energy 
s to rage  u n i t ,  and f o u r  separateby e x c i t e d  t r a c t i o n  motors  i n s t a l l e d  on a  
t r a i l i n g  ca r .  The t r a i l i n g  c a r  i s  a l s o  p r o v i d e d  w i t h  a  f r i c t i o n  b rake  system. 

System elements a r e  t h e  same as d e s c r i b e d  f o r  Concept A, b u t  t h e  energy 
s t o r a g e  u n i t  must d r i v e  a  l a r g e r  b lower t o  supp ly  c o o l i n g  a i r  t o  t h e  t r a c t i o n  
motors  on t h e  t r a i l i n g  car .  A l l  f i e l d  power s u p p l i e s  a r e  i n s t a l l e d  on t h e  
t r a i l i n g  car .  One f i e l d  power supp ly  u n i t  w i t h  i n d i v i d u a l  c o n t r o l s  f o r  each 
s e p a r a t e l y  e x c i t e d  t r a c t i o n  motor and one f i e l d  power s u p p l y  f o r  each energy 
s t o r a g e  u n i t  a r e  prov ided.  

As i n  Concept A l ,  Concept B1 was found t o  be l i m i t e d  i n  performance by 
t h e  f l y w h e e l  machine r a t i n g ,  and t h e r e f o r e  Concept R2 shown i n  F i g u r e  60 
was developed. 

Se lec ted  Concept 

Rased on t h e  p r e l i m i n a r y  da ta  a v a i l a b l e .  AiResearch recommended t h a t  
Concept A2 should  be chosen f o r  an i n d e p t h  system a n a l y s i s .  FRA concurred 
w i t h  t h i s  recommendation, and t h e  indep th  a n a l y s i s  (Task l l c )  was d i r e c t e d  
t o  Concept A2. 

INDEPTH SYSTEM ANALYSIS (TASK I I C )  

Concept A2 c o n s i s t s  o f  a  General Moto rs  E l e c t r o- M o t i v e  D i v i s i o n  (EMD) 
SW1500 s w i t c h i n g  locomot ive and a  nonmotored boxcar c o n t a i n i n g  t w o  ACT-1 energy 
s t o r a g e  u n i t s  ( F i g u r e  58). The two  v e h i c l e s  a r e  coupled,  u s i n g  a s tandard 
A s s o c i a t i o n  o f  American R a i l r o a d s  (AAR) c o u p l e r  and e l e c t r i c a l / a i r  connect ions.  

Ld 
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Fiqure 57. Simpl~fied System Schematic--Concept 41 
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F i g u r e  59. Simplified System Schematic--Concept 81 
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Figure 60. Simpl i f i e d  System Schematic--Concept B 2  
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System D e s c r i p t i o n  

 
The system has two  b a s i c  o p e r a t i n q  modes, m o t o r i n g  and brak ing.  Since 

t h e  motors a r e  m o d i f i e d  EMD D77 t r a c t i o n  motors, t h e y  a r e  o f  t h e  low f i e l d  
c u r r e n t ,  s e p a r a t e l y  e x c i t e d  type.  D u r i n g  moto r ing  t h e  power source may be 
t h e  d i e s e l  engine,  t h e  f l ywhee l  ( v i a  i n t e r v e h i c l e  e l e c t r i c a l  connec t ions ) ,  
or a  combinat ion o f  both. The power source f o r  a  g i v e n  c o n d i t i o n  depends on 
t h e  s t o r e d  energy l e v e l  and t h e  energy management p o l i c y  adopted. The f l o w  o f  
c u r r e n t  from t h e  f l y w h e e l  machines t o  t h e  main genera to r  i s  prevented by t h e  
use o f  i s o l a t i o n  d iodes  between t h e  genera to r  and t r a c t i o n  motor u n i t s .  Dur ing  
b r a k i n g  t h e  t r a c t i o n  motors, now a c t i n g  as s e p a r a t e l y  e x c i t e d  generators ,  a r e  
d r i v e n  by t h e  locomot ive wheels and t h e  c u r r e n t  i s  fed  t o  t h e  f l ywhee l  machines 
Tncreasing t h e  f l y w h e e l  speed and s t o r i n g  t h e  b r a k i n g  energy. The speeds of 
t l e  t x o  f l ywhee ls  a r e  k e p t  approx imate ly  t h e  same by f l ywhee l  machine f i e l d  
ad jus tment .  C u r r e n t  passage t o  t h e  g e n e r a t o r  i s  aga in  prevented by t h e  iso-  
l a t i o n  diodes.  

Upon r e c e i p t  o f  a  command t o  t r a n s i t i o n  from an a c c e l e r a t i n g  mode t o  a  
b r a k i n g  mode, t h e  t r a c t i o n  motor f i e l d  c u r r e n t s  a r e  increased s l i g h t l y  t o  r a i s e  
t h e  armature v o l t a g e  above t h a t  o f  t h e  main generator .  T h i s  a c t i o n  reverse -  
b iases  t h e  i s o l a t i o n  d i o d e  and t h e  g e n e r a t o r  f i e l d  c u r r e n t  and t h e  o u t p u t  
c u r r e n t  a r e  reduced t o  zero.  Dur ing  t h e  same i n t e r v a l ,  t h e  i n i t i a l  l e v e l  o f  
armature c u r r e n t  i n  t h e  f l y w h e e l  machine c o u l d  be e i t h e r  p o s i t i v e  o r  negat ive.  
However, due t o  t h e  i n c r e a s i q g  t r a c t i o n  motor vo l tage ,  t h e  c u r r e n t  w i l l  increase 
i n  a  n e g a t i v e  d i r e c t i o n  u n t i l  t h e  commanded c u r r e n t  l e v e l  i s  obta ined.  The 
p r imary  c o n t r o l s  f o r  t h e  b r a k i n g  mode a r e  t h e  t r a c t i o n  motor f i e l d  c u r r e n t s  
used t o  s e t  t h e  o p e r a t i n g  v o l t a g e  l e v e l  as  a  f u n c t i o n  o f  speed, and t h e  f lywheel  
motor f i e l d  c u r r e n t  used t o  r e g u l a t e  armature c u r r e n t .  Once t h e  genera to r  
c u r r e n t  has been reduced t o  zero, t h e  genera to r  v o l t a g e  can be h e l d  a t  some 
l e v e l  below t h e  t r a c t i o n  motor armature v o l t a q e .  The t r a n s i t i o n  from b r a k i n g  
t o  a c c e l e r a t i o n  w i l l  e s s e n t i a l l y  be t h e  r e v e r s e  o f  t h e  process desc r ibed  above. 

The component e f f i c i e n c i e s  o f  t h e  system shown i n  F i g u r e  61 a r e  
g e n e r a l i z a t i o n s  s i n c e  e f f i c i e n c y  v a r i e s  w i t h  load and d u t y  c y c l e .  I t  can be 
no ted  t h a t  t h e  approx imate r o u n d- t r i p  e f f i c i e n c y  i s  67 percent .  I n  a  normal 
du ty  cyc le ,  de lays  between d e c e l e r a t i o n  and a c c e l e r a t i o n  w i l l  be minimized; 
t h e r e f o r e ,  f l ywhee l  s p i n n i n g  losses have been neglected.  

I n  t h e  computer s i m u l a t i o n ,  a c t u a l  va lues  o f  component e f f i c i e n c y  based 
on load i n c l u d i n g  s p i n n i n g  losses were used t o  c a l c u l a t e  f u e l  sav ings.  

System Hardware 

A l though e x i s t i n g ,  unmodi f ied system hardware w i l l  n o t  be desc r ibed  i n  
t h i s  r e p o r t ,  r e f e r e n c e s  w i l l  be made t o  t h e  m o d i f i c a t i o n s  o f  t h e  c o n t r o l  o f  
such hardware. 

1 .  Energy Storaqe U n i t s  

The ESU's t o  be i n s t a l l e d  i n  t h e  t r a i l i n g  boxcar a r e  based on t h e  ACT-1 
ESU's m o d i f i e d  f o r  t h i s  a p p l i c a t i o n  ( t h e  m o d i f i e d  ESU i s  shown i n  F i g u r e  62) .  

b
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a. M o d i f i c a t i o n s  t o  Standard ESU 

Minor  m o d i f i c a t i o n s  a r e  r e q u i r e d  on t h e  s tandard  ACT-I ESU f o r  s u i t a -  
b i l i t y  t o  t h e  FESS a p p l i c a t i o n .  The o i l - c o o l e d  a u x i l i a r y  a l t e r n a t o r  used 
i n  t h e  ACT-1 i n s t a l l a t i o n  t o  p r o v i d e  f i e l d  power f o r  t h e  f l ywhee l  machine 
i s  n o t  r e q u i r e d  f o r  t h e  FESS i n s t a l l a t i o n  s i n c e  f i e l d  power i s  o b t a i n e d  from 
t h e  d i e s e l  eng ine- dr i ven ,  a u x i l i a r y  a l t e r n a t o r  on t h e  locomot i ve  by means o f  
jumper cab les .  T h i s  arrangement has t h e  advantage o f  r e d u c i n g  t h e  number o f  
r o t a t i n g  machines, b u t  does p r e c l u d e  t h e  c h a r g i n g  o f  t h e  f l y w h e e l  f rom a  
s i n g l e  e x t e r n a l  sou rce  t h a t  may have been o p e r a t i o n a l l y  conven ien t .  Removal 
o f  t h i s  a l t e r n a t o r  w i l l  e n t a i l  b l a n k i n g  o f f  t h e  o i l  p o r t s  used f o r  a l t e r n a t o r  
c o o l i n g .  The r e v i s e d  l u b r i c a t i n g  o i l  c i r c u i t  d e s i g n  i s  shown i n  F i g u r e  63. 

The t u r b o c o o l e r  used i n  t h e  ACT-1 i n s t a l l a t i o n  f o r  a i r  c o n d i t i o n i n g  i s  
n o t  r e q u i r e d  f o r  FESS. As w i t h  t h e  a l t e r n a t o r  removal ,  t h e  o i l  p o r t s  
w i l l  have t o  be b r i d g e d  t o  p reserve  t h e  i n t e g r i t y  o f  t h e  o i l  c i r c u i t s .  

Tile s tandard  ESU b lower  i s  used t o  c o o l  t h e  f l y w h e e l  machine and t r a c t i o n  

F i g u r e  61. T y p i c a l  FESS System E f f i c i e n c i e s  

n o t o r s  on ACT-1, b u t  t h e  o n l y  c o o l i n g  r e q u i r e m e n t  i n  t h e  FESS a p p l i c a t i o n  i s  
f o r  t h e  f l ywhee l  machine. T h i s  means t h a t  a  s m a l l e r  b lower  can be used i n  
t h i s  a p p l i c a t i o n ,  aga in  m i n i m i z i n g  t h e  energy d r a i n  on t h e  f l y w h e e l .  

-+- 
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F i g u r e  62. Energy S to rage  U n i t  (E80) M o d i f i e d  f o r  FESS A p p l i c a t i o n  



PllESSURE WITCH 

GEARBOX O l  t SUMP 

ETl C CHI P DETECTOR 

JET D I A ,  GPM PER NO. OF TOTAL 
LO CAT l ON I N .  J E T  JETS GPM 

A OGTBOARD PLANET BEAR l NG 

B INBOARD PLANET BEAR l NG 

C SUN GEAR 

D ROLLER BEARING 

E RES l  L I E N T  MOUNT 

F ROLLER BEAR I N G  

G R E S I L I E N T  MOUNT 

TOTAL 
3.38 GPM 

F i gu re  63. Energy Storage U n i t  L u b r i c a t i n g  O i l  
C i r c u i t  Des ign f o r  FESS A p p l i c a t i o n  

b. I n s t a l l a t i o n  

Instaliation requi rements  f o r  t h e  ESU a re  r e l a t i v e l y  s imple,  The m a j ~ r  
rsau i rements  a re :  

( a )  Coo l i ng  a i r  t o  be f i l t e r e d  and ducted 

( 5 )  C a b l e  runs  t o  be i n  accordance w i t h  normal sa fe  p r a c t i c e  

'V 

r 

. I  
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2, Locomotive Equipment and M o d i f i c a t i o n s  

a, T r a c t i o n  Motors  

The m o d i f i c a t i o n s  o f  t h e  t r a c t i o n  motors t o  97 t u r n  main f i e l d s  w 
improved i n t e r p o l e s  i s  descr ibed i n  d e t a i l  l a t e r  i n  t h i s  r e p o r t .  

b, F i e l d  Supply A l t e r n a t o r  

The power source r e q u i r e d  f o r  t h e  t r a c t i o n  motor and f l ywhee l  machine 
f i e l d s  w i l l  be an engine- dr iven a l t e r n a t o r .  The power requi rements  a r e  as 
f o l  lows: 

T r a c t i o n  motor f i e l d  supp ! i es  ( i n c l u d i n g  f i e l d  f o r c i n g ) '  60 kw 

Flywheel machine f i e l d  s u p p l i e s  ( i n c l u d i n g  f i e l d  f o r c i n g )  20 kw 

Tota l 80 kw 

10 FT. 6-7/3? I N .  

CAPIIC I T Y  3 ,702  CU F T :  
I i T  LdEIGt iT 5 3 , 5 5 0  L 6 S :  
D L I l l T  1 2 ~ . 0 0 3  LE?. 

I 40 F T ,  9-3/?  I N .  - - 
O Y E R  LND S I L L S  3 F T .  9-5/8 I N  

O V E R  S I D E  SILLS s 3 3 ~ 7  

( c )  ESU mechanical mounts t o  be a b l e  t o  w i ths tand  acce le ra t i ons  
assoc ia ted  w i t h  s w i t c h i n g  ( 3  g l o n g i t u d i n a l ,  2 g l a t e r a l )  

( d l  Ease o f  access f o r  maintenance o f  ESU and c o n t r o l  system 

( e l  Storage o f  spec ia l  maintenance p a r t s  

A t y p i c a l  boxcar i s  shown i n  F i g u r e  64. 

h,, 

F i g u r e  64. T y p i c a l  U.S. Boxcar 

* 
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Cons ide r ing  a l t e r n a t o r  e f f i c i e n c y  and assuming a  0.6 power f a c t o r ,  t h e  
a l t e r n a t o r  i s  r e q u i r e d  t o  d e l i v e r  150 k v a  over  t h e  e n t i r e  493/900 rpm eng ine  

eed range. T h i s  performance requ i rement  can be me't by t h e  a l t e r n a t o r  used 
G a r r e t t  on t h e  gas t u r b i n e - e l e c t r i c  (GTE) ca rs .  The c h a r a c t e r i s t i c s  o f  

e  proposed f i e l d  a l t e r n a t o r  ( F i g u r e  65)  show t h a t  t h e  machine when operated 
om 4,930 t o  9,000 rpm t h r o u g h  a  10:l speed inc reases  gearbox and p u l l e y  

systems and i s  a b l e  t o  produce a  minivum o f  150 kva a t  t h e  minimum o p e r a t i n g  

T h i s  a l t e r n a t o r  was used s u c c e s s f u l l y  on t h e  GTE c a r s  and has seen exten-  
s i v e  s e r v i c e  on commercial c r a f t .  W i t h  more than  20 m i l l i o n  h o u r s  o f  s e r v i c e  
exper ience,  t h e  a l t e r n a t o r  has a  proven r e l i a b i l i t y  record .  I t  i s  n o t  sens i-  
t i v e  t o  env i ronment  and has g i v e n  c o n s i s t e n t  performance. Main tenance i s  
s i m p l i f i e d  and r e l i a b i l i t y  assured by t h e  l a c k  o f  brushes, commutators, and 
s l i p  r i n g s .  The growth o f  t h e  mean- t ime- between- fai lure (MTBF) as  used on 
707/720 a i r c r a f t  i s  shown i n  F i g u r e  66. 

L I N E  CURRENT AMPS S 33057 

F i g u r e  65. C h a r a c t e r i s t i c s  o f  Proposed F i e l d  Supply A l t e r n a t o r  
&.tUr.tur" 
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F ~ g u r e  66. R e l i a b i l i t y  Growth o f  Proposed F i e l d  Supply  
A l t e r n a t o r  f o r  Commercial A i r c r a f t  A p p l ~ c a t i o n  
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DIMENSIONS I N  INCHES 

I 

1 
- - -  - -- -- . - .- ...- . 

The major components o f  t h e  genera to r  a r e  t h e  main generator ,  t h e  e x c i t e r  

generator ,  a  r o t a t i n g  r e c t i f i e r  assembly, and assoc ia ted  mechanical pa r ts .  The 
e x c i t e r  of t h e  generator  c o n s i s t s  o f  a  s t a t i o n a r y  dc f i e l d  and a  r o t a t i n g  ac 
armature. The ac o u t p u t  o f  t h e  e x c i t e r  i s  f ed  i n t o  a  three-phase, fu l l - wave  
s i l i c o n  r e c t i f i e r  assembly mounted i n  t h e  cen te r  of t h e  generator  s h a f t .  The dc 
o u t p u t  f rom t h e  r e c t i f i e r  assembly i s  supp l i ed  d i r e c t l y  t o  t h e  r o t a t i n g  f i e l d  
o f  t h e  main generator .  

Regu la t i on  o f  t h e  generator  ac o u t p u t  v o l t a g e  i s  accomplished by con- 
t r o l l i n g  t h e  s t r e n g t h  o f  t h e  e x c i t e r  dc f i e l d .  A t r a n s i s t o r i z e d  o r  magnet ic 
a m p l i f i e r  vo l t age  r e g u l a t o r  d i r e c t s  t h e  o u t p u t  v o l t a g e  by sens ing and com- 
p a r i n g  t h i s  v o l t a g e  w i t h  a  re fe renced  v a l u e  t o  o b t a i n  an e r r o r  s i g n a l .  Th i s  
s igna l  i s  a m p l i f i e d  and used t o  c o n t r o l  t h e  c u r r e n t  supp t ied  t o  t h e  e x c i t e r  
f i e l d  winding. 

The a l t e r n a t o r  (shown i n  F i g u r e  6 7 )  i s  t o  be i n s t a l l e d  above t h e  main 
and aux i  l i a r y  genera to rs  i n  the space shown i n  F i g u r e  68, t h e  l o c a t i o n  
o f  t h e  speed i nc reas ing  gearbox. The a l t e r n a t o r  and gearbox w i l l  be mounted 
q f f  t h e  e x i s t i n g  b racke t  shown i n  F i g u r e  69. A general  arrangement o f  
++e i n s t a l l a t i o n  i s  shawn i n  Drawing SK6999. 

c 

F igu re  67, O u t l i n e  o f  F i e l d  Supply A l t e r n a t o r  . 
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Space A v a i l a b l e  f o r  I n s t a l l a t i o n  o f  A u x i l i a r y  A l t e r  n a t o r  





 c. Jumper Cables 

Jumper c a b l e s  a r e  r e q u i r e d  t o  connect  t h e  locomot ive and boxcar e l e c-  
t r i c a l l y  and w i l l  conform t o  t h e  requ i rements  o f  AAR S p e c i f i c a t i o n ,  Sec t ion  
7-4-2-1. The jumper cab les  a r e  as f o l l o w s :  

( a )  Cont ro l- - Standard 27- po in t  p l u g s  and r e c e p t a c l e s  shown i n  F i g u r e  70 
w i l l  be mounted i n  t h e  AiResearch- designated s tandard p o s i t i o n s  i n  
o r d e r  t o  u t i l i z e  t h e  e x i s t i n g  jumper equipment. Spare w i r e s  w i l l  be 
used by new c o n t r o l  f u n c t i o n s .  A  l i s t  o f  t h e  proposed f u n c t i o n  a l l o c a-  
t i o n s  i s  con ta ined  i n  Tab le  16; these  w i l l  be approved by AiResearch 
b e f o r e  b e i n g  implemented. 

( b )  A u x i l i a r y  Power--The f i e l d  power supp ly  jumper c a b l e s  o f  t h e  f lywheel  
machine w i l l  be s tandard AiResearch 30-amp c a p a c i t y ,  c u r r e n t l y  used 
f o r  e x t e r n a l  s u p p l i e s  f o r  locomot ive l i g h t i n g .  Two cab les  i n  p a r a l l e l  
w i l l  be used t o  ach ieve t h e  necessary c u r r e n t  c a p a c i t y .  These i tems 
a r e  d e t a i l e d  i n  F i g u r e  71. 

( c )  Main Power--To p r o v i d e  f o r  t h e  1000-amp jumper requ i rement  f o r  main 
power, i t  i s  proposed t h a t  t h e  AiResearch dynamic brake f i e l d  loop 
p l u g  and r e c e p t a c l e  be used ( F i g u r e  72).  

d. F i e l d  C o n t r o l  U n i t  

 
The optimum f i e l d  c o n t r o l  u n i t  i s  shown i n  F i g u r e  73. The o p e r a t i n g  

c u r r e n t  and v o l t a g e  were s e l e c t e d  because a  t r a n s f o r m e r  i s  n o t  requ i red ,  
a l  lowing t h e  c o s t  o f  t h e  m o d i f i c a t i o n  o f  t h e  motors  t o  be o f f s e t  by t h e  c o s t  
o f  t h e  t rans fo rmer .  

The f i e l d  c o n t r o l  u n i t s  w i l l  be mounted i n  t h e  e l e c t r i c a l  compartment 
under t h e  cab, w i t h  t h e  power d e v i c e  h e a t  s i n k s  mounted i n  c u t o u t s  i n  t h e  
t r a c t i o n  motor c o o l i n g  a i r  duc ts .  The space a v a i l a b l e  f o r  t h i s  i n s t a l l a t i o n  
i s  shown i n  F i g u r e  74. 

SYSTEM CONTROL 

Enerqy Manaqement 

A l though r e l a t i v e l y  sma l l ,  t h e  s p i n n i n g  losses  a s s o c i a t e d  w i t h  t h e  f lywheel  
va ry  as  t h e  square o f  t h e  speed ( F i g u r e  75). There fo re ,  a t  70- percent speed 
t h e r e  a r e  a p p r o x i m a t e l y  55 percen t  o f  t h e  losses  a t  100-percent speed. I n  o r d e r  
t o  v i n i r n i z e  t h e s e  losses, it i s  proposed t h a t  t h e  f l y w h e e l  be ma in ta ined  a t  as 
low a  speed as p o s s i b l e .  T h i s  i s  ach ieved when energy i s  taken o u t  o f  t h e  
f l ywhee l  a t  t h e  s t a r t  o f  an a c c e l e r a t i o n  a t  t h e  maximum power l e v e l .  Upon 
reach ing  t h e  f l ywhee l  minimum speed, d i e s e l  power w i l l  t a k e  over  t o  supp ly  t h e  
t r a c t i o n  motors  and m a i n t a i n  t h e  f l y w h e e l  a t  i t s  minimum speed. Because t h e r e  
i s  no way o f  knowing t h e  we igh t  o f  t h e  locomot ive and c a r s  t o  be braked, energy 
w i l l  be passed t o  t h e  f l y w h e e l  from t h e  i n i t i a t i o n  o f  brak ing.  As t h e  f l ywhee l  
reaches maximum speed, i f  s u f f i c i e n t  energy i s  a v a i l a b l e  due t o  b rak ing ,  t h e  
brakes w i l l  be a p p l i e d  t o  complete  t h e  b r a k i n g  du ty .  T h i s  system i n h e r e n t l v  
t a k e s  account o f  changes i n  t r a i n  we igh t  t h e r e b y  a v o i d i n g  t h e  need f o r  c o s t l y  
and complex c o n t r o l  l o g i c .  

-

-



F i g u r e  70. 27- Po in t  C o n t r o l  Jumper 
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F i g u r e  72. M a i n  Power Jumper 

F i g u r e  73 .  Traction Motor F i e l d  Power Supp l y  
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F igu re  74. A i r  Brake and E l e c t r i c a l  Equipment Compartment 

u 

2 0 40 60 l oo  
SPEED, PERCENT OF MAXIMUM ~ 1 1 ~ 8 1  

F-29761 

F i g u r e  75. Flywheel Assembly Mechanical Losses v s  S p e e d  
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M o t o r i n q  C o n t r o l  

The m o t o r i n g  c o n t r o l  l o g i c  diagram i s  shown i n  F i g u r e  76. A t  t h e  
m o t o r i n g  command, t h e  t r a c t i o n  motor f i e l d s  w i l l  be t u r n e d  f u l l y  on u n t i i  
a rmature c u r r e n t  i s  detected.  A t  t h a t  t i m e  t h e  f i e l d  c u r r e n t  w i l l  be reduced 
t o  m a i n t a i n  a  c o n s t a n t  ampere-turn/armature c u r r e n t  r a t i o  t o  t h e  locomot ive 
base speed, m a i n t a i n i n g  a  s e r i e s  motor c h a r a c t e r i s t i c .  The no tch  communica- 
t i o q  t o  t h e  load r e g u l a t o r  p o s i t i o n  w i l l  be i n t e r c e p t e d  i f  t h e  f l ywhee l  has 
usab le  energy a v a i l a b l e .  The f l ywhee l  machine f i e l d  w i l l  be t u r n e d  on and 
increased u n t i l  t h e  e q u i v a l e n t  genera to r  o u t p u t  c u r r e n t / v o l t a g e  i s  achieved. 
To compensate f o r  t h e  decrease i n  f l ywhee l  speed, t h e  f i e l d  c u r r e n t  o f  t h e  
f l ywhee l  machine i s  increased, e n a b l i n g  t h e  c o n s t a n t  volt- amp p r o d u c t  t o  be 
ma in ta ined  over  t h e  f u l  l f l ywheel  mach i n e  speed range. 

A c losed- loop c o n t r o l  c o n t i n u o u s l y  m o n i t o r s  t h e  armature c u r r e n t  t o  
ensure t h a t  t h e  r e q u i r e d  o u t p u t  i s  b e i n g  d e l i v e r e d  t o  t h e  t r a c t i o n  motors. 
As t h e  f l y w h e e l  approaches minimum speed, t h e  genera to r  v o l t s  a r e  a l l owed  
t o  r i s e  t o  t h e  r e q u i r e d  l e v e l  u n t i l  t h e  i s o l a t i o n  d iode  i s  forward- biased, 
and t h e  genera to r  s u p p l i e s  power t o  t h e  t r a c t i o n  motors. A t  t h i s  t ime, t h e  
f l ywhee l  machine f i e l d  c u r r e n t  i s  ma in ta ined  a t  a  l e v e l  where t h e  machine, now 
a c t i n g  as a  motor,  t a k e s  s u f f i c i e n t  power t o  m a i n t a i n  t h e  f l y w h e e l  a t  i t s  
minimum speed, 5.3 hp. 

'.r 

- INCREASE 
E N G I N E  
SPEED 

F i g u r e  76. T r a c t i v e  E f f o r t  C o n t r o l  Log ic  



B r a k i n q  Con t ro l  

The b r a k i n g  c o n t r o l  l o g i c  diagram i s  shown i n  F i g u r e  77. 

The o b j e c t i v e  d u r i n g  brake i s  f o r  t h e  o p e r a t o r  t o  be unaware o f  t h e  source 
o f  t h e  b r a k i n g  power. T h i s  i s  accompl ished by u s i n g  a  p ressure  t ransducer  
i n  t h e  e x i s t i n g  a i r  brake system ( F i g u r e  78). T h i s  t ransducer  w i l l  be 
l o c a t e d  i n  t h e  t r a i n  p i p e  so a  s i g n a l  p r o p o r t i o n a l  t o  t h e  t r a i n  p i p e  r e d u c t i o n  
can be used t o  determine t h e  b r a k i n g  c u r r e n t  necessary. Upon d e t e c t i o n  o f  t h e  
b r a k i n g  power, an e l e c t r i c a l l y  opera ted  v a l v e  w i l l  be energ ized  t o  p reven t  a i r  
p ressure  b u i l d u p  i n  t h e  brake c y l i n d e r s .  The system i s  b a s i c a l l y  f a i l - s a f e  
i n  terms o f  power equipment, b u t  t o  accommodate s t r a y  feeds t o  t h e  brake ho ld-  
o f f  v a l v e  o r  s e i z u r e  o f  brake h o l d- o f f  va lve,  a  separa te  l e v e r  opera ted  manual ly 
should be p rov ided  a t  t h e  o p e r a t o r ' s  l o c a t i o n  t o  enab le  t h e  h o l d- o f f  v a l v e  t o  
be byoassed. The feed t o  t h e  brake h o l d- o f f  v a l v e  w i l l  be d e r i v e d  f rom a  r e l a y  
i i  t h e  boxcar, e n s u r i n g  t h a t  t h e  v a l v e  can o n l y  be energ ized  when t h e  boxcar 
i s  a v a i l a b l e .  O p e r a t i n g  i n s t r u c t i o n s  would c a l l  f o r  t h e  brake h o l d- o f f  bypass 
l e v e r  t o  be i n  t h e  "bypassn p o s i t i o n  whenever t h e  locomot ive i s  n o t  o p e r a t i n g  
u i t h  t h e  boxcar. 

T h i s  m o d i f i c a t i o n  w i l l  be easy t o  ach ieve  s i n c e  t h e  a i r  brake equipment 
i s  l oca ted  d i r e c t l y  beneath t h e  cab as shown i n  F i g u r e  73, and has t h e  
advantage o f  r e q u i r i n g  minimum a l t e r a t i o n  t o  o p e r a t i n g  techn iques.  T h i s  means 
a  minimum o f  o p e r a t o r  r e t r a i n i n g  i s  r e q u i r e d ;  a  f a c t o r ,  which though expensive, 
i s  o f t e n  over looked. 

The f l ywhee l  machine i s  capable  o f  m a i n t a i n i n g  c o n t r o l  o f  b r a k i n g  e f f o r t  
by match ing t r a c t i o n  motor speed v a r i a t i o n s  w i t h  an ad jus tment  o f  i t s  f i e l d .  
Thus, t h e r e  i s  no need f o r  t h e  genera to r  f i e l d  t o  be v a r i e d  w i t h  locomot ive 
speed from t h e  nominal value,  determined by t h e  d r o p  i n  brake p i p e  pressure,  
because t h e  f l ywhee l  machine f i e l d  c u r r e n t  v a r i a t i o n  w i l l  be r e f e r e n c e d  t o  
m a i n t a i n i n g  a  c o n s t a n t  armature c u r r e n t .  Therefore ,  s t a b i l i t y  problems caused 
by t r a c t i o n  motor and f l ywhee l  machines a t t e m p t i n g  t o  c o n t r o l  t h e  machine 
s imu l taneous ly  a r e  avoided. 

C o n t r o l  A n a l y s i s  

The locomot ive performance a n a l y s i s  w i l l  be based on a  1050-amp armature 
c u r r e n t ,  t h e  p robab le  maximum a c c e l e r a t i n g  c u r r e n t ,  which d e f i n e s  t h e  base 
speed ( t h e  l i m i t  o f  c o n s t a n t  c u r r e n t  o p e r a t i o n )  t o  be 8 mph ( F i g u r e  79).  
A t  8 mph, t h e  a p p l i e d  motor v o l t a g e  has t o  be 250 v  pe r  motor. T h i s  r e s u l t s  
i n  a  1000-v o u t p u t  requ i rement  f rom t h e  f l ywhee l  machine even a t  i t s  minimum 
o p e r a t i n g  speed o f  2655. Wi th  t h e  armature and brush drops (15 v  and 3 v, 
r e s p e c t i v e l y ) ,  a  f i e l d  c u r r e n t  o f  48 amp a t  minimum speed i s  r e q u i r e d .  A l though 
t h i s  i s  above t h e  con t inuous  r a t i n g  o f  t h e  f i e l d ,  it i s  w i t h i n  t h e  c a p a b i l i t y  
o f  t h e  f l y w h e e l .  

- 
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F i g u r e  78, Electric Brake Interface w i t h  F r i c t i o n  Brake  



F i g u r e  79. E q u i v a l e n t  C i r c u i t  o f  FESS Concept A2 

From t h e  above a n a l y s i s ,  i t i s  c l e a r  t h a t  each o f  t h e  f l y w h e e l  machines 
i s  a b l e  t o  s u p p l y  525 amp over  t h e  o p e r a t i n g  range o f  t h e  t r a c t i o n  motor, up 
t o  base speed a t  any v o l t a g e  necessary t o  1000 v. The o p e r a t i o n  above base 
speed a t  reduced c u r r e n t  i s  n o t  usual  d u r i n g  s w i t c h i n g  duty ,  t h e r e f o r e  i t s  
impor tance i s  l i m i t e d .  By t h e  t i m e  t h e  locomot ive and boxcar (and any coupled 
c a r s )  ach ieve  r e l a t i v e l y  h i g h  speeds, t h e  f l ywhee l  i s  a l r e a d y  a t  minimum speed 
and does n o t  c o n t r i b u t e  t o  t h e  energy d e l i v e r e d  t o  t h e  locomot i ve  wheels. 

2. B r a k i n q  

The s c e n a r i o  da ta  and t h e  SRI r e p o r t  (Reference 5 )  suggest  t h a t  a  s w i t c h-  
i n g  locomot ive t y p i c a l l y  brakes f rom 8  mph. S i m p l i f i c a t i o n  o f  t h e  c o n t r o l  
scheme w i l l  r e s u l t  i f  t h e  t r a c t i o n  motor  f i e l d  c u r r e n t  can be ma in ta ined  con- 
s t a n t  and t h e  b r a k i n g  e f f o r t  c o n t r o l l e d  by t h e  ad jus tment  o f  t h e  f l y w h e e l  
machine alone. 

3. E q u i v a i e n t  C i r c u i t  

The e q u i v a l e n t  armature c i r c u i t  o f  t h e  machine, n e g l e c t i n g  brush r e s i s t a n c e  
b u t  i n c l u d i n g  i n t e r p o l e s ,  i s  shown i n  F i g u r e  80. 

T o t a l  c i r c u i t  r e s i s t a n c e  i s  0.08966 ohms, which r e s u l t s  i n  a  98-v drop a t  
1050 amp. Brush losses a r e  c a l c u l a t e d  a t  3 v  pe r  brush s e t  f o r  a  15-v t o t a l  
brush loss,  and a  c i r c u i t  v o l t a g e  drop of 109 v. 

Reference 5. R a i l r o a d  C l a s s i f i c a t i o n  Yard Technoloqy, a  Survey and Assessment, 
S t a n f o r d  Research I n s t i t u t e  Repor t ,  January 1977. 
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F igu re  80. D77 T r a c t i o n  Motor Sa tu ra t i on  Curve 

Assuming a cons tan t  1050 amp i n  t h e  t r a c t i o n  motor f i e l d s ,  t h e  minimum 
brake speed i s  determined by t h e  speed a t  which t h e  109-v drop cannot be over-  
come. 

4. T rac t i on  Motor Cont ro l  

A t  a locomotive speed,of 8 mph, a 40- in.  d iameter  wheel, and a 62:15 
gear r a t i o ,  t h e  motor speed i s  277.87 rpm. For  a f i e l d  c u r r e n t  o f  1050 amp, 
t + e  induced emf i s  220 v as seen i n  F i g u r e  80. 

The minimum brake speed (N )  i s :  

N 9 = 
10 

- x 220 x 4 
277.87 

N = 34.4 rpm 

Wheel speed = 15 x 34.4 = 8.326 rpm 
62 

40 Locomotive speed = - x 2 r i  x L 8 326 x 60 = 0.99 mph 
2x12 6 0 88 

Therefore,  t h e  maximum b rak ing  c u r r e n t  o f  1050 amp i s  a v a i l a b l e  from 8 rnph t o  
0.99 mph, r e s u l t i n g  i n  less  than 2- percent loss  o f  a v a i l a b l e  energy. 

- 

- 
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5. Flywheel  Machine C o n t r o l  

To c o n f i r m  t h e  range o f  f l ywhee l  machine c o n t r o l  (i.e., f i e l d  c u r r e n t )  
adequate f o r  t h i s  duty ,  t h e  approach adopted i s  t o  cons ide r  t h e  two  extreme 
cases o f  brake e n t r y  a t  a lmost  maximum f l ywhee l  speed ( u n l i k e l y )  and minimum 
f l ywhee l  speed. The t e s t  o f  t h e  adequacy o f  t h e  f l y w h e e l  machine c o n t r o l  w i l l  
be based on a  t r a c t i o n  motor armature and f i e l d  c u r r e n t  o f  1050 amp, and a  
brake e n t r y  speed o f  8  mph. Under t h e s e  c o n d i t i o n s ,  t h e  t o t a l  generated emf 
i s  4 x  220 percen t  880 v. The back emf o f  t h e  f l y w h e e l  machine must n o t  exceed 
880 - 109 = 771 v. 

A t  minimum f l ywhee l  speed t h e  v o l t s  p e r  rpm become 290, and t h e  s a t u r a t i o n  
c u r v e  ( F i g u r e  81)  g i v e s  a  f i e l d  c u r r e n t  o f  26 amp. 

A t  maximum speed t h e  v o l t s  per rpm become 203.3, and t h e  s a t u r a t i o n  cu rve  
g i v e s  a  f i e l d  c u r r e n t  o f  16.5 amp. T h e r e f o r e  t h e  b r a k i n g  d u t y  i s  w i t h i n  t h e  
c o n t r o l  reg ime o f  t h e  f lywheel  machine f i e l d  c u r r e n t ,  w i t h  t h e  t r a c t i o n  motor 
f i e l d  m a i n t a i n e d  c o n s t a n t  a t  1050 amp. 

6. Locomot ive Power Enhancement 

I t  i s  obv ious t h e r e  i s  scope f o r  i n c r e a s i n g  t h e  locomot ive power w i t h i n  
t h e  t r a c t i o n  motor c a p a b i l i t y .  T h i s  c o u l d  be ach ieved by p l a c i n g  a  v o l t a g e  
source, such as t h e  f l ywhee l  machine, i n  s e r i e s  w i t h  t h e  main generator .  The 
b e n e f i t s  o f  t h i s  arrangement i n  t h e  s w i t c h i n q  mode a r e  min imal  s ince,  f o r  t h e  
most p a r t ,  t h e  locomot ive i s  n o t  horsepower l i m i t e d .  Furthermore, t h e  t i m e  
t h a t  t h e  f l ywhee l  c o u l d  be used t o  b o o s t  power i s  s o  s h o r t  t h e  p o s s i b i l i t y  
of locomot ive power enchancement was n o t  pursued. 

7. T r a c t i v e  E f f o r t  C o n t r o l  

I t  i s  p o s s i b l e  t o  compensate f o r  t h e  we igh t  t r a n s f e r  t h a t  occurs  when t h e  
t r a c t i o n  motors  a p p l y  t o r q u e  u s i n g  s e p a r a t e l y  e x c i t e d  t r a c t i o n  moto rs  w i t h  a  
separa te  f i e l d  s u p p l y  f o r  each motor. S ince  t h e  we igh t  t r a n s f e r  t h a t  occurs,  
n e g l e c t i n g  t r u c k  f r i c t i o n  and suspension h y s t e r e s i s ,  i s  a  f u n c t i o n  o f  t o r q u e  
on ly ,  we igh t  t r a n s f e r  compensation becomes a s i m p l e  m a t t e r  o f  a r r a n g i n g  t h e  
o u t p u t s  f rom t h e  f o u r  f i e l d  power s u p p l i e s  i n  f i x e d  r a t i o s  a u t o m a t i c a l l y  
reversed,  depending on t h e  d i r e c t i o n  se lec ted .  T h i s  s i m p l e  procedure a l l o w s  
t h e  t r a c t i v e  e f f o r t  pe r  t o n  o f  l ocomot i ve  t o  be  maximized w i t h o u t  i n c r e a s i n g  
t h e  p robab i  l i t y  o f  wheel sp in .  

The performance o f  a  s w i t c h i n g  locomot i ve  i s  n o t  c l o s e l y  t i e d  t o  a v a i l -  
a b l e  adhes ion due t o  t h e  cop ious use of sand t o  enhance t r a c t i o n  c o n d i t i o n s  
a t  t h e  w h e e l / r a i l  i n t e r f a c e .  Therefore ,  t h e  b e n e f i t  o f  we igh t  t r a n s f e r  com- 
pensa t ion  on a  s w i t c h i n g  locomot ive i s  v i r t u a l l y  i m p o s s i b l e  t o  q u a n t i f y .  

S i m i l a r l y ,  t h e  i n t r o d u c t i o n  o f  a  complex system o f  load we igh ing  t o  
account  f o r  l ocomot i ve  we igh t  l oss  as consumable s u p p l i e s  such as sand 
and f u e l  a r e  used, i s  cons idered unnecessary. The v a r i a t i o n  i n  l ocomot i ve  
w e i g h t  frm 100 t o  0  p e r c e n t  consumable s u p p l i e s  i s  o n l y  5  percent .  

C- 
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8. Sp in /S l ide  P r o t e c t i o n  ( O p t i o n a l )  

T h i s  b a s i c  o p e r a t i n g  concept  would c o n s i s t  o f  sens ing t h e  r a p i d  increase 
o r  decrease i n  wheel v e l o c i t y  due t o  s p i n  o r  s l i d e ,  r e s p e c t i v e l y ,  and t a k i n g  
t h e  necessary c o r r e c t i v e  a c t i o n .  T r a c t i v e  o r  b r a k i n g  e f f o r t  would then be 
r e a p p l i e d  i n  a  c o n t r o l l e d  manner s o  t h e  w h e e l / r a i l  v e l o c i t i e s  would become 
synchronous i n  minimal t i m e  t o  ach ieve h i g h  e f f i c i e n c y .  

Each a x l e  would be equipped w i t h  a  pu lse- type  speed p ickup  mounted from 
t h e  r e d u c t i o n  gearbox. A frequency- to-dc c o n v e r t e r  o f  t h e  sample-and-hold 
t y p e  develops a  dc v o l t a g e  p r o p o r t i o n a l  t o  wheel v e l o c i t y  and i s  o p e r a t i o n a l  
down t o  v e l o c i t i e s  o f  a  few m i l e s  pe r  hour. F i l t e r i n g  i s  necessary t o  smooth 
t h e  o u t p u t  and p r e v e n t  f a l s e  t r i p s  because o f  no ise,  r e s u l t i n g  i n  a  smal l  t i m e  
de lay  be fo re  t h e  s p i n / s l i d e  c o n d i t i o n  i s  detected.  

S ince  t h e  motors  a r e  i n  s e r i e s ,  d e t e c t i o n  o f  s p i n / s l i d e  would be on a  
t o t a l  locomot ive bas is ,  w i t h  t h e  f i l t e r e d  dc speed s i g n a l  be ing  fed t o  a  r a t e -  
sens inq c i r c u i t  o f  t h e  e l e c t r o n i c  f l y w h e e l  type. T h i s  d i f f e r e n t i a t i n g  c i r c u i t  
performs t h e  f o l l o w i n g  f u n c t i o n s :  ( 1 )  senses when t h e  wheel a c c e l e r a t i o n  o r  
d e c e l e r a t i o n  exceeds about  2  mph/sec and p u t s  o u t  a  p r o t e c t i v e  t r i p  s i g n a l ,  
and ( 2 )  removes t h e  p r o t e c t i v e  t r i p  s i g n a l  o n l y  when t h e  wheel v e l o c i t y  aga in  
i s  e s s e n t i a l l y  synchronous w i t h  t h a t  o f  t h e  r a i l .  

The r a t e- s e n s i n g  method has numerous advantages o v e r  t h e  d i f f e r e n t i a l  
wheel speed schemes, i n c l u d i n g  t h e  f o l l o w i n g :  

( a )  D e t e c t i o n  o f  s p i n / s l i d e  i s  based on r a t e  o n l y ,  and hence does n o t  
r e q u i r e  a  s p e c i f i c  speed e r r o r  t o  deve lop b e f o r e  t a k i n g  a c t i o n .  

( b )  Speed e r r o r s  i n  tachometer s i g n a l s  due t o  t o l e r a n c e s  and temperature  
d r i f t  have n e g l i g i b l e  e f f e c t  on p r o t e c t i v e  a c t i o n .  S ince  speed 
s i g n a l s  a r e  n o t  compared d i r e c t l y ,  v a r i a t i o n s  i n  wheel d iameters  
o n l y  s l i g h t l y  a f f e c t  t h e  2  mph/sec t r i p  p o i n t  r a t e .  T h i s  v a l u e  
cou ld  v a r y  f rom 1.5 t o  2.5 w i t h  no change i n  performance. 

( c )  No s p e c i a l  c i r c u i t s  a r e  r e q u i r e d  t o  hand le  e i t h e r  random o r  
synchronous s l i d e s  o f  a l l  wheels on a  locomot ive.  

( d l  The r a t e- s e n s i n g  method r e s u l t s  i n  lower w h e e l / r a i l  s l i p  v e l o c i t i e s  
and h i g h e r  o p e r a t i n g  e f f i c i e n c y .  

I f  wheel s p i n  i s  de tec ted  d u r i n g  a c c e l e r a t i o n ,  t h e  t r a c t i v e  e f f o r t  
command i s  a u t o m a t i c a l l y  reduced t o  z e r o  t o  a l l o w  t h e  wheel t o  recover  syn- 
chronous speed. Once t h i s  occurs,  t h e  t r a c t i v e  e f f o r t  i s  r e s t o r e d .  I f  wheel 
s l i d e  i s  de tec ted  d u r i n g  d e c e l e r a t i o n ,  t h e  brake e f f o r t  command and any dyna- 
m i c  b r a k i n g  a r e  a u t o m a t i c a l l y  reduced t o  z e r o  t o  a l l o w    he wheel t o  recover  
synchronous speed, and once t h i s  happens t h e  brake e f f o r t  command i s  r e s t o r e d  
by a d a p t i v e  c o n t r o l .  

I 

I f  t h e  t r a c t i v e  b r a k i n g  e f f o r t  i s  r e t u r n e d  t o  t h e  same l e v e l  from r h i c h  
t h e  s p i n / s l i d e  occurred,  t h e  r e s u l t  w i l l  be ano ther  t r i p .  R e p e t i t i v e  dumping 
w i t h  low e f f i c i e n c y  w i l l  t a k e  p l a c e  u n t i l  adhesion improves o r  t h e  command 
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va lue  i s  reduced. Adapt ive c o n t r o l  se rves  t o  overcome t h i s  problem by pro-  
g r e s s i v e l y  r e d u c i n g  t h e  t r a c t i v e  e f f o r t  command t o  a  l e v e l  compat ib le  w i t h  
t h e  a v a i l a b l e  adhesion. T y p i c a l  o p e r a t i o n  o f  an a d a p t i v e  c o n t r o l  scheme i s  
as f o l l o w s :  

( a )  Each t i m e  a  dump occurs, t h e  command s i g n a l  i s  reduced t o  a  c e r t a i n  
percentage (e.g., 85 percen t  of i t s  v a l u e  by means o f  a  buck ing 
v o l t a g e  s i g n a l ) .  

( b )  A t  t h e  end o f  t h e  dump, t h e  command r e t u r n s  r a p i d l y  t o  t h e  85- percent 
p o i n t ,  and then ramps up a t  a  s low p r e s e t  r a t e  toward t h e  i n i t i a l  
100- percent value.  

( c )  A second dump immediately d r i v e s  t h e  command down t o  t h e  70- percent 
reg ion ,  where it ramps upward a t  t h e  same p r e s e t  r a t e  toward t h e  
i n i t i a l  100-percent p o i n t .  

( d )  Successive dumps reduce t h e  command t o  a  l e v e l  s l i g h t l y  below t h e  
a v a i l a b l e  adhesion i n  such a  way t h a t  t h e  number o f  dumps i s  
min imized and e f f i c i e n c y  i s  maximized. The r e a p p l i c a t i o n  per-  
centage and ramp-up r a t e s  a r e  s e l e c t e d  f o r  optimum e f f i c i e n c y  
under s p e c i f i e d  adhesion c o n d i t i o n s .  

A l though t h e  AiResearch proposal  a l l o w s  t h e  a d o p t i o n  o f  t h i s  advanced 
s p i n / s l i d e  system, it i s  n o t  cons idered economica l l y  sound t o  a p p l y  i t  t o  t h e  
s w i t c h i n g  locomot i ve  s i n c e  t h e  motors a r e  connected i n  se r ies ,  and a  r a p i d  
r e d u c t i o n  i n  f i e l d  c u r r e n t  may tend  t o  a  f l a s h o v e r  c o n d i t i o n  on o t h e r  machines. 
T h i s  w h e e l s l i p  p r o t e c t i o n  scheme i s  i d e a l l y  a p p l i e d  t o  locomot ives w i t h  motors 
i n  permanent p a r a l l e l  o r  i n  m u l t i p l e  s e r i e s / p a r a l l e l  groupings.  

SYSTEM OPERATION 

D e t a i l s  o f  t h e  FESS system o p e r a t i o n  w i l l  v a r y  f rom s w i t c h i n g  ya rd  t o  
s w i t c h i n g  yard,  and f rom r a i l r o a d  t o  r a i l r o a d .  The purpose o f  t h i s  s tudy  was 
t o  p r o v i d e  a  f l e x i b l e  system a b l e  t o  be accommodated and absorbed by a  r a i l r o a d ,  
w i t h  minimum impact on t h e  e x i s t i n g  o p e r a t i o n .  The major  v a r i a b l e  concerned 
t h e  number o f  boxcars r e q u i r e d  i n  r e l a t i o n  t o  t h e  number o f  locomot ives 
m o d i f i e d  o u t  o f  t h e  t o t a l  p o p u l a t i o n  o f  s w i t c h i n g  locomot ives i n  t h e  yard. 
I f  t h e  r a i l r o a d  can d e d i c a t e  a  c e r t a i n  p r o p o r t i o n  o f  t h e i r  s w i t c h e r s  t o  t h e  
a c t u a l  s w i t c h i n g  duty ,  and use t h e  remainder  e x c l u s i v e l y  f o r  t r a i n  makeup 
and o t h e r  d u t i e s ,  then a  s i g n i f i c a n t  s a v i n g  i n  f i r s t  c o s t  can be r e a l i z e d  on 
a  " per c a r  swi tched"  bas is .  I n  o r d e r  t o  a l l o w  t h e  b e n e f i t  o f  ded ica ted  
s w i t c h i n g  locomot ives t o  be demonstrated, t h e  economics program p l o t s  ROI 
a g a i n s t  c a r s  swi tched per  day w i t h  v a r i a b l e s ,  such as number o f  locomot ives 
m o d i f i e d  and number o f  boxcars requ i red ,  i n p u t t e d  t o  produce fami l ;es  o f  
curves. 

Apar t  from t h e  t a s k  o f  c o u p l i n g  t h e  boxcar and ESU toge ther ,  which would 
be i n f r e q u e n t  i n  t h e  i d e a l i z e d  case, t h e r e  shou ld  be no impact on t h e  a c t u a l  
s w i t c h i n g  o p e r a t i o n .  Costs  and sav ings a s s o c i a t e d  w i t h  t h e  implementat ion o f  
FESS a r e  d iscussed l a t e r  i n  t h i s  document. 

-. 
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S i m u l a t i o n s  c a r r i e d  o u t  i n  p r e v i o u s  s t u d i e s  (Reference 5 )  i n d i c a t e d  
t h a t  t h e  s tages o f  f l a t y a r d  o p e r a t i o n s  a r e  g e n e r a l l y  wel l- ba lanced,  and no 
s i n g l e  a c t i v i t y  a c t s  as a  b o t t l e n e c k  t o  t h e  f l o w  o f  c a r s  t h r o u g h  t h e  yard. 
For example, an inc rease  i n  t h e  s w i t c h i n g  r a t e  a t  most f l a t y a r d s  would n o t  
s i g n i f i c a n t l y  increase yard c a p a c i t y  o r  reduce c a r- d e t e n t i o n  t i m e  un less  
t r a i n  a r r i v a l  and d e p a r t u r e  p rocess ing  a c t i v i t i e s  were a l s o  increased. 

S ince t h e  e x i s t i n g  o p e r a t i o n  tends  t o  be adhesion l i m i t e d  ( a t t e s t e d  t o  
by t h e  amount o f  sand found i n  s w i t c h i n g  ya rds ) ,  i t i s  c l e a r  t h a t  no s i g n i f i -  
c a n t  impact on p r o d u c t i v i t y  c o u l d  be r e a l i z e d  by an improved motor r a t i n g  o r  
b r a k i n g  r a t e .  Methods o f  i n c r e a s i n a  t h e  e f f e c t i v e  work ing  adhesion,  such as 
i n d i v i d u a l  a x l e  c o n t r o l ,  would n o t  have a  s i g n i f i c a n t  impact on t h e  o p e r a t i o n  
s i n c e  t h e  use o f  sand increases t h e  adhesion l e v e l  up t o  50 percent ,  compared 
w i t h  r e l a t i v e l y  smal l  increases (15 p e r c e n t )  due t o  i n d i v i d u a l  a x l e  c o n t r o l .  

SYSTEM PERFORMANCE 

Computer model s i m u l a t i o n s  desc r ibed  e a r l i e r  i n  t h i s  s e c t i o n  were con- 
ducted t o  e s t a b l i s h  t h e  f o l l o w i n g :  

( a )  Fuel consumption o f  t h e  e x i s t i n g  system 

( b )  Fue l  consumption o f  a  FESS A2 system w i t h  t h e  same performance 
l e v e l  ( c a r s  switched/day) a s  t h e  e x i s t i n g  system 

The above approach a l l o w s  t h e  r a i l r o a d  t o  o p t i m i z e  i t s  o p e r a t i o n  on t h e  

b a s i s  o f  p r o d u c t i v i t y  o r  energy consumption, whichever i s  cons idered t o  be 
t h e  more impor tant .  

A t  t h e  c o o l i n g  a i r  f l o w  r a t e  a v a i l a b l e  i n  t h e  SWl500, i t  has been d e t e r -  
n i n e d  t h a t  t h e  con t inuous  r a t i n g  o f  t h e  D77 t r a c t i o n  motor i s  850 amp. I t  i s  
a t  t h i s  r a t e  t h a t  t h e  l i m i t a t i o n  on t h e  m o t o r i n g  performance o f  t h e  FESS system 
has been reached. I n  brake, t h e  performance i s  aga in  l i m i t e d  by t h e  t r a c t i o n  
motor r a t i n g ,  a l t h o u g h  i f  t h e  motor r a t i n g  were increased more than  s l i g h t l y  
(e.g., i n c r e a s i n g  t h e  a i r f l o w ) ,  it would be necessary t o  c o n s i d e r  t h e  impact 
o f  t h e  a v a i l a b l e  adhesion l e v e l  assumed. 

The e x i s t i n g  s w i t c h i n q  system i s  g e n e r a l l y  l i m i t e d  by adhesion i n  bo th  
m o t o r i n g  and b rak ing ,  which has led  t o  t h e  adop t ion  o f  o p e r a t i n g  methods t h a t  
r e c o a n i z e  t h i s  c o n s t r a i n t .  Prominent  among these  methods i s  t h e  cop ious use 
o f  sand t o  p r e v e n t  s l i p / s l i d e  when t h e  adhesion l e v e l  t e m p o r a r i l y  f a l l s .  
T h i s  i s  an ex t reme ly  c o s t - e f f e c t i v e  method o f  d e a l i n g  w i t h  an i n t e r m i t t e n t  
problem, and i s  recognized i n  t h e  s w i t c h i n g  ya rd  as w e l l - s u i t e d  t o  t h e  
a p p l i c a t i o n .  However, i f  t h e  s e p a r a t e l y  e x c i t e d  motor c o n f i g u r a t i o n s  were 
a p p l i e d  t o  road locomot ives,  it would be recommended t h a t  t h e  o p t i o n a l  sp in /  
s l i d e  p r o t e c t i o n  system be inc luded  i n  t h e  package. 

RISK ANALYSIS 

The hardware r e q u i r e d  f o r  t h e  FESS system can be cons ide red  as e i t h e r  
e x i s t i n g  o r  s t a t e  o f  t h e  a r t .  E x i s t i n g  hardware which i s  t o  be used t o  imple- 
ment t h e  FESS system i n c l u d e s  t h e  f o l  l ow ing  items. 

w 
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(a )  D77 t r a c t i o n  motor manufactured by EM0 and mod i f i ed  as  demnst ra ted .  
The c o n t r o l  o f  t h e  machine w i l l  ensure t h a t  t h e  s e r i e s  c h a r a c t e r i s t i c ,  
f l u x  t o  armature c u r r e n t  r a t i o  c o n s i s t e n t  w i t h  t h e  e x i s t i n g  con- 
d i t i o n s ,  i s  mainta ined and t h e  ope ra t i ng  c o n d i t i o n s  o f  t h e  motor 
unal tered.  

( b )  ACT-1 energy s to rage  u n i t  manufactured by t h e  G a r r e t t  Corporat ion 
w i t h  o n l y  minimal mod i f i ca t ions .  Fo l l ow ing  ex tens i ve  f i n a l  running 
on t h e  ACT-1 vehic les,  s u f f i c i e n t  exper ience has been gained t o  
ensure t h a t  p roduc t ion  hardware w i l l  ach ieve an acceptable l eve l  
o f  re1 i a b i  l  i t y .  

( c )  The f i e l d  supply  a l t e r n a t o r  a v a i l a b l e  from +he G a r r e t t  Corporat ion 
i s  a  proven machine, having operated r e l i a b l y  i n  t h e  t r a c t i o n  
environment o f  t h e  GTE cars. 

New hardware r e q u i r e d  f o r  t h e  FESS concept, which i s  a v a i l a b l e  w i t h i n  t h e  
s t a t e  o f  t h e  a r t ,  i s  l i m i t e d  t o  t h e  f i e l d  c o n t r o l  u n i t  which s u p p l i e s  power 
t o  t he  t r a c t i o n  motor f i e l d .  Th i s  t y p e  o f  power supp ly  i s  common and f a l l s  
w i t h i n  t h e  area o f  e x p e r t i s e  o f  Ga r re t t .  No p a r t i c u l a r  r i s k  can be assigned 
t o  t h i s  yet- to-be-designed hardware. 

The main area o f  r i s k  comes from t h e  system i n t e g r a t i o n  requ i red  t o  
i nco rpo ra te  t h e  SW1500 locomotive, mod i f ied  D77 t r a c t i o n  motor, ACT-1 ESU, 
f i e l d  supply  a l t e r n a t o r ,  and f i e l d  c o n t r o l  u n i t s  i n t o  a  v i a b l e  working u n i t  
w i t h i n  a  s p e c i f i e d  budget. The f o l l o w i n g  a r e  i d e n t i f i e d  p o i n t s  o f  in te r face :  

( a )  Moto r ing  con t ro l- - T rans la t i on  o f  t h e  ope ra to r ' s  engine power 
demand i n t o  a  f l ywhee l  machine c u r r e n t  

( b )  Brak ing  con t ro l- - T rans la t i on  o f  t h e  o p e r a t o r ' s  b rak ing  e f f o r t  
demand i n t o  a  f l ywhee l  machine c u r r e n t  

( c )  F i e l d  con t ro l- - Main ta in ing  t h e  f lux /a rmature  r a + i o  c o n s i s t e n t  w i t h  
t h e  s e r i e s  f i e l d  c h a r a c t e r i s t i c ,  t a k i n g  i n t o  account f i e l d  satura-  
t i o n  

The shor t- term t e c h n i c a l  r i s k  assoc ia ted  w i t h  t h i s  p roduc t  can be c o n f i -  
d e n t l y  s t a t e d  t o  be minimal. Whi le  every  e f f o r t  w i l l  be made t o  preserve 
t q e  impressive r e l i a b i l i t y  record  of  t h e  locomotive, it i s  probable t h a t  by 
i n t r oduc ing  new and d i f f e r e n t  hardware i n t o  t h e  locomotive, i t s  r e l i a b i l i t y  
w i l l  su f fe r .  The front- end eng ineer ing  e f f o r t  would be d i r e c t e d  t o  min imize 
t h a t  i m ~ a c t .  

SYSTEM COSTS AND CREDITS 

A l l  system c o s t s  and c r e d i t s  a re  i n  1978 d o l l a r s ,  and a r e  based on loco- 
notive/ESU q u a n t i t i e s  i n  excess o f  50. A l though t h e  f i g u r e s  a r e  n o t  s e n s i t i v e  
t o  q u a n t i t i e s  above 20, below t h i s  f i g u r e  t h e  c o s t  per  u n i t  r i s e s  d rama t i ca l l y .  
The annual cos t s  and c r e d i t s  a r e  n o t  r e l a t e d  t o  t h e  q u a n t i t i e s  produced. 
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l  tem Cost 

T rac t i on  motor m o d i f i c a t i o n  k i t  $ 11,000 

A u x i l i a r y  a l t e r n a t o r  (AiResearch PN SC938398) 

F i e l d  power supp l i es  

E l e c t r o n i c  c o n t r o l  u n i t  

Jumper cab les  

Cont ro l  m o d i f i c a t i o n s  

I n s t a l l a t i o n  labor 

I Misce l  l aneous 

To ta l  

I n i t i a l  Costs 

1. L o c o m t i v e  M o d i f i c a t i o n  

The est imated c o s t  o f  t h e  locomotive m o d i f i c a t i o n  i s  shown i n  Table 17. 

TABLE 17 

LOCOMOTIVE MODIFICATION COST 

3 f  t h e  $1 18,000 es t imafed  f o r  t h e  modif  i c a t i o n  cost ,  $68,000 (59 percen t  of  
+be t o t a l )  has been est imated t o  w i t h i n  - +5 percent.  T h i s  leaves o n l y  $50,000 
as a rough order- of-magnitude est imate, o f  which $10,000 ( 9  percen t  o f  t h e  
t o t a l )  i s  miscel laneous. Therefore,  t h e  t o t a l  c o s t  f i g u r e  i s  considered t o  
have s u f f i c i e n t  accuracy f o r  t h e  purposes o f  t h i s  study. 

2. Boxcar I n s t a l l a t i o n  

The est imated c o s t  o f  t h e  t o t a l  boxcar i n s t a l l a t i o n  i s  shown i n  Table 18. 
3 f  t he  4215,500 est imated f o r  t h e  t o t a l  i n s t a l l a t i o n  cost ,  $180,000 (85 percent  
o f  t h e  t o t a l )  i s  conf i rmed as  t h e  probable p roduc t ion  c o s t  o f  two ACT-1 ESU's 
i q  l a rge  q u a n t i t y  product ion.  Therefore,  t h e  t o t a l  c o s t  o f  t h e  i n s t a l l a t i o n  i s  
considered accurate.  

1- 



Labor $0.03135/car m i  

M a t e r i a l  0.00495/car mi 

Tota l $0.363/car m i 

A f l e e t  o f  6,700 cars  covers an average m i  leage o f  305 x l o 6  m i  les.  
Therefore,  t h e  average annual c o s t  o f  ESU maintenance (schedule and f a i l u r e  
modes) becomes $1,600 f o r  one ESU per car .  On t h e  bas i s  t h a t  maintenance 
c o s t  i s  t ime- re la ted  r a t h e r  than mi leage- re la ted,  i t  w i l l  be assumed t h a t  t h e  
annual c o s t  o f  maintenance o f  t h e  two ESU1s i n  t h e  boxcar w i l l  be $3,000. 

2. Locomotive 

a. F i e l d  Supply A l t e r n a t o r  Maintenance 

The a l t e r n a t o r  t o  be used i n  t h e  FESS scheme has been invo lved  i n  exten-  
s i v e  r a i l  t r a c t i o n  s e r v i c e  i n  t h e  G a r r e t t  GTE c a r s  c u r r e n t l y  o p e r a t i n g  i n  
Long Is land,  New York. Experience t o  d a t e  i n d i c a t e s  t h a t  t h e  a i r  coo led 
vers ion  o f  t h e  a l t e r n a t o r  w i l l  be an ex t reme ly  low c o s t  maintenance item. 
Assuming a major r e b u i l d  every  10 years, t h e  average maintenance c o s t  i s  
est imated a t  $550 per  

Annual Costs and C r e d i t s  

1. 

annuw. 

Energy Storage U n i t  Maintenance--Boxcar I n s t a l l a t i o n  

Ex tens ive  t h e o r e t i c a l  analyses o f  t h e  a p p l i c a t i o n  o f  ACT-1 ESU's t o  New 
York have resu  i t e d  i n  t h e  generat ion o f  t h e  f o l  lowing maintenance cos t s  a t t r i  but -  
a b l e  t o  t h e  ESU's: 

I 

l  tem Cost 

Bas i c  boxcar $ 15,000 

Two ACT-1 ESU's (mod i f i ed )  180,000 

E l e c t r o n i c  c o n t r o l  u n i t  8,000 

Jumper cables 5,000 

I n s t a l l a t i o n  labor 2,500 

Misce l  laneous 5,000 

Tota l $215,500 

d 

TABLE 18 

BOXCAR INSTALLATION COST 
* 
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b. Locomot ive Brake Maintenance 

In  o r d e r  t o  d e r i v e  t h e  maintenance sav ings  a t t r i b u t e d  t o  r e d u c t i o n  i n  
f r i c t i o n  b rake  use, t h e  s t a r t i n g  p o i n t  was d a t a  s u p p l i e d  by t h e  Southern R a i l -  
way. Brake shoes c o s t  $7.15 each, and it i s  es t ima ted  t h a t  it t a k e s  30 minutes 
t o  change 16 shoes every  8.5 days. The t o t a l  c o s t  p e r  year  f o r  brake shoe main- 
tenance i s  $9,376 per locomot ive.  Brake shoe wear i s  g e n e r a l l y  p r o p o r t i o n a l  t o  
t h e  k i n e t i c  energy t o  be conver ted t o  heat .  Fo r  average c o n d i t i o n s ,  t h i s  can 
be t r a n s l a t e d  t o  c a r  s tops .  The t y p i c a l  s c e n a r i o  ( T a b l e  7 )  shows a locomot ive 
making 4348 c a r  s t o p s  p e r  day, 3996 c a r  s t o p s  w i t h  t h e  ESU i n  s e r v i c e .  S ince 
t h e  e l e c t r i c  b rake  i s  o n l y  o p e r a t i v e  t o  1 mph, t h e  percentage o f  t h e  k i n e t i c  
energy s t i l l  t o  be t r a n s l a t e d  i n t o  h e a t  i s  g i v e n  by: 

1 - (7.5' - l 2  ) = 1.78 p e r c e n t  
7.52 

Therefore,  t h e  s a v i n g  i n  brake shoe maintenance due t o  t h e  FESS system i s  e s t i -  
mated a t :  

3996 - X 0.9822 = 90.2 percen t  o f  t h e  brake shoe maintenance. 
43483 

T h i s  g i v e s  an annual  maintenance s a v i n g  o f  $8,464. 

c .  C o n t r o l  System I n t e r f a c e  Equipment Maintenance 

I t  i s  recogn ized  t h a t  t h e  i n t r o d u c t i o n  o f  a d d i t i o n a l  c o n t r o l  equipment 
t o  t h e  locomot ive w i l l  r e s u l t  i n  a d d i t i o n a l  cos ts ,  such as: 

0 R e t r a i n  ing  o f  maintenance personnel  

e Purchase and maintenance o f  new t e s t  equipment 

e Increased spares h o l d i n g  

I t  i s  a lmos t  imposs ib le  t o  q u a n t i f y  t h i s  c o s t  w i t h o u t  i n v o l v i n g  a s p e c i f i c  
case s t u d y  i n c l u d i n g  r a i l r o a d  p o l i c y ,  l o c a l  l abor  agreements, e t c .  However, an 
a l lowance o f  $500 per  locomot ive w i l l  be made i n  t h e  locomot ive maintenance c o s t s  
t o  cover  t h e  above. 

d. Summary o f  Locomot ive Maintenance 

The n e t  l ocomot i ve  maintenance s a v i n g  becomes 

$8,464 - 550 - 500 = $7,414. 

The maintenance d a t a  a r e  based on an average s w i t c h i n g  locomot ive owned by t h e  
Southern Rai lway.  The s c e n a r i o  d a t a  d e r i v e d  i n  S e c t i o n  3 o f  t h i s  r e p o r t  i n d i -  
ca ted  t h a t  an averdge Southern locomot ive s w i t c h e s  396 c a r s  pe r  day, 350 days 
per  year.  There fo re ,  t h e  n e t  sav ings  i n  locomot i ve  maintenance can be e s t i -  
mated a t  $0.054 per  c a r  swi tched. 
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3. Fuel Savings 

Fuel sav ings  on a  " g a l l o n s  p e r  c a r  swi tched"  b a s i s  a r e  c a l c u l a t e d  by t h e  
computer s i m u l a t i o n s  r e f e r r e d  t o  e a r l i e r  i n  t h i s  s e c t i o n  f o r  t h e  chosen scen- 
a r i o .  The f u e l  c o s t  used i n  t h i s  s t u d y  a t  1978 l e v e l s  i s  $0.42 per g a l l o n .  

4. P r o d u c t i v i t y  

An a t t e m p t  was made t o  de te rm ine  whether it would be economica l l y  a t t r a c -  
t i v e  t o  s w i t c h  c a r s  a t  a  f a s t e r  r a t e ,  t h e r e b y  improv ing p r o d u c t i v i t y .  

S i m u l a t i o n s  c a r r i e d  o u t  i n  p r e v i o u s  s t u d i e s  (Reference 5 )  i n d i c a t e d  t h a t  
" t h e  s tages  o f  f l a t - y a r d  o p e r a t i o n s  a r e  g e n e r a l l y  wel l- ba lanced and no s i n g l e  
a c t i v i t y  a c t s  a s  a  b o t t l e n e c k  t o  t h e  f l o w  o f  c a r s  th rough  t h e  yard.  For  exam- 
p l e ,  an inc rease  i n  t h e  s w i t c h i n g  r a t e  a t  most f l a t  ya rds  would n o t  s i g n i f i -  
c a n t l y  i nc rease  ya rd  c a p a c i t y  o r  reduce  c a r- d e t e n t i o n  t i m e  u n l e s s  t r a i n  a r r i v a l  
and d e p a r t u r e  p rocess ing  a c t i v i t i e s  a r e  a l s o  increased." 

Observat ions made i n  t h i s  s t u d y  i n d i c a t e  t h a t  a  locomot ive t y p i c a l l y  spends 
a t  l e a s t  50 p e r c e n t  o f  i t s  t i m e  i d l e .  Therefore ,  t o  complete a  t a s k  f a s t e r  
would s i m p l y  lead t o  more i d l e  t ime.  S ince  incoming and o u t g o i n g  t r a f f i c  t i m e s  
a r e  determined by f a c t o r s  o u t s i d e  t h e  c l a s s i f i c a t i o n  ya rd  (such as l i n e  capa- 
c i t y ,  a v a i l a b i l i t y  o f  cars ,  a v a i l a b i l i t y  o f  road  locomot ives,  e t c . ) ,  i t  i s  
c l e a r  t h a t  t h e  c l a s s i f i c a t i o n  ya rd  must  be cons ide red  as an e s s e n t i a l  s e r v i c e  
i n d u s t r y  t o  t h e  main t a s k  o f  t r a n s p o r t i n g  c a r s  f rom p o i n t  A  t o  p o i n t  B. The 
i n e f f i c i e n t  use o f  resources,  such a s  locomot ives i d l i n g  50 p e r c e n t  o f  t h e  
t ime, i s  a  necessary c h a r a c t e r i s t i c  o f  s w i t c h y a r d  o p e r a t i o n .  

The c o n c l u s i o n  reached i n  t h i s  s t u d y  i s  t h a t  locomot ives and crews must 
a lways be a v a i l a b l e  t o  c a t e r  t o  t h e  peaks o f  work. The o n l y  i n c e n t i v e  t o  
inc rease  s w i t c h i n g  r a t e s  would be t h e  e l i m i n a t i o n  o f  complete locomot ives o r  
complete t h r e e - s h i f t  days. Wi th  t h e  sma l l  p o p u l a t i o n  o f  locomot ives cons idered 
(up t o  s i x  pe r  ya rd ) ,  t h i s  would r e q u i r e  a  15- percent (minimum) inc rease  i n  
s w i t c h i n g  r a t e .  T h i s  c o u l d  be more e a s i l y  ach ieved w i t h o u t  FESS. S ince  e l e c t r i c  
brake i s  n o t  r e q u i r e d ,  t h e  t r a c t i o n  moto rs  c o u l d  be r u n  a t  h i g h e r  c u r r e n t s  
In  motor ing,  and h i g h e r  b r a k i n g  l e v e l s  c o u l d  be ach ieved u s i n g  a i r  brakes.  
S e n e r a l l y ,  t h e  r a i l r o a d s  do n o t  a im f o r  t h e s e  h i g h  a c c e l e r a t i o n  and d e c e l e r a t i o n  
r a t e s  s i n c e  s w i t c h  r a t e  i s  n o t  t h e  c r i t i c a l  f a c t o r  i n  o v e r a l l  ya rd  p r o d u c t i v i t y .  
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e s t a b l i s h  o p e r a t i o n a l  i n t e g r i t y  and performance c h a r a c t e r i s t i c s  b e f o r e  and 
a f t e r  m o d i f i c a t i o n .  The t e s t s  were in tended  t o  q u a n t i f y  t h e  t r a c t i v e  e f f o r t  
b e f o r e  and a f t e r  m o d i f i c a t i o n ,  a s s i s t  i n  c o r r e l a t i n g  t h e  dynamic b r a k i n g  poten- 
t i a l l y  a t t a i n a b l e  from an SW1500 locomot ive i n c o r p o r a t i n g  m o d i f i e d  t r a c t i o n  
motors w i t h  t h e  b r a k i n g  c h a r a c t e r i s t i c s  o f  an e x i s t i n g  SW1500 locomot ive,  and 
a s s i s t  i n  d e t e r m i n i n g  how r a p i d l y  an SW1500 locomot ive i n c o r p o r a t i n g  mod i f i ed  
t r a c t i o n  motors  can go f rom an a c c e l e r a t i n g  mode t o  a  dynamic b r a k i n g  mode. 

T h i s  s e c t i o n  r e p o r t s  t h e  r e s u l t s  of 
T r a c t i o n  Moto r  4na lys is /Des ign;  Task IV, 
Task V, T r a c t i o n  Motor Bench Test .  

ANALYSIS/DESIGN 

An a n a l y s i s  o f  t h e  convers ion o f  t h e  
motor t o  separa te  f i e l d  e x c i t a t i o n  was pe 
 valuated was t h a t  o f  a  f u l l y  compensated, s e p a r a t e l y  exc i ted ,  shunt-wound, 
t r a c t i o n  motor w i t h  i n t e r p o l e s  and p o l e  f a c e  compensating windings.  The deve l-  
opment o f  t h i s  design i s  presented i n  t h e  f o l l o w i n g  d iscuss ion .  

F i g u r e  82 shows d e t a i l s  o f  t h e  series-wound t r a c t i o n  motor w i t h  i n t e r p o l e s .  
T h i s  des ign c o n f i g u r a t i o n  i s  t h e  r e s u l t  o f  years  o f  development by EMD t o  p r o v i d e  
increased power i n  t h e  same b a s i c  frame. No te  t h a t  t h e  s e r i e s  f i e l d  wind ings 
a r e  designed w i t h  pa ra l  l e l  c o i  l s ides.  Space between t h e  s e r i e s  c o i  l s i d e s  
and t h e  commutating c o i l s  on t h e  i n t e r p o l e s  i s  p a r t i a l l y  f i l l e d  w i t h  b a f f l e s  
and a d d i t i o n a l  b a f f l e s  a r e  i n s t a l l e d  between t h e  p o l e  t i p s  t o  c o n t r o l  t h e  d i s -  
t r i b u t i o n  o f  a i r  t o  t h e  v a r i o u s  a reas  of t h e  machine and t o  m a i n t a i n  t h e  h i g h  
v e l o c i t y  a i r f l o w  r e q u i r e d  t o  o b t a i n  good hea t  t r a n s f e r  f rom t h e  c o i l  sur faces.  
When viewed f rom t h e  end, t h e  c e n t r a l  s e c t i o n s  o f  t h e  s e r i e s  c o i l s  on t h e  main 
p o l e s  a r e  seen t o  ex tend i n  a  r a d i a l  d i r e c t i o n  a lmost  f rom t h e  p o l e  t i p  t o  t h e  
frame. The commutating wind ings a l s o  e x t e n d  over  t h e  f u l l  l eng th  o f  t h e  i n t e r -  
poles.  These w ind ings  u t i l i z e  a  ve ry  l a r g e  f r a c t i o n  o f  t h e  a v a i l a b l e  volume 
w i t h i n  t h e  machine. 

Conversion o f  t h i s  machine t o  a  s e p a r a t e l y  e x c i t e d  machine r e q u i r e s  a  
number o f  t r a d e o f f s  t o  design an a c c e p t a b l e  c o n f i g u r a t i o n  w i t h i n  t h e  e x i s t i n g  
frame. As seen i n  F i g u r e  82, t h e  space a v a i l a b l e  i s  ex t reme ly  l i m i t e d .  T h i s  
l i m i t a t i o n  i n  a v a i l a b l e  space i s  much more severe than  a n t i c i p a t e d  and i n t r o -  
duces a  number o f  d i f f i c u l t i e s  i n  t h e  des ign  o f  a  f u l l y  compensated, s e p a r a t e l y  
exc i ted ,  shunt-wound c o n f i g u r a t i o n  w i t h i n  t h e  e x i s t i n g  motor frame. 

To p r o v i d e  space f o r  t h e  compensating p o l e  face  wind ings on t h e  main poles,  
it i s  necessary t o  reduce t h e  s i z e  o f  t h e  main p o l e  shun t  f i e l d  wind ings.  

- 
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Reduc t ion  i n  t h e  main p o l e  a i r  gap reduces t h e  e x c i t a t i o n  r e q u i r e d  f rom t h e  
main p o l e  s e p a r a t e l y  e x c i t e d  shun t  f i e l d  windings. T h i s  r e d u c t i o n  i n  e x c i t a -  
t i o n  r e q u i r e d  f rom t h e  shun t  f i e l d  p e r m i t s  a  r e d u c t i o n  i n  t h e  s i z e  o f  t h e  shun t  
f i e l d  c o i l  and reduces t h e  shun t  c o i l  losses. The p o l e  f a c e  compensating 
w ind ing  n e u t r a l i z e s ,  o r  p a r t i a l l y  n e u t r a l i z e s ,  t h e  cross- magnet iz ing ampere- 
t u r n s  o f  t h e  a rmatu re  and p e r m i t s  a  r e d u c t i o n  i n  t h e  ampere- turns i n  t h e  com- 
m u t a t i n g  w i n d i n g  on t h e  i n t e r p o l e s .  C o n c e n t r a t i o n  o f  t h e  reduced commutation 
c o i l s  near  t h e  i n t e r p o l e  t i p  p r o v i d e s  a d d i t i o n a l  space near t h e  frame f o r  t h e  
shun t  f i e l d  c o i l s  on t h e  main po les .  

F i g u r e  83 shows t h e  des ign t h a t  has evo lved  as  a  r e s u l t  o f  t h e s e  t r a d e-  
o f f s .  The f o l l o w i n g  m o d i f i c a t i o n s  a r e  r e q u i r e d :  

e Replacement o f  t h e  e x i s t i n g  main f i e l d  p o l e s  w i t h  a  new main p o l e  
and separab le  t o o t h  p o l e  t o  p r o v i d e  a  reduced main a i r  gap and s l o t s  
f o r  t h e  p o l e  f a c e  compensating w ind ing  

e Repiacement o f  t h e  e x i s t i n g  s e r i e s  f i e l d  w ind ing  w i t h  a  s e p a r a t e l y  
e x c i t e d  shun t  f i e l d  w ind ing  

e Replacement o f  t h e  e x i s t i n g  commutat ing w ind ing  w i t h  a  new commuta- 
t i n g  w ind ing  concen t ra ted  near  t h e  p o l e  t i p  

e I n s t a l l a t i o n  o f  a  new compensat ing w ind ing  i n  t h e  main p o l e  faces 

e M o d i f i c a t i o n  o f  motor i n t e r c o n n e c t i o n s  

e Development o f  a  new b a f f l e  c o n f i g u r a t i o n  

Tab les  19 and 20 show t h e  r e s u l t s  o f  a n a l y s i s  o f  t h e  performance o f  t h e  
s e r l e s  t r a c t i o n  motor  and t h e  s e p a r a t e l y  e x c i t e d ,  f u l l y  compensated t r a c t i o n  
motor.  These t a b l e s  show t h a t  t h e  e f f i c i e n c y  o f  t h e  f u l l y  compensated separ-  
a t e l y  e x c i t e d  shunt-wound machine i s  comparable t o  t h a t  o f  t h e  series-wound 
mach ine.  

The use o f  t h e  compensating p o l e  face  w ind ing  g r e a t l y  reduces t h e  leakage 
f i u x  from t h e  i n t e r p o l e  and t h e  u s e f u l  i n t e r p o l e  f l u x  i s  made more n e a r l y  pro-  
p o r t i o n a l  t o  a rmatu re  c u r r e n t .  The compensat ing p o l e  f a c e  w ind ing  reduces 
d i s t o r t i o n  o f  t h e  motor a i r  gap f l u x ,  p roduc ing  a  more u n i f o r m  vol ts-per-com- 
muta to r  bar.  I t  a l s o  reduces s a t u r a t i o n  i n  t h e  commutating f l u x  p a t h  and 
improves commutation a t  h i g h  armature  c u r r e n t .  These f e a t u r e s  a r e  advantageous 
i n  c e r t a i n  a p p l i c a t i o n s ,  as i n  high- speed r o a d  locomot i ve  and r a p i d  t r a n s i t  
p r o p u l s i o n  systems. 

The a n a l y s i s  o f  t h e  D77 motor m o d i f i c a t i o n  i n  t h e  p reced ing  d e s c r i p t i o n  
and t h e  p r e l i m i n a r y  des ign  work per formed i n d i c a t e  t h a t  development o f  t h e  
f u l l y  compensated s e p a r a t e l y  e x c i t e d  shunt-wound m o d i f i e d  D77 motor  w i t h  
i n t e r p o l e s  w i l l  r e q u i r e  a p p r e c i a b l e  n o n r e c u r r i n g  e n g i n e e r i n g  e f f o r t .  The 
r e q u i r e d  a d d i t i o n a l  e f f o r t  r e s u l t s  f r o m  t h e  need f o r  i t e r a t i v e  e lec t romagne t i c ,  
mechanical ,  i n s u l a t i o n ,  and thermal  d e s i g n  and a n a l y s i s  t o  deve lop  an accep tab le  
des ign  w i t h i n  t h e  r e s t r i c t i o n s  o f  t h e  a v a i l a b l e  motor  frame des ign .  I t  wds 
es t imd ted  t h a t  t h e  c o s t  o f  t h i s  approach would be s e v e r a l  t i m e s  t h e  c o s t  a l l o w-  
a b l e  f o r  economic application i n  energy s t o r a g e  s w i t c h  eng ine  a p p l i c a t i o n s .  
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Separately 
Armature Te rm~na l  Armature C l r c u i t  Output Output Excl t ed  
Current,  Voltage, I npu t  Power, Speed, Torque, Power, F ie ldPower ,  E f f i c i e n c y ,  

amp Y kw rpm ~ b - f t  kw kw percent  

1105 319.6 353.2 347 6171 304.1 0 86.1 

690 523.7 361.4 695 3409 336.4 0 93.1 

510 705.2 359.7 1042 2302 340.6 0 94.7 

420 878.0 368.8 1389 1779 350.8 0 95.1 

360 1037.2 373.4 1737 1440 355.2 0 95.1 

320 1178.1 377.2 2084 1210 358.1 0 95.0 

290 1285.9 372.9 2431 1023 353.0 0 94.7 

PERFORMANCE OF SERIES TRACTION MOTOIi 

( D 7 7  SERIES-WOUND TRACTION MOTOR WITH INTERPOLES) 





The major f a c t o r  c o n t r i b u t i n g  t o  t h i s  increased c o s t  i s  t h e  comp lex i t y  
i n t roduced  by t h e  compensating p o l e  face  wind inq.  I f  t h e  compensating p o l e  
w ind ing  i s  e l i m i n a t e d  and a  s imple ,  noncompensated, s e p a r a t e l y  e x c i t e d ,  shunt-  
wound t r a c t i o n  motor i s  considered, minimum changes t o  t h e  motor,  which can 
be implemented a t  c o n s i d e r a b l y  lower cos ts ,  a r e  requ i red .  

F i g u r e  84 shows a  c r o s s- s e c t i o n a l  v iew o f  an a l t e r n a t i v e  uncompensated 
s e p a r a t e l y  e x c i t e d  design. I n s p e c t i o n  o f  t h i s  f i g u r e  shows t h a t  i t i n v o l v e s  a  
s i m p l e  rep lacement  o f  t h e  s e r i e s  f i e l d  w ind ing  on t h e  main p o l e  w i t h  a  shunt 
f i e l d  w ind ing  on t h e  same po le .  No changes t o  t h e  magnet ic s t r u c t u r e  a r e  
invo lved.  The p o l e s  and a i r  gap a r e  unchanged. M inor  changes i n  b a f f l e  design 
and i n t e r c o n n e c t i o n s  a r e  r e q u i r e d .  These changes can be incorpora ted  a t  m i n i -  
mum c o s t .  T a b l e  21 shows t h e  a n a l y t i c a l  r e s u l t s  o f  t h e  performance o f  t h i s  
uncompensated s e p a r a t e l y  e x c i t e d  design.  

Soth  t h e  compensated and uncompensated s e p a r a t e l y  e x c i t e d  machine des igns 
adequate ly  p r o v i d e  means f o r  t h e  c o n t r o l  o f  power exchange between t h e  t r a c t i o n  
motors and energy s t o r a g e  f lywheel .  Reference t o  Tables 20 and 21 a t  t h e  
same armature c u r r e n t  and speed i n d i c a t e s  t h a t  t h e  uncompensated s e p a r a t e l y  
e x c i t e d  machine has t h e  same high-speed e f f i c i e n c y  as t h e  compensated machine 
and has s l i g h t l y  b e t t e r  low-speed performance. 

S e p a r a t e l y  e x c i t e d  shunt-wound machines designed f o r  o p e r a t i o n  f rom s o l i d -  
s t a t e  power s u p p l i e s  u t i l i z e  laminated p o l e s  and f u l l y  laminated frames t o  
reduce i r o n  losses r e s u l t i n g  f rom harmonics i n  t h e  motor f l u x .  I n  t h e  FESS 
a p p l i c a t i o n ,  t h e  t r a c t i o n  motor armatures a r e  s u p p l i e d  w i t h  smooth dc v o l t a g e s  
from r o t a t i n g  machine generators .  The f i e l d s  a r e  s u p p l i e d  f rom phase-delay-  
r e c t i f i e r s  o p e r a t i n g  i n  s e r i e s  w i t h  t h e  o u t p u t  o f  an a u x i l i a r y  generator .  The 
inductance o f  t h e  shunt f i e l d  w ind ing  l i m i t s  t h e  r i p p l e  i n  e x c i t a t i o n  c u r r e n t  
t o  a  r e l a t i v e l y  low value.  Therefore ,  it i s  unnecessary t o  lamina te  t h e  main 
p o l e s  o f  t h e  machine. 

The s o l i d  i r o n  frame o f  t h e  D77 p e r m i t s  t h e  g e n e r a t i o n  o f  eddy c u r r e n t s  
t h a t  p r e v e n t  r a p i d  r a t e s  o f  change i n  motor f l u x .  Because r a p i d  r a t e s  o f  change 
i n  f l u x  a r e  prevented by t h e  s o l i d  frame o f  t h e  D77, advantages r e s u l t i n g  from 
improved t r a n s i e n t  load commutation w i t h  compensating p o l e  face w ind ings  cannot 
be r e a l i z e d .  Improvement i n  motor commutation under high-speed f i e l d  weakened 
c o n d i t i o n s ,  r e s u l t i n g  f rom t h e  use o f  compensating p o l e  f a c e  windings,  a r e  s i g-  
n i f i c a n t  i n  high-speed road locomot ive and r a p i d  t r a n s i t  a p p l i c a t i o n s .  The 
FESS a p p l i c a t i o n  u t i l i z e s  t h e  t r a c t i o n  motors  a t  f u l l  f i e l d  and low speeds f o r  
t h e  g r e a t e r  p o r t i o n  o f  t h e  locomot ive o p e r a t i o n .  

The most s i g n i f i c a n t  advantages of t h e  p o l e  f a c e  compensating wind ing,  
t h e r e f o r e ,  can be o n l y  p a r t i a l l y  r e a l i z e d  i n  t h e  FESS a p p l i c a t i o n .  The advan- 
tages  o f  t h e  f u l l y  compensated machine over  t h o s e  o f  t h e  uncompensated machine 
a r e  n o t  cons idered s u f f i c i e n t  t o  o f f s e t  t h e  d isadvantages o f  lower e f f i c i e n c y ,  
c o m p l e x i t y  o f  assembly, and increased cost .  

On t h e  b a s i s  o f  t h e  r e s u l t s  o f  t h e  a n a l y t i c a l  work desc r ibed  above, t h e  
uncompensated, s e p a r a t e l y  e x c i t e d ,  shunt-wound f r i c t i o n  motor w i t h  i n t e r p o l e s  
has been s e l e c t e d  f o r  use i n  t h e  FESS system. 

w 





PERFORMANCE OF UNCOMPENSATED, SEPARATELY EXCITED, 

SHUNT-WOUND TRACTION MOTOR WITH INTERPOLES 

Armature 
Cur rent .  

amp 

Terminal 
Vol tage, 

Y 

Armature C v r c u i t  
I npu t  Power, 

kw 
Speed, 

rpm 

Output  
Torque, 

I b - i t  

Output 
Power, 

kw 

Sepata te ly  
Exc i t ed  
F l e l d  Power, 

kw 
E f f ~ c l e n c y , *  

pe rcen t  

1105 300.7 332.2 347 5994 295.3 10.5 85.8 

690 523.7 361.4 695 3454 340.9 5.76 92.6 

510 705.2 359.7 1042 2319 343.1 2.86 94.5 

420 878.0 368.8 1389 1787 352.5 I .92 95.0 

360 1037.2 373.4 1737 1445 356.4 1.40 95.0 

320 1178.7 377.2 I 2084 1 1214 : 1.10 94.9 

290 1 1 2 8 5 . 9  372.9 2431 / I 025  1 1 0.869 1 94.6 

1 I I 
*Based on f i e l d  power supply efficiency o f  88 Percent. 



TABLE 22 

TRACTION MOTOR HISTORY 

Motor O r i g i n a l  
S e r i a l  S e r v i c e  Overhaul Accumulated 
Nunber Da te  Date M i  leage Remarks 

71121661 1972 1-8-76 404,151 
. .- 

10-31-77 539,858 Armature rep laced  w i t h  
C75E296 hav ing  109,626 m i  
accumulated s e r v i c e  a t  
i n s t a l l a t i o n .  

69311094 1 1-3-71 2-27-76 326,636 F i r s t  r e c o r d  o f  motor 
o r i g i n a l  s e r v i c e  d a t e  
unknown. 

Armature rep laced  w i t h  
C69G375 remanufactured by 
N a t i o n a l  C o i l s .  

10-25-77 478,480 

UNMODIFIED MOTORS 

Two General Motors  EMD Model D77 t r a c t i o n  motors  were made a v a i l a b l e  t o  
t h e  program by t h e  Southern Rai lway System. The h i s t o r y  o f  t h e s e  motors i s  
shown i n  Tab le  22. 

w 

TESTS OF UNMODIFIED MOTORS 

The two unmod i f i ed  t r a c t i o n  motors  were i n s t a l l e d  on a  t e s t  stand a t  Motor 
C o i l  Manu fac tu r ing  i n  N o r t h  Braddock, Pennsy lvan ia .  Winding r e s i s t a n c e  and 
i n s u l a t i o n  r e s i s t a n c e  measurements were made w i t h  t h e  motors  co ld .  Tes ts  were 
r u n  t o  e s t a b l i s h  t h e  no- load s a t u r a t i o n  and performance c h a r a c t e r i s t i c s  o f  t h e  
machines. Heat r u n s  a l s o  were performed on t h e  machines. T a b l e  23 shows t h e  
r e s u l t s  o f  t h e  r e s i s t a n c e  measurements. The measured w ind ing  r e s i s t a n c e s  were 
w i t h i n  t h e  +2 p e r c e n t  range s p e c i f i e d  by t h e  manufacturer  excep t  f o r  t h e  i n t e r -  
p o l e  w i n d i n g  r e s i s t a n c e  o f  one machine, which was found t o  be 2.6 p e r c e n t  above 
t h e  s p e c i f i e d  r e s i s t a n c e  band. The i n s u l a t i o n  r e s i s t a n c e  o f  bo th  machines was 
g r e a t e r  than 10 megohms. 

F i g u r e  85 shows t h e  no- load s a t u r a t i o n  c h a r a c t e r i s t i c s  o f  one machine. 
The c h a r a c t e r i s t i c s  o f  t h e  second machine were found t o  be e q u i v a l e n t  w i t h i n  
t h e  l i m i t s  o f  i n s t r u m e n t a t i o n  accuracy and t h e  h y s t e r e s i s  c h a r a c t e r i s t i c s  o f  
t h e s e  machines. 

- 



TABLE 23 

UNMODIFIED D77 TRACTION MOTOR RESISTANCES 

S e r i a l  Number 

C i r c u i t  71-L2-4661X 69-J1-1094* 
--- - 

I n t e r p o l e  0.005865 0.005205 

Main f i e l d  0.007584 0.007200 

Armature 0.01031 0.01003 
-- 

" Resis tance c o r r e c t e d  t o  20°C. 

F l g u r e  86 shows t h e  performance c h a r a c t e r i s t i c s  w i t h  40- in.  wheels, a  
r e d u c t i o n  gear  r a t i o  o f  62/15, and an assumed r e d u c t i o n  gear e f f i c i e n c y  o f  
96 pe rcen t .  E x c e l l e n t  agreement i s  seen between t h e  p u b l i s h e d  performance 
d a t a  and t h e  performance based on motor  t e s t s .  

Heat r u n  t e s t  d a t a  i n d i c a t e d  t h a t  t h e  850-amp c o n t i n u o u s  c u r r e n t  r a t i n g  
a t  1400 c fm r e s u l t s  i n  accep tab le  motor  tempera tu re  r i s e s .  The thermal  t i m e  
c o n s t a n t s  o f  t h e  i n t e r p o l e  and main f i e l d  w ind ings  as  e s t a b l i s h e d  f rom t e s t  
d a t a  a r e  22 and 27 min, r e s p e c t i v e l y ,  a t  1260 cfm. 

These t e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  o p e r a t i o n a l  i n t e g r i t y  o f  t h e  unmodl- 
f i e d  moto rs  i s  good and t h a t  t h e  performance i s  i n  agreement w i t h  p u b l i s h e d  
c h a r a c t e r i s t ~ c s .  The thermal  t e s t  a l s o  d i s c l o s e d  t h a t  t h e  unmodi f ied  i n t e r p o l e  
w ind ing  tempera tu res  a r e  t h e  h i g h e s t  tempera tu res  i n  t h e  machine. 

F i g u r e  86 q u a n t i f i e s  t h e  t r a c t i v e  e f f o r t  o f  t h e  unmod i f i ed  machine. 

TRACTION MOTOR MODIFICATIONS 

A f t e r  c o m p l e t i o n  o f  t h e  unmod i f i ed  t r a c t i o n  motor  t e s t s ,  t h e  moto rs  were 
- o z i f i e d  t o  t h e  s e p a r a t e l y  e x c i t e d ,  low f i e l d  c u r r e n t  c o n f i g u r a t i o n .  I n  add l -  

Ion,  t h e  i n t e r p o l e  c o i l s  were r e p l a c e d  w i t h  c o i l s  hav ing  increased conduc to r  
z rea t o  reduce  i n t e r p o l e  losses and lower i n t e r p o l e  temperatures .  F i g u r e s  
87 snd 88 d e f i n e  t h e  rep lacement  c o i l s  i n s t a l l e d  i n  t h e  m o d l f i e d  motors.  

TEST OF MODIFIED MOTORS 

Test  C o n f i g u r a t i o n  

F ~ g u r e  89 i s  a  schemat ic  d iagram o f  t h e  t e s t  c o n f i g u r a t i o n  showing i n s t r u -  
m e n t a t i o n  and c o n t r o l  as i n s t a l i e d  f o r  t h e  t e s t s  u s i n g  t h e  e l e c t r i c a l  s u p p l y  o f  
l o s s  t e s t  c i r c u i t  w i t h  a  boos te r  g e n e r a t o r .  T h i s  c i r c u i t  was used t o  pe r fo rm 
no- load s a t u r a t i o n  t e s t s ,  e s t a b l i s h  load s a t u r a t i o n  c h a r a c t e r i s t i c s ,  and per form 
h e a t  r u n s  on t h e  m o d i f i e d  machines. 

Y 

- 

- 



E X C  I TAT I ON, THOUSANDS O F  AMP-TURNS PER POLE 

Figure 85. No-Load Saturation Characteristics U n m o d i f i e d  
077 Traction Motors 
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ARMATURE CURRENT, AMP 
5-33815 

Figure 86. Unmodified Series-Wound 077 Traction Motor Characteristics 



F i g u r e  87. Replacement Shunt  F i e l d  C o i l  
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F i g u r e  88. Rep lacemen t  I n t e r p o l e  C o i l  





Yo-Load S a t u r a t i o n  T e s t  

Tab le  24 shows t h e  no- load s a t u r a t i o n  t e s t  da ta  f o r  t h e  m o d i f i e d  D77 
t r a c t i o n  motor i n  columns 1 t o  8. The measured speed was determined by use o f  
a  coun te r  connected t o  a  magnet ic speed sensor which develops 60 pu lses per 
r e v o l u t i o n .  W i t h  a  1-sec c o u n t i n g  i n t e r v a l ,  t h i s  arrangement p r o v i d e s  d i r e c t  
read ing  d i g i t a l  speed i n d i c a t i o n .  A check o f  t h e  motor speed w i t h  a  s t robo-  
scope speed i n d i c a t o r  showed t h a t  t h e  i n s t r u m e n t a t i o n  was o p e r a t i n g  p roper l y .  
Therefore ,  c o r r e c t e d  speed i s  t h e  i n d i c a t e d  speed as shown i n  columns 8  and 9. 
The genera to r  e x c i t a t i o n  shown i n  column 10 i s  t h e  p r o d u c t  o f  t h e  genera to r  
f i e l d  c u r r e n t  (column 6 )  and t h e  number o f  t u r n s  per p o l e  on t h e  m o d i f i e d  main 
f i e l d  c o i l s  (132).  The open c i r c u i t  g e n e r a t o r  o u t p u t  v o l t a g e  shown i n  column 4  
i s  normal ized t o  1000 rpm speed and i s  shown i n  column 1 1 .  

The no- load s a t u r a t i o n  c h a r a c t e r i s t i c s  o f  t h e  machine a r e  shown i n  F i g u r e  
90. Because these  c h a r a c t e r i s t i c s  agree w i t h  those  observed on t h e  unmodi f ied 
machine and t h e  m o d i f i c a t i o n  work shou ld  n o t  have r e s u l t e d  i n  any change, o n l y  
on? o f  t h e  m o d i f i e d  machines was t e s t e d  f o r  no- load s a t u r a t i o n  c h a r a c t e r i s t i c s .  
These c h a r a c t e r i s t i c s  may be rep resen ted  by t h e  express ion :  

where E '  i s  t h e  open c i r c u i t  v o l t a g e  per k i l o r p m  

F i s  t h e  e x c i t a t i o n  i n  ampere- turns 

a  i s  an e m p i r i c a l  cons tan t  (947.9) 

b  i s  an e m p i r i c a l  c o n s t a n t  (3738) 

These c o n s t a n t s  were se lec ted  t o  g i v e  490 v / k i l o r p m  a t  4,000 ampere- turns 
and 690 v / k i l o r p m  a t  10,000 ampere- turns. T a b l e  25 i s  a  comparison between 
t h e  measured and s imu la ted  c h a r a c t e r i s t i c s .  Excel l e n t  agreement i s  seen 
betwee? t h e  measured and computed r e s u l t s  a t  normal o p e r a t i n g  e x c i t a t i o n  
l e v e l s .  

1. R o t a t i o n a l  Losses 

Tab le  24 p r o v i d e s  t h e  data  necessary t o  compute t h e  power i n p u t  r e q u i r e d  
t o  d r i v e  t h e  motor and generator .  The armature c i r c u i t  r e s i s t a n c e  losses i n  
t + e  n o t o r  a r e  smal l  under no- load s a t u r a t i o n  t e s t  c o n d i t i o n s .  As a  consequence, 
t h e  e n t i r e  motor i n p u t  power i s  equal t o  t h e  r o t a t i o n a l  losses o f  t h e  machines. 
Wi th  t h e  genera to r  open- c i rcu i ted ,  t h e  a c t u a l  supp ly  c u r r e n t  (column 1) and 
motor armature c u r r e n t  (column 3 )  a r e  i d e n t i c a l .  The average o f  t h e  two 
measured c u r r e n t s  m u l t i p l i e d  by t h e  motor  v o l t a g e  (colsmn 2 )  i s  taken a s  t h e  
motor i n p u t  power and i s  shown as t h e  t o t a l  r o t a t i o n a l  l oss  i n  column 2  o f  
Tab le  26. Column 3  o f  Tab le  26 shows t h e  motor e x c i t a t i o n ,  which i s  t h e  
p r o d u c t  o f  motor f i e l d  c u r r e n t  (column 7 o f  Tab le  24 )  and t h e  132 t u r n s  per 
p o l e  o f  t h e  main f i e l d  windings.  

.... 

- 

,- 



TASLE 24 

NO-LOAD SATURATION TEST DATA, MODIFIED TRACTION MOTOR 









Figure  91 shows t h e  t o t a l  r o t a t i o n a l  losses vs generator  e x c i t a t i o n  

f o r  ope ra t i on  a t  an average speed o f  1010 (997 t o  1022) rpm and an average 
motor e x c i t a t i o n  o f  5600 (5540 t o  5810) ampere-turns per pole.  These essen- 
t i a l l y  cons tan t  c o n d i t i o n s  f o r  these parameters a r e  from l i n e s  1 t o  10 of  
Table 26. I f  t h e  generator  i s  operated a t  an e x c i t a t i o n  o f  5540 ampere-turns 
per pole,  both motor and generator  w i l l  be ope ra t i ng  a t  e s s e n t i a l l y  t h e  same 
c o n d i t i o n s  and t h e  t o t a l  r o t a t i o n a l  losses o f  11.6 kw may be assumed t o  d i v i d e  
equa l l y  between t h e  two machines. When t h e  generator  e x c i t a t i o n  i s  reduced 
t o  zero, t h e  t o t a l  r o t a t i o n a l  loss reduces t o  8.78 kw. T h i s  change has l i t t l e  
e f f e c t  on motor losses, so i t  may be cons idered t o  r e q u i r e  t h e  same 5.8 kw as  
requ i red  f o r  opera t ion  w i t h  t h e  generator  a t  5540 ampere- turns per pole. The 
d i f f e r e n c e  between t h e  8.78 kw t o t a l  r o t a t i o n a l  loss and t h e  5.8 kw r o t a t i o n a l  
loss requ i red  by t h e  motor i s  t h e  generator  f r i c t i o n  and windage o f  2.98 kw, 
which remains when t h e  qenerator  e x c i t a t i o n  i s  reduced t o  zero. Th i s  may be 
assumed t o  equal t h e  motor f r i c t i o n  and windage loss f o r  i d e n t i c a l  machines. 
The d i f f e r e n c e  between t h e  t o t a l  r o t a t i o n a l  loss o f  t h e  motor o f  5.80 kw and 
t he  motor f r i c t i o n  and windage loss o f  2.98 kw i s  t h e  motor i r o n  loss a t  1000 
-pm and an e x c i t a t i o n  o f  5540 ampere- turns per pole. Tab le  27 summarizes 
these no- load losses i n  t h e  motor and generator  f o r  t h e  unexc i ted  and exc i t ed  
generator  c o n d i t i o n s  as  descr ibed above. 

2. I ron  Losses 

The i r o n  losses i n  t h e  machine may be descr ibed by t h e  equat ion:  

where PFE i s  t h e  i r o n  loss i n  k i l o w a t t s  

N i s  t h e  speed i n  rpm 

E i s  t h e  a i r  gap vo l t age  i n  v o l t s  

K1 and K2 a r e  i r o n  loss cons tan ts  f o r  t h e  machine 

The i r o n  loss constants  f o r  t h e  machine have been c a l c u l a t e d  from motor 
design data and m a t e r i a l  c h a r a c t e r i s t i c s  and a r e  5.86 and 2.289 X f o r  K 1  
and K2, r e s p e c t i v e l y .  

Equat ion ( 1 )  may be used t o  c a l c u l a t e  t h e  a i r  gap vo l t age  f o r  t h e  e x c i t a -  
t i o n  l eve l  o f  5540 ampere- turns and a  speed o f  1010 rpm as f o l l o w s :  

A t  t h i s  e x c i t a t i o n  l eve l ,  Table 25 i nd i ca tes  t h a t  t h e  c a l c u l a t e d  vo l tage  
should be increased about 2  percent.  T h i s  c o r r e c t i o n  r e s u l t s  i n  an a i r  gap 
vo l t age  o f  583 v  f o r  t h e  given cond i t i ons ,  and a  c a l c u l a t e d  i r o n  loss from 
Equat ion (2 )  of 2.75 kw. T h i s  c a l c u l a t e d  i r o n  loss agrees q u i t e  w e l l  w i t h  t h e  

- 





Motor Generator To ta l  

--- E x c i t a t i o n ,  ampere- turns 5540 0 

F r i c t i o n  and windage, kw 2.98 2.98 5.96 

i r o n  loss, kw 2.82 0 

To ta l  r o t a t i o n a l ,  kw 5.80 2.98 8.78 - 1 
--- E x c i t a t i o n ,  ampere- turns 5540 5540 I 

F r i c t i o n  and windage, kw 2.98 2.98 5.96 I 
i 

i r on  loss, kw 2.82 2.82 

T3 ta l  r o t a t i o n a l  5.80 5.80 1 1.60 

2.82 kw shown i n  Table 27 as de r i ved  from t e s t  data. Constants Kt and K2 a re  
ad jus ted  as f o l l o w s  t o  match t h e  t e s t  data: 

3. F r i c t i o n  and Windage Losses 

Brush f r i c t i o n  losses may be c a l c u l a t e d  from t h e  expression: 

uhere P B ~  i s  t h e  brush f r i c t i o n  loss  i n  kw/motor 

w i s  t h e  brush w id th  i n  inches 

1 i s  t h e  a x i a l  length o f  t h e  brush i n  inches 

n i s  t h e  number o f  brushes per  motor 

lJ i s  t h e  c o e f f i c i e n t  o f  f r i c t i o n  between brush and commutator 

N i s  t h e  motor speed i n  rpm 

D i s  t h e  commutator diameter i n  inches 

TABLE 27 

D77 TRACTION MOTOR (MODIFIED) 
NO-LOAD LOSS DISTRIBUTION AT 1000 RPM 
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Bear ing  f r i c t i o n  may be c a l c u l a t e d  from t h e  express ion:  

P B R ~  = 7.398 x q N 

where 

The c a l c u l a t e d  brush f r i c t i o n  losses, u s i n g  t h e  data o f  Tab le  28, a r e  
1.368 

PBRG i s  t h e  bear ing  loss i n  kw 

q i s  t h e  bear ing  drag i n  oz- in .  

N i s  t h e  motor speed i n  rpm 

kw/motor a t  1000 rpm. 

Windage loss  may be c a l c u l a t e d  f rom t h e  express ion:  

where Pw i s  t h e  windage loss  i n  kw 

k, i s  t h e  windage l oss  c o e f f i c i e n t  

The loss  c o e f f i c i e n t  ( k w )  i s  estimaf-ed t o  be 5.217 x 10-7 from t e s t s  of 
s i m i  l a r  machines. 

The sum o f  the c a l c u l a t e d  brush f r i c t i o n , b e a r i n g  f r i c t i o n ,  and windage 
toss should equal t h e  2.98 kw as de r i ved  f rom f e s f  a t  1000 rpm. Table  29 shows 
t h e  c a l c u l a t e d  f r i c t i o n  and windage losses a t  1000 rpm as compared w i t h  t h e  
t e s t  value. The c a l c u l a t e d  va lue  i s  l e s s  than  t h a t  e s t a b l i s h e d  by t e s t .  The 
c a l c u l a t 2 d  losses a re  ad jus ted  t o  match t o t a l  f r i c t i o n  and windage losses as  

*.." .--..--- ** 

Width, in.  0.625 

Length, i n .  2 .o i 
I P 1 Pressure,  p s i  6.5 

n  1 Number o f  brushes 12 

I 
11 C o e f f i c i e n t  o f  f r i c t i o n  0.15 

D Commutator d iameter ,  i n .  15.81 

---- 

Table 28 shows t h e  brush design da ta  used i n  t h e  c a l c u l a t i o n  o f  brush 
f r i c t i o n  losses f o r  t h e  077 t r a c t i o n  motor. 

TABLE 28 

BRUSH DESIGN DATA 
D77 TRACTION MOTOR 

- 
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Calcu la ted  Adjusted 
Loss, kw Loss, kw E f f e c t  o f  Speed 

Brush f r i c t i o n  1.368 2.08 L inear  w i t h  speed 1 
i 

Bear ing f r i c t i o n  I 0.074 1 0.122 1 L i n e a r w i t h s p e e d  I I 
Windage loss 0.522 0.782 Speed squared I I I 

-- I To ta l  losses 1.964 2.98 I I 

The e f f e c t  o f  load on t h e  performance o f  t h e  motor i s  t o  in t roduce  vo l t age  
drops between t h e  motor i n p u t  t e r m i n a l s  and t h e  i n t e r n a l  vo l t aqe  o f  t h e  machine 
and t o  i ~ c r e a s e  t h e  magnetomotive f o r c e  

Load Sa tu ra t i on  Tests  

Load s a t u r a t i o n  t e s t s  were performed t o  e s t a b l i s h  t h e  e f f e c t  o f  load on 
t h e  performance o f  t h e  motor. Table 30 shows t h e  measured load s a t u r a t i o n  
t e s t  data as recorded. Ana lys is  o f  t h e  t e s t  data has shown t h a t  t h e  i nd i ca ted  
speed exceeds t h e  ac tua l  speed t h a t  cou ld  e x i s t  f o r  c e r t a i n  t e s t  cond i t ions .  
Therefore,  i t  was necessary t o  a d j u s t  t h e  speed p r i o r  t o  a d d i t i o n a l  data reduc- 
t i o n .  I t  appears t h a t  t h e  speed i ns t rumen ta t i on  coun te r  i n p u t  s i gna l  th resho ld  
was s e t  t o o  low and t h a t  some no i se  was counted as motor speed. The p r i n c i p a l  
no i se  source was t h e  t h r e e  pu lse- per- cyc le  no i se  on t h e  s o l i d - s t a t e  power 
supp l i e r s  shown i n  F i g u r e  89. A t  h i gh  power leve ls ,  one o r  more o f  these 
pu lses apparen t l y  added t o  t h e  counter  each c y c l e  o f  supply  frequency. One 
pu lse  per second i s  e q u i v a l e n t  t o  a  speed o f  one r e v o l u t i o n  per minute. Three 
pu lses per c y c l e  a t  60 c y c l e s  per second, t he re fo re ,  a r e  e q u i v a l e n t  t o  180 rpm 
i f  

(mmf) under one po le  t i p  and t o  decrease 
i t  under t h e  o t h e r  po le  t i p  o f  each pole.  As a  consequence o f  sa tu ra t i on ,  t h e  
increase i n  mmf r e s u l t s  i n  less than p r o p o r t i o n a l  increase i n  magnetic f l u x  
where t h e  load c u r r e n t  produced mmf i s  a i d i n g  t h e  main f i e l d  f l u x .  T h i s  
increase i n  f l u x  i s  less  than t h e  reduc t i on  i n  f l u x  t h a t  occurs under t h e  po le  
t i p  where t h e  armature r e a c t i o n  mmf i s  bucking t h e  main f i e l d  f l u x .  As a  
r e s u l t  o f  t h i s  e f f e c t ,  t h e  average f l u x  per po le  i s  reduced, which i s  equiva-  
l e n t  t o  a d d i t i o n a l  v o l t a g e  drop. These e f f e c t s  a r e  cons idered i n  g rea te r  
d e t a i l  i n  t h e  f o l l o w i n g  paragraphs. 

eacb no i se  pu lse  i s  detected by t h e  counter.  Thus, speed e r r o r s  may be 60, 
120, o r  180 rpm. Column 15 o f  Table 30 shows t h e  c o r r e c t e d  speed r e s u l t i n g  
from eva lua t i on  o f  t h e  data. 

show1 i n  Table 29. The major increase i n  t h e  ad jus ted  losses i s  i n  t h e  brush 
f r i c t i o n  loss. T h i s  increase i n  brush f r i c t i o n  may be t h e  r e s u l t  of opera t ion  
w i t h  an unseasoned, c lean, new commutator su r f ace  t h a t  has n o t  y e t  acqui red a  
burnished low f r i c t i o n  f i l m .  

TABLE 29 

FRICTION AND WINDAGE LOSSES, KW AT 1000 RPM 



LOAD SATUt<ATION TEST DATA 



Ser i a  l  Number ---- -----. - % - - - . - -- 

C i r c u i t  71-L2-4661% r 69-J 1-1094% 

I n te rpo  l e 0,004738 0.004724 

Main f i e l d  0.5351 0,5394 

Armature 0.01031 0.01003 

* ~ e s  i stance co r rec ted  t o  20°C. 

The res i s t ances  shown i n  Tab l e  31 a r e  c o r r e c t e d  f o r  temperature lus ing 
t h e  express ion:  

234.5 -t t 
r . = r  ( ) ( 9 )  

20 234.5 + 20 

where r t  i s  t h e  r e s i s t a n c e  a t  temperature t 

1-20 i s  t h e  r e s i s t a n c e  a t  20°C 

t i s  t h e  average w ind ing  temperature i n  "C 

The product  o f  t h e  armature c u r r e n t  and t h e  sum o f  a f I r es i s t an4es  i n  
s e r i e s  w i t h  t h e  motor armature i s  t h e  val tage  drop resu  l t i n g  f rom t h i  dc load 
c u r r e n t  a t  low speed. As t h e  speed of  t h e  machine increases, a l t e r n a t i n g  
c u r r e n t  i s  i n d u c e d  i n  t h e  armature conductors.  T h i s  a l t e r n a t i n g  c u r r e n t  
r e s u l t s  i n  eddy c u r r e n t  losses i n  t h e  armature conductors ,  which increase t h e  
e f f e c t i v e  r e s i s t a n c e  of  t h e  armature. T h i s  e f f e c t  i s  accounted f o r  by t h e  
i n t r o d u c t i o n  of an eddy f a c t o r  (EF) ,  which i s  a  f u n c t i o n  o f  speed ( f requency)  
and a r6a tu re  conductor  temperature ( r e s i s t i v i t y ) .  Armature design da ta  were 
used t o  develop t h e  EF f o r  t h e  077 armature r es i s t ance .  T h i s  m u l t i p l i e r  of  
t h e  dc o r  ohmic r e s i s t a n c e  of  t h e  armature i s  shown i n  F i g u r e  92. 

1.  Res is tance Drops 

The r e s i s t a n c e  o f  t h e  i n t e r p o l e  winding, armature wind ing res i s t ance ,  and 
brush drop a l l  c o n t r i b u t e  t o  t h e  e f f e c t  o f  load on performance. The r e s i s t a n c e  
of t h e  wind ings was measured a t  a  known temperature us i ng  a  K e l v i n  b r i dge  t o  
o b t a i n  p r e c i s e  va lues  o f  w ind ing  res i s t ance .  The r e s u l t s  of these  measurements 
a r e  shown i n  Tab le  31. 

w 

TABLE 31 

MODIFIED D77 TRACTION MOTOR RESISTANCES 

Crr 



S P E E D ,  
RPM 

TEMPERATURE, 
0 C 

NO.  

S P E E D ,  RPM 5.33809 

F i g u r e  92. E f f e c t  o f  C o n d u c t o r  T e m p e r a t u r e  and Speed on A r m a t u r e  
W i n d i n g  Eddy  F a c t o r  



 An a d d i t i o n a l  v o l t a g e  drop i s  t h e  brush drop. The brush drop i s  g i v e n  by 

t h e  equat ion:  

VB = EB + IARB (10) 

where VB i s  t h e  brush drop i n  v o l t s  

EB i s  t h e  brush c o n t a c t  drop i n  v o l t s  

RB i s  t h e  e f f e c t i v e  brush r e s i s t a n c e  i n  ohms 
I 

I A  i s  t h e  armature c u r r e n t  i n  amperes I 
I 

The brush c o n t a c t  r e s i s t a n c e  i s  assumed t o  be 0.00217 ohms and t h e  brush 
c o n t a c t  drop i s  assumed t o  be 2.5 v. 

I 

2. Armature R e a c t i o n  

Armature r e a c t i o n  r e s u l t i n g  f rom load c u r r e n t  f l o w i n g  i n  t h e  moior armature 
o f  an uncompensated motor r e s u l t s  i n  an inc rease  i n  t h e  mmf on one p o l e  t i p  and 
a decrease i n  t h e  mmf on t h e  o the r .  I f  t h e r e  were no s a t u r a t i o n ,  t h *  average 
magnet ic f l u x  would remain constant .  When t h e  m m f  increases on one $ o l e  t i p ,  
s a t u r a t i o n  r e s u l t s  i n  a less  than p r o p o r t i o n a l  i nc rease  i n  f l u x  under' t h i s  h a l f  
o f  t h e  pole,  wh ich  f a i  I s  t o  compensate f o r  t h e  decrease under t h e  o t d e r  ha1 f o f  
t h e  po le .  F i g u r e  93 shows t h i s  e f f e c t .  I t  has been shown t h a t  t h e  
v o l t a g e  ( E l )  may be w r i t t e n :  

Load c u r r e n t  ( I A )  r e s u l t s  i n  an a rmatu re  r e a c t i o n  mmf equal t o  ( 6 )  where: 

The average v o l t a g e  (E)  under load may be approximated by t h e  express ion:  

--



F i g u r e  93. E f f e c t  o f  A r m a t u r e  R e a c t i o n  



F i g u r e  94 shows c a l c u l a t e d  load s a t u r a t i o n  c h a r a c t e r i s t i c s  ( E l  vs (F)  
w i t h  ( I A )  as a  parameter f o r  kA = 6.5. T h i s  cons tan t  ( k A l  has been se lec ted  
t o  bes t  f i t  t h e  exper imental  data, 

Th i s  cu rve  i s  de r i ved  from t h e  load s a t u r a t i o n  t e s t  measurements shown i n  
Tab le  31. Tab le  32 shows t h e  c o r r e c t e d  speed (column 11, t h e  motor e x c i t a-  
t i o n  (column 21, t h e  motor back emf (column 31, t h e  normal ized motor back emf 
a t  1000 rpm (column 41, t h e  motor armature c u r r e n t  (column 51, and mptor a i r  
gap power (column 61. 

I 

Columns 7 th rough  1 1  show t h e  corresponding generator  parameters. I n s f r u -  
mentat ion c o r r e c t i o n  f a c t o r s  have been a p p l i e d  t o  t h e  vo l t ages  and c u r r e n t s  
shown i n  Tab le  31 p r i o r  t o  c a l c u l a t i o n  o f  t h e  i tems i n  Table  32. The back emf 
of t h e  motor and generator ,  as shown i n  Table  32, a r e  based on these  cor rec ted  
va lues and on t h e  measured res i s t ances  o f  t h e  armaPure co r rec ted  f o r t h e  e s t i -  
mated armaf u r e  temperature a t  t h e  t e s t  cond i t i o n .  The armature tempbrature i s  
e s t i  rnafed on t h e  bas i s  o f  observed i n t e r p o l  e and f  i e  l d wind i ng temperature by 
r es i s t ance .  Eddy f a c t o r s  from f i g u r e  92 a r e  a p p l i e d  f o r  t h e  armature temper- 
a t u r e  and speed c o n d i t i o n s  a t  t h e  t i m e  of measurement. I n t e r p o l e  drops a r e  as 
measured and shown i n  Tab le  31. Brush drops a r e  ca l cu  l a t e d  and incl luded i n  
t h e  t o t a  l  drop t o  estab I i sh t h e  back emf. Cor rec ted  speed va l  ues a r e  used t o  
no rma l i ze  t h e  back emf o f  motor and genera-for. 

I 

3. Load S a t u r a t i o n  C h a r a c t e r i s t i c s  from Tes t  Data 

The motor back emf a t  1000 rprn f rom column 4 vs  motor e x c i t a t i o n  from 
column 2 o f  Tab le  32 de f i nes  t h e  toad s a t u r a t i o n  c h a r a c t e r i s t i c s  o f  t h e  
motor. Corresponding parameters d e f i n e  t h a t  o f  t h e  generator.  

I 

4. R o t a t i o n a l  Losses Under Load 

The d i f f e r e n c e  between t h e  a i r  gap power o u t p u t  o f  t h e  motor and t h e  a i r  
gap power i n p u t  o f  t h e  generator  i s  t h e  t o t a l  r o t a t i o n a l  loss. T h i s  loss  i s  
c a l c u l a t e d  f o r  each c o n d i t i o n  as shown i n  Tab le  32 (column 12). 

5. S t r ay  Load Losses 

The f r i c t i o n  and windage losses, motor i r o n  losses, and genera to r  i r o n  
losses a r e  c a l c u l a t e d  from t h e  equa t ions  developed h e r e i n  f rom a c t u a l  t e s t  
data. These losses a re  shown i n  Tab le  32 on a per-machine bas i s  i n  columns 
13, 14, and 15, r espec t i ve l y .  The t o t a l  r o t a t i o n a l  losses minus t h e  sum of  
t h e  f r i c t i o n  and windage losses and t h e  i r o n  losses f o r  both machines, d j v i d e d  
by h o ,  i s  t h e  s t r a y  load loss as shown i n  column 16 o f  Tab le  32. T h i s  loss 
d i v i d e d  by t h e  motor i npu t  power c a l c u l a t e d  from c o r r e c t e d  motor v o l t a g e  and 
c u r r e n t  i s  shown i n  column 17 as t h e  s t r a y  load loss  f o r  t h e  motor i n  percen t  
o f  w t o r  inpu t .  The average o f  t h e  s t r a y  load losses o f  column 17 i s  1.9 
percent .  

172 



F i g u r e  94. Load Saturation Characteristics of 077 Traction Motor 



Speed. 
rpm 

Hator  
Exci t a t  ban. 
ampere-turns 

Hotor 
Back e m f .  

v 

% l o r  Back 
~ m r  a t  

1000 r p m .  
v 

Motor 
Current. 

amp 

M t o r  A i r  
Gap P w e r ,  

h 

Generator 
Exc i ta t .on .  
ampere-turns 

Generator 
Back c n f ,  

v 

Generator 
Back cmf a t  
1000 rpm.  

v 

Generator 
Current. 

amp 

Genera tor  
Amr Gap 
Power. 

b 

Total 
Roratlonal 
Los.5, 

t& 

F r  c t i o n  and 
Wondage Loss. 

kd 

Hotor 
I ron  
Loss. 
h 

Generator 
lron Loss. 

Iw 

S t r a y  
~ o a d  
Loss. 

S t r a y  
Load L O S S  I 
i n  Motor, 

percent 

' N O !  1 2 3 4 5 6 7 8 9 1 0  I I 12 13 I4 15 16 17 
1 106 101 80 63.1 596 835 52 7 13520 64.3 606 724 46 5 6.18 0.24 0 2 4  0.24 2.61 3.90 

z 242 I0180 143 592 1029 147 12380 155 640 887 137 9.98 0.58 0.56 0 65 3.81 2.25 

3 486 10150 318 653 1022 325 1 1  840 334 687 91 7 306 18.41 1.25 1 48 1.64 6.40 1.83 

4 662 I0030 420 635 I055 443 11620 443 669 928 411 32.20 1.78 2.02 2.24 1 2 2  259 

5 818 lo300 543 663 1039 564 12160 5 70 696 936 533 30.82 2 32 2 86 3.15 10.1 1 .70 

6 954 6260 541 561 1015 549 6470 571 592 905 516 32.57 2.84 2.51 2.80 10.8 I .86 

7 
8 

1235 

1452 

4820 
403 3 

5b4 
542 

440 
373 

1043 
1010 

567 
547 

4870 
3850 

570 
571 

462 
393 

896 
81 5 

51 1 
466 

56.26 
81 -55 

3.90 
4.83 

213 
1 90 

2.35 
2.72 

22.0 
33.9 

3.64 
5 80 

g 

1 0  

1832 

2130 

3290 

2810 

533 
513 

291 
241 

994 

1030 

530 

528 

3040 

2460 

568 

5% 
310 

261 

847 

847 
481 

469 

48.92 

58-97 

6.64 

8.21 

1.60 

1 36 

1.82 

1.59 

16.1 

19.8 

2.80 

3.33 

1 1  1323 4650 537 406 1044 561 a 5 0  547 41 3 91 8 502 59.23 4.27 1.39 2.06 23.3 3.89 

12 1263 4600 554 439 796 441 3990 556 440 727 404 37.07 4 02 2.18 2.20 12.3 2.66 

13 966 6547 554 574 817 453 6110 552 571 754 416 36.70 2.85 2.63 2.61 12.9 2.72 

14 892 7930 557 625 797 444 7640 550 61 1 753 414 30.06 2 58 2 82 2.75 9.67 2 09 

15 807 11880 555 688 810 450 11960 550 682 760 418 31 .0B 2 28 3 02 2.97 10.3 2.19 

16 807 11890 570 706 401 229 11230 561 69 5 381 214 14.78 2.29 3.18 3.08 1.98 0.85 

17 913 7770 565 61 5 405 229 7760 577 628 3 70 213 15.53 2 67 2.84 2.96 2.19 0.93 

18 976 6550 570 584 410 234 6480 590 604 367 217 17 20 2.88 2.77 2.96 2.85 1 19 

19 1163 4650 569 49 0 405 231 4540 596 51 2 357 213 17.31 3.61 2.44 2.67 2.79 1 .l8 

TABLE 32 

LOSS DISTRIBUTION FROM LOAD SATURATION TEST DATA 



Performance 

The p reced ing  d i s c u s s i o n  has e s t a b l i s h e d  a l l  o f  t h e  parameters necessary 
t o  de te rm ine  t h e  performance o f  t h e  D77 t r a c t i o n  motor i n  t h e  unmodi f ied  
ser ies- connected c o n f i g u r a t i o n  o r  i n  t h e  m o d i f i e d  shunt- connected c o n f i g u r a-  
t i o n .  T h i s  s e c t i o n  f i r s t  c a l c u l a t e s  t h e  performance o f  t h e  unmodi f ied  machine 
f rom t e s t  data  and compares it w i t h  p u b l i s h e d  d a t a  f rom t h e  manufacturer.  Then 
t h e  performance o f  t h e  m o d i f i e d  machine i s  c a l c u l a t e d  f rom t e s t  d a t a  t o  i n d i -  
c a t e  t h e  e f f e c t  o f  t h e  m o d i f i c a t i o n  on performance. 

1. Performance o f  Unmodi f ied D77 T r a c t i o n  Moto rs  

The performance o f  t h e  unmodi f ied  D77 t r a c t i o n  motor has been c a l c u l a t e d  
f rom t h e  t e s t  data. The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  shown i n  Tab le  33. 
The c a l c u l a t i o n s  a r e  made f o r  t h e  c o n d i t i o n  o f  a  c o n s t a n t  356-kw i n p u t  power t o  
t h e  motor. Reduc t ion  gear e f f i c i e n c y  has been c a l c u l a t e d  f rom d a t a  on s i m i l a r  
gears.  F i g u r e  95 shows t h e  t r a c t i v e  e f f o r t  v s  c u r r e n t  and speed v s  c u r r e n t  
performance c h a r a c t e r i s t i c s  o f  t h e  machine as  d e f i n e d  by t h e  manu fac tu re r  (EMD 
Curve SC-2786). The v o l t a g e  vs  c u r r e n t  c h a r a c t e r i s t i c  i s  f i x e d  by t h e  c o n s t a n t  
power i n p u t  c o n s t r a i n t .  A l s o  shown i n  F i g u r e  95 i s  t h e  e f f i c i e n c y ,  i n c l u d i n g  
gear losses v s  c u r r e n t  as c a l c u l a t e d  f rom t h e  t r a c t i v e  e f f o r t ,  speed, and i n p u t  
power d e f i n e d  on t h i s  curve.  These c h a r a c t e r i s t i c s  a r e  t h e  b a s e l i n e  perform-  
ance c h a r a c t e r i s t i c s  o f  t h e  motor  and gear.  The c h a r a c t e r i s t i c s  shown i n  

TABLE 33 

D77 SERIES MOTOR PERFORMANCE CHARACTERISTICS 
(356 kw, 62:15 r a t i o ,  40- in. wheels, 75"C, 16 t u r n s / c o i l )  



F i g u r e  95. Unmodi f ied  Ser ies-Wo~nd D77 T r a c t i o n  Moto r  C h a r a c t e r i s t i c s  
(356 kw, 62:15 Gear R a t i o ,  4 0 - i n .  Wheel, 7 5 T )  

ARMATURE CURRENT,-AMP 
$33821 



Table  33, which a r e  based on t h e  t e s t  r e s u l t s ,  have been added t o  F i g u r e  95. 
E x c e l l e n t  agreement i s  seen between t h e  b a s e l i n e  and measured c h a r a c t e r i s t i c s .  
The pub i i shed  performance c h a r a c t e r i s t i c s  a r e  v e r i f i e d  as r e p r e s e n t a t i v e  o f  a c t u a l  
motor performance f o r  t h e  ser ies- connected machine. The performance parameters 
e s t a b l i s h e d  f rom t e s t  da ta  a l s o  may be cons idered t o  be v e r i f i e d  f o r  use i n  
system a n a l y s i s ,  because they  produce r e s u l t s  t h a t  agree w i t h  expected p e r f o r -  
mance. 

2. Performance o f  M o d i f i e d  T r a c t i o n  Moto rs  

The motor d a t a  developed i n  t h e  p reced ing  subsec t ion  and v a l i d a t e d  by 
comparison o f  c a l c u l a t e d  performance w i t h  pub l i shed  performance da ta  f o r  t h e  
s e r i e s  motor have been used t o  c a l c u l a t e  t h e  performance o f  t h e  m o d i f i e d  motor. 
The m o d i f l e d  motor  f i e l d  losses must be  s e p a r a t e l y  supp l ied .  These f i e l d  
losses and t h e  losses i n  t h e  f i e l d  power supp ly  ( a l t e r n a t o r  and r e c t i f i e r )  

must be inc luded  i n  t h e  i n p u t  t o  t h e  motor  i n  o r d e r  t o  compare t h e  performance 
o f  t h e  m o d i f i e d  machine w i t h  t h e  b a s e l i n e  c h a r a c t e r i s t i c s .  I n  t h e  s e r i e s -  
connected machine, t h e  main f i e l d  w ind ing  must o p e r a t e  a t  armature c u r r e n t .  
A t  f u l l  a rmature c u r r e n t ,  t h e  main f i e l d  wind ing must be capable  o f  d i s s i p a t -  
ing  f u l l  a rmature c u r r e n t  losses i n  t h e  winding.  The f i e l d  losses inc rease  
w i t h  t h e  c u r r e n t  squared b u t  t h e  r e s u l t i n g  f l u x  inc rease  i s  l i m i t e d  by sa tu ra-  
t i o n ,  so o p e r a t i o n  a t  h i g h  armature c u r r e n t  i s  i n e f f i c i e n t .  I n  t h e  s e p a r a t e l y  
e x c i t e d  machine, an a d d i t i o n a l  degree of freedom i s  i n t roduced  and e x c i t a t i o n  
may be c o n t r o l l e d  independent o f  armature c u r r e n t .  F i g u r e  96 shows t h e  e f f e c t  
on t h e  motor losses and t r a c t i v e  e f f o r t  o f  a  t r a d e o f f  between armature c u r r e n t  
and f i e l d  e x c i t a t i o n .  As t h e  armature c u r r e n t  i s  increased, t h e  armature copper 
loss,  t h e  i n t e r p o l e  loss,  and t h e  brush d rop  increase. A t  t h e  same t ime, t h e  
main f i e l d  l o s s  and i r o n  loss  decrease. F i g u r e  96 shows t h a t  a t  c o n s t a n t  i n p u t  
power and speed an optimum e x c i t a t i o n  e x i s t s  t h a t  w i l l  r e s u l t  i n  minimum losses, 
maximum e f f i c i e n c y ,  maximum t r a c t i v e  e f f o r t ,  and maximum o u t p u t  power. F i g u r e  
97 shows optimum e x c i t a t i o n  v s  armature c u r r e n t  f o r  c o n s t a n t  power i n p u t  t o  
motor and f i e l d  supp ly  losses. A l s o  shown i n  F i g u r e  97 i s  t h e  100-percent f i e l d  
c o n d ~ t i o n  e q u i v a l e n t  t o  t h a t  o f  t h e  s e r i e s  machine. 

Tab le  34 shows t h e  c a l c u l a t e d  performance o f  t h e  m o d i f i e d  D77 t r a c t i o n  
motor f o r  c o n s t a n t  i n p u t  power t o  t h e  motor p l u s  f i e l d  supp ly  losses w i t h  
optimum e x c i t a t i o n  a p p l i e d  t o  t h e  motor.  F i e l d  power supp ly  losses a r e  based 
on 85- percent f i e l d  power supply  e f f i c i e n c y .  Reduct ion gear e f f i c i e n c i e s ,  as  
shown, a r e  inc luded.  These da ta  a r e  shown i n  F i g u r e  98. 

F i g u r e s  95 and 98 p r o v i d e  a  d i r e c t  cornpar i son  o f  t h e  performance o f  
t h e  unmod i f i ed  and m o d i f i e d  machines for c o n s t a n t  power i n p u t  a t  75OC w ind ing  
temperatures.  A t  l i g h t  l o a d  ( low c u r r e n t ) ,  t h e  f i e l d  power supp ly  losses a r e  
smal l  and most o f  t h e  power i s  d e l i v e r e d  t o  t h e  motor drmature c i r c u i t .  The 
v o l t a g e  vs c u r r e n t  c h a r a c t e r i s t i c s ,  t h e r e f o r e ,  a r e  p r a c t i c a l l y  i d e n t i c a l .  A t  
h igher  c u r r e n t ,  t h e  m o d i f i e d  motor i n p u t  v o l t a g e  i s  s l i g h t l y  l e s s  than  t h a t  
o f  t h e  unmodi f ied motor a t  t h e  same c u r r e n t .  Opera t ion  o f  t h e  m o d i f i e d  motor 
a t  reduced e x c i t a t i o n  and h i g h e r  armature c u r r e n t  f o r  a  g i v e n  power i n p u t  on 
speed r e s u l t s  i n  a  s h i f t  o f  t h e  t r a c t i v e  e f f o r t  c u r v e  t o  t h e  r i g h t ,  an increase 
i n  t h e  speed curve,  and an increase i n  t h e  e f f i c i e n c y  curve.  A t  t h e  same 
t r a c t i v e  e f f o r t  and i n p u t  power w i t h  optimum e x c i t a t i o n ,  t h e  m o d i f i e d  machine 

'--.. 
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- F i g u r e  96. T y p i c a l  E x c i t a t i o n  v s  A r ~ a t u r e  C u r r e n t  C h a r a c t e r i s ~ i c s  
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TABLE 34 

MODIFIED D77 SEPARATELY EXCITED MOTOR PERFORMANCE CHARACTERISTICS 
(356 kw," 62:15 r a t i o ,  40- in .  wheels,  75'C, 132 t u r n s / c o i l )  

" T o t a l  mo to r  i n p u t  + f i e l d  s u p p l y  losses .  
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F igu re  98. M o d i f i e d  Shunt-Wound 077 T r a c t i o n  Motor C h a r a c t e r i s t i c s  



opera tes  a t  h i g h e r  armature c u r r e n t  than  t h e  unmodi f ied machine, b u t  a t  t h e  
same speed and e f f i c i e n c y .  Therefore,  b o t h  machines o p e r a t e  a t  t h e  same over  
a l l  performance leve l ,  b u t  w i t h  a  d i f f e r e n t  d i s t r i b u t i o n  o f  i n t e r n a l  losses. 

Heat Run T e s t  Data 

The two motors  were operated back- to-back a t  t h e  c o n d i t i o n s  shown i n  
Tabies 35 and 36 u n t i l  s t e a d y- s t a t e  temperatures were ob ta ined .  Temperatures 
o f  t h e  w ind lng  s u r f a c e s  were measured and recorded. Average w ind ing  tempera- 
t u r e s  were e s t a b l i s h e d  'by r e s i s t a n c e  determined f rom v o l t m e t e r  and ammeter 
read ings .  Average armature tempera tu re  a f t e r  shutdown was determined by r e s i s -  
t a n c e  measurement and commutation/brush i n t e r f a c e  tempera tu re  a f t e r  shutdown 
was measured by a  thermocouple. A i r f l o w  t o  t h e  machine was a d j u s t e d  and measured 
a s  t h e  p ressure  d rop  across t h e  motors  and a i r  temperatures were. Ex tens ive  
tempera tu re  d a t a  o b t a i n e d  d u r i n g  these  t e s t s  have been reduced and a r e  inc luded 
i n  t h e  f o l l o w i n g  subsect ion.  The thermal  t i m e  c o n s t a n t s  o f  t h e  main f i e l d  and 
i n t e r p o l e  w ind ings  as determined f rom t e s t s  o f  t h e  m o d i f i e d  machine a r e  73 and 
23 min, r e s p e c t i v e l y ,  a t  3130 cfm. The increase i n  thermal  impedance o f  t h e  
shunt-wound m u l t i t u r n  c o i l  t h a t  r e s u l t s  f rom t u r n  i n s u l a t i o n  i s  s i g n i f i c a n t l y  
g r e a t e r  than  t h e  e f f e c t  o f  a i r f l o w  on t h e  c o o l i n g  r a t e  and e x p l a i n s  t h e  
Inc rease  i n  t i m e  c o n s t a n t  f o r  t h i s  c o i l .  The m o d i f i e d  i n t e r p o l e  w ind ing  has 
increased hea t  c a p a c i t y  and increased c o o l i n g  capac i t y ,  and t h e r e f o r e ,  has a  
t i m e  c o n s t a n t  s i m i l a r  t o  t h e  unmodi f ied c o i l .  The s i g n i f i c a n t  r e s u l t s  o f  t h e  
h e a t  r u n  a r e  t h a t  t h e  thermal c a p a b i l i t y  o f  t h e  i n t e r p o l e  w ind ing  was g r e a t l y  
improved by t h e  use o f  a  l a r g e r  s i z e  conduc to r  and t h a t  some improvement i n  
t h e  thermal des ign  o f  t h e  shunt  f i e l d  w ind ing  o f  t h e  m o d i f i e d  machine i s  
r e q u i r e d .  The f o l l o w i n g  subsec t ion  p r o v i d e s  d e t a i l e d  tempera tu re  t i m e  h i s t o r y  
d a t a  from hea t  r u n  2  t o  i l l u s t r a t e  t h e  thermal c o n d i t i o n  o f  t h e  machine as mod- 
i f i e d  w ~ t h  a  p r o t o t y p e  shun t  f i e l d  des ign.  

TRACTION MOTOR THERMAL ANALYSIS 

A thermal a n a l y s i s  o f  t h e  m o d i f i e d  D77 t r a c t i o n  motor  was performed. 
The purpose o f  t h e  a n a l y s i s  was t o  e s t a b l i s h  a  d i g i t a l  computer thermal model 
f o r  t h e  e v a l u a t i o n  and o p t i m i z a t i o n  o f  t h e  motor performance i n  terms o f  
thermal  r a t i n g .  The thermal  model was c o r r e l a t e d  w i t h  l a b o r a t o r y  t e s t  data  
t o  v e r ~ f y  and improve i t s  accuracy. The s tudy  has shown t h a t  t h e  thermal  
model ing techn ique  presented h e r e i n  i s  a  v a l i d  t o o l  f o r  thermal  des ign  o f  t h e  
t r a c t i o n  a o t o r .  The t e s t  c o n d i t i o n s  on t h e  machine were tdken  f rom hea t  r u n  2 
( l i n e  24, Tab le  36) .  A n a l y s i s  o f  t h e  t e s t  da ta  r e s u l t e d  i n  t h e  thermal con- 
d l t l o n s ,  a l r f l o w ,  and l o s s  d i s t r i b u t i o n  as shown i n  Table  37. 

Thermal A n a l y s i s  D e t a i l s  

The a n a l y s ~ s  was performed u s i n g  t h e  AiResearch Thermal Analyzer  Computer 
Prosram. The program analyzes a  thermal  network  model t h a t  c o n s i d e r s  conduc- 
t i o n ,  convec t ion ,  c o o l  i n g  a i r f l o w ,  and r a d i a t i o n .  The h e a t  d i s s ~ p a t i o n  ( 1 2 ~ )  
a s  a  f u n c t i o n  o f  temperature  was accounted f o r  i n  t h e  program. A d e t a i l e d  
model was c r e a t e d  f o r  t h e  a n a l y s i s  and i s  presented i n  F i g u r e s  99 t o  101. The 
c a l c u l a t e d  s teady- s ta te  temperatures based on t h e  t e s t  c o n d i t i o n  o f  t h e  D77 

oc Z R  TQ The t h e  - - -- .  
c a l c u l a t e d  temperatures a t  t h e  c r i t i c a l  areas o f  t h e  motor  a r e  presented i n  
F i g u r e s  102 t o  105. 
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T A B L E  35 

HEAT RUN NO. 1 T E S T  DATA 
MOD 1 F 1 ED D77 TRACT I O N  MOTOR 

-- 
NO. 1 2 3 4 5 6 7 8 9 10 
.- ----. . 11 12 13 

I 12:ocl 513 7 4 3  5,31 720 9 ~ 3  881 50s 

2 \ 2 : b S  5'77 f s.3 5.83 1035 93.8 944 5 0 3  





C o o l i n g  a i r f l o w  2800 cfm 

C o o l i n g  a i r  tempera tu re  96°F 

Motor speed ( c o r r e c t e d  ) 858 rpm 

Armature c u r r e n t  1053 amp 

Power d i s s i p a t i o n  summary 

I n t e r p o l e  8.34 kw a t  169°C 

Main f i e l d  6.81 kw a t  223°C 

Armature cu 27.43 kw a t  248°C 

Brush drop 7.1 kw 

Armature t o o t h  10.6 kw 

3.12 kw I Armature i r o n  

Main p o l e  face 5.58 kw 

- - - -- -- - -- -- 

F i g u r e  102 p resen ts  t h e  average s u r f a c e  tempera tu re  o f  t h e  main f i e l d  

c o i l  a t  t h e  c o o l i n g  a i r  i n l e t  end (commutator end) and t h e  c o o l i n g  a i r  o u t l e t  
end. The measured temperatures a r e  based on f o u r  thermocouples r e a d i n g  a t  
each end o f  t h e  c o i l .  Each thermocouple i s  bonded on t h e  c e n t e r  o f  end t u r n  

TABLE 37 

STEADY-STATE THERMAL CONDITIONS 

'C 

I 

'.rrr 

surface.  F i g u r e  103 shows t h e  average f i e l d  conductor  temperatures t h a t  were 
c a l c u l a t e d  by r e s i s t a n c e  measurement. F i g u r e  104 i s  t h e  average s u r f a c e  
Temperature o f  t h e  i n t e r p o l e  c o i l .  The measurement t e c h n i q u e  i s  s i m i l a r  t o  
t h e  n a i n  f i e l d  c o i l .  The average i n t e r p o l e  conductor  tempera tu re  measured by 
r e s i s t a n c e  method i s  presented i n  F i g u r e  105. F i g u r e  106 shows t h e  average 
armature conductor  temperatures t h a t  were c a l c u l a t e d  by r e s i s t a n c e  measurement 
a f t e r  shutdown. 

Examinat ion o f  t h e  r e s u l t s  r e v e a l s  t h a t  t h e  thermal  model has demonstrated 
a good agreement between t h e  t e s t  da ta  and t h e  a n a l y t i c a l l y  computed r e s u l t s .  
Therefore ,  t h e  thermal  model can be used f o r  t h e  p r e d i c t i o n  o f  t h e  ho t- spo t  
w ind ing  tempera tu re  and thermal  performance of t h e  t r a c t i o n  motor. 

Therma I  Performance 

The thermal a n a l y s i s  model o f  t h e  as- modi f ied t r a c t i o n  motor v a l i d a t e d  
by t e s t  da ta  has been used t o  i n v e s t i g a t e  t h e  e f f e c t  o f  a i r f l o w  and maln 

f i e l d  c o i l  des ign  changes on t h e  thermal  performance o f  t h e  motor. .C 





P 
M A I N  F I E L D  C O I L  

I NOTES : NODES 2 3 ,  24, 29 I N L E T  A I R  END END-TURN 
2 5 ,  26, 3 0  O U T L E T  A I R  END END-TURN 
31 , 32 I N S U L A T I O N  
33 T O  40 W I N D I N G  
41 T O  46 HOUS l NG OR IRON 

5-33802 

INLET A I R  END OUTLET A I R  END 

NODES 1 , 2 ,  9 I N L E T  A I R  END END-TURN I 
3 ,  4, 1 0  OUTLET A I R  END END- TURN 
1 3  TO I 8  END TURN I N S U L A T I O N  
5 ,  6, 7 ,  8 ,  1 1 ,  1 2  W I N D I N G  
19 TO 2 2  BACK IRON ~ 3 3 8 0 0  

LV F i g u r e  100. Thermal Nodal Nel-work for D77 Motor 

t r d  
F i g u r e  101. Thermal Nodal Network for 077 Motor (Interpole Area )  



TABLE 38 

MODIFIED D77  TRACTION MOTOR STEADY-STATE 
TEMPERATURE TEST CONDITION 



TABLE 39 

FLUID CAPACITY RATE ELEMENTS 

FLUTO CAPACITY R A T E  EtEMEblTS 
S T R E A M  3 ~ Q O E  NO9=  l i j 1  INLET T F ~ ~ P V =  l ~ 4 r 3 6  

SECT1 Or l  b.CUE P i Q o  f ~ u f  FLQb kboF H E A T  
W 1 1 05 l d 4 r 8 k  879,  O O f ! Q  r (1703 a O f l 0 0 r S O  

FLUID  C A P h C I T Y  R A T E  ELEUENTS 
S T R E A M  t4O.z 4 1Q.s IQS LkLET f E k ' F r a  104.88 

S E C T I O I I  r.lOCE N O .  TOUT F L U b  H ~ O F  W n Y  T h 4 ,  

1. 106 166.87 o 5 a 0 u n ~ a  Q 0646 a404768 

2 1 07  231,71 & 5 b r  c ~ J ! I U  ~ 0 5 0 %  l e2607QQ 

FLUID C A P A C I T Y  R A T E  E L E ~ E ~ I T T  
STREAM h C , =  5 I~OI-JE h 0 - s  ] 05 I h C E T  T E ) ' P * =  1!14,8@ 

F L U I C  C A P A C I T Y  R P T C  ELEME?:YS 
S T ~ E ~ M  NO,S 6 rqnDc LO.= I Z C  I N L E T  T E ~ * P ~ =  175.32 

SECTION hQOE h Q a  TOUT FLOW FHQF 4 E a I P  I F ' ,  
1 1 2 1  13S.4P 14701 (13110 a 11521L a 0 0 0 0 f ! ~  
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F i g u r e  102. D77 Moto r  Average F i e l d  C o i l  Su r face  Temperature M o d i f i e d  

T I M E ,  H I N  
<,,#,> 

- 
F i g u r e  103. M o d i f i e d  D77 Motor Average F i e l d  Conductor Temperature 
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F i g u r e  104. M o d i f i e d  D77 Motor l n t e r p o l e  Average C o i l  Su r face  Temperature 

T I M E .  M I N  

\,,8,,, 

F i g u r e  105. M o d i f i e d  D77 Motor l n t e r p o l e  Average Conductor Temperature 



kigure 106. Modifled D l 1  Motor Armature Hverage lemperd~ura 



F igu re  107 shows t h e  e f f e c t  o f  motor c o o l i n g  a i r f l o w  r a t e  on i n t e r p o l e  
and main f i e l d  temperatures.  l n spec t i on  o f  t h i s  f i g u r e  shows t h a t  increased 
a i r f l o w  has l i t t l e  e f f e c t  on wind ing temperatures i n  t h e  as-modif ied machine 
f o r  t h e  t e s t  c o n d i t i o n s  s pec i f i ed .  

l n spec t i on  o f  F i g u r e  107 d i s c l o s e s  t h a t  r e d u c t i o n  i n  main f i e l d  c o i l  
temperatures r e q u i r e d  t h a t  t h e  c o i l  be opt imized.  

MAIN FIELD COIL OPTIMIZATION 

A 132- turn shunt f i e l d  c o i l  was designed, f ab r i ca ted ,  and i n s t a l l e d  i n  
two D77 t r a c t i o n  motors. The c o i l  was f a b r i c a t e d  f o  match t h e  dimensions o f  
t h e  standard motor. I t  u t i l i z e d  Kapton t u r n  i n s u l a t i o n  and an ex te rna l  insu- 
l a f i o n  system i d e n t i c a l  t o  t h a t  o f  t h e  s tandard c o i l  as  manufactured by Motor 
C o i l s  Manufactur ing.  The c o i l  was designed as a  low- current  (100 amp), 
moderate v o l t a g e  (100 v )  replacement f o r  t h e  s tandard c o i l .  The purpose o f  
t h i s  c o i l  was t o  p rov i de  benchmark thermal  data on t h e  performance o f  such a 
m u l t i l a y e r ,  m u l t i t u r n  c o i l  i n  a  D77 t r a c t i o n  motor. No d e t a i l  drawings of  
t h e  machine were a v a i l a b l e  t o  AiResearch, and d e t a i l  thermal a n a l y s i s  w i t hou t  
drawings o r  t e s t  da ta  was n o t  cons idered t o  be  an e f f e c t i v e  approach. The 
approach fo l lowed was t o  design, f a b r i c a t e ,  i n s t a l l ,  and t e s t  t h e  above c o i l  
for ~ i n i r n u m  c o s t  i n  money and t ime, and t h e  r e s u l t i n g  t e s t  da ta  were used f o r  
c o i l  op t im i za t i on .  

F i gu re  108 shows a s i m p l i f i e d  s e c t i o n  o f  t h e  c o i l  as manufactured. Addi- 
t i o n a l  d e t a i l s  o f  t h e  i n s u l a t i o n  system a r e  p rov ided  i n  F i g u r e  109. These 
d e t a i l s  were used t o  d e f i n e  t h e  b a s e l i n e  thermal model o f  t h e  as-modif ied-as- 
t e s t e d  motor. 

F i gu re  110 shows t h r e e  techniques f o r  improvement o f  t h e  therma! per-  
formance of  t h e  main f i e l d  windings. The f i r s t  i n vo l ves  t h e  i ns ta l l ad - i on  o f  
a metal f i l l e r  p l a t e  a long  t h e  c o i f  s i des  t o  p rov i de  increased thermal con- 
d u c t i v i t y  f o r  t h e  conduct ion o f  hea t  f rom t h e  c o i l  t o  t h e  c o o l i n g  surface. 
T h i s  technique i s  s i m i l a r  t o  t h a t  employed i n  machines us i ng  a 7- turn,  9- turn,  
2- sect ion,  main f i e l d  w ind ing  i n  t h e  s e r i e s  machine. No problem o r  develop- 
ment i s  r equ i r ed  t o  i nco rpo ra te  t h i s  improvement i n  p roduc t i on  c o i  Is. The 
second techn ique  takes advantage o f  t h e  f a c t  t h a t  t h e  sepa ra te l y  e x c i t e d  main 
f i e l d  c o i l s  i n  t h e  shunt-wound machine a re  operated from an i s o l a t e d  power 
supp ly  and so a r e  no t  sub jec ted  t o  f u l l  armature c i r c u i t  vo l t ages  and switch-  
ing t r a n s i e n t s  t h a t  r e q u i r e  h i g h  i n s u l a t i o n  ! e v e l s  i n  t h e  s e r i e s  machine. The 
b a s e l i n e  c o i l  i s  g r o s s l y  ove r- i nsu la ted  and s i g n i f i c a n t  r e d u c t i o n  i n  insu la-  
t i o n  th i ckness  t o  ground can be ob ta ined  w i t h o u t  loss  of e l e c t r  i c a  i i n t e g r i t y .  
However, u n t i l  o p e r a t i n g  h i s t o r y  can be ob ta ined  on t h e  sepa ra te l y  e x c i t e d  
machines w i t h  such main f i e l d  windings, it i s  no? cons idered prudent  t o  reduce 
t h e  i n s u l a t i o n  system t o  t h e  minimum e l e c t r i c a l  requ i rements  because t h e  
i n s u l a t i o n  system prov ides  cons ide rab le  mechanical suppor t  f o r  t h e  wind ings 
and it a l s o  p rov ides  mechanical p r o t e c t i o n  f o r  t h e  i n t e r n a l  i n s u l a t i o n .  A 
r e d u c t i o n  o f  0.016 in., t h e r e f o r e ,  i s  cons idered as t h e  maximum r e d u c t i o n  t o  
make from The es tab l i shed  des ign a t  t h i s  t ime. The t h i r d  techn ique  increases 
t h e  c o i l  f i l l  f a c t o r  ( pe rcen t  o f  t h e  c o i l  space occupied by copper)  by t h e  
r ! q @  nf ~ m ~ r o v e d  p roduc t i on  t o o l  i nq  to c o n t r o l  t h e  bu i  ldup o f  t h e  winding. A 
conse rva t i ve  r educ t i on  of 0.005 i n  t h e  i n t e r - t u r n  space i s  assumed around 

- 
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each tu rn .  I n  add i t i on ,  a reduc t ion  i n  t h e  number o f  t u r n s  w i l l  reduce t h e  
number of layers  o f  i n s u l a t i o n  t h a t  impede heat t r a n s f e r  and w i l l  reduce t h e  
losses i n  t h e  c o i l .  

F igure 111  shows t h e  e f f e c t  o f  a reduc t ion  i n  t h e  number o f  t u rns  and 
a reduct ion  i n  t h e  i n t e r- t u r n  space on t h e  f i l l  f r ac t i on .  A 132-turn c o i l  
( e x i s t i n g  shunt f i e l d  c o i l  design) and a 98- turn c o i l  design are  shown. 

The thermal model o f  t h e  077 was u t i l i z e d  t o  i n v e s t i g a t e  t h e  e f fec t i ve-  
ness of these techniques. F igure 112 i d e n t i f i e s  t h e  main f i e l d  c o i l  construc- 
t i o n  fo r  s p e c i f i c  thermal model cases. 

Case 1 A  i s  t h e  as- tested conf igura t ion  w i t h  t h e  as- tested a i r f l o w  and loss 
d i s t r i b u t i o n .  Case 1B i s  t h e  same as I A ,  except t h a t  t h e  a i r f l o w  i s  increased. 
Case 1C i s  t h e  same as I A ,  except t h a t  add i t i ona l  a i r f l o w  i s  provided. The 
speed and losses a r e  as- tested f o r  a l l  t h r e e  o f  these cases. These a r e  t h e  
same cases shown i n  F igure  107. 

The r e s u l t s  o f  t h e  thermal ana lys is  a re  summarized i n  Table 40. 

Case 2 shows t h e  e f f e c t  o f  a reduc t ion  i n  t h e  number o f  t u r n s  on t h e  
thermal performance fo r  t h e  same cond i t ions  as case l A ,  which are  t h e  as- tested 
condi t ions.  Inspect ion o f  Table 40 shows t h a t  t h e  main f i e l d  hot-spot tem- 
perature has been reduced from 262" t o  228°C and t h e  average winding tempera- 
t u r e  has been reduced t o  209°C. 

Add i t iona l  reduc t ion  i n  temperature i s  shown t o  r e s u l t  i f  the  t u r n s  are  
reduced and, i n  add i t i on ,  i n s u l a t i o n  th ickness  a l s o  i s  reduced as shown i n  
F igure 112. When both changes are  accomplished, t h e  thermal model ind ica tes  
t h a t  t h e  main f i e l d  hot-spot temperature i s  reduced t o  217°C and t h e  average 
main f i e l d  temperature i s  reduced t o  199°C. I n t e r p o l e  winding temperatures are  
o n l y  181°C h o t  spot  and 168°C average. Armature temperature, however, i s  high 
f237"C) because operat ion o f  the  motor a t  858 rpm r e s u l t s  i n  a h igh  armature 
eddy factor.  

Case 4 shows t h a t  i f  t h e  motor speed i s  reduced t o  base speed o f  372 rpm 
(10.7 mph), t h e  armature losses and temperature a r e  reduced t o  an acceptable 
191°C a t  the  h igher  armature cu r ren t  level  o f  1129 amp. With an e x c i t a t i o n  
of 11,800 ampere-turns per pole, t h i s  performance i s  i d e n t i c a l  t o  t h a t  o f  t h e  
se r ies  machine a t  1056 amp. A l l  winding temperatures are  acceptable. 

Case 5A shows t h e  e f f e c t  o f  reduc t ion  i n  a i r f l o w  from t h a t  o f  t h e  road 
locomotive t o  t h a t  o f  the  switcher.  A t  t h i s  a i r f l o w ,  load must be reduced. 
Case 56 reduces load t o  a l eve l  where 85 percent  o f  t h e  losses o f  case 5A are  
developed and case 5C reduces load t o  a leve l  where 80 percent o f  the  losses 
o f  case 5A a r e  developed. 

Acceptable temperatures are  shown f o r  case 5C. The performance o f  the  
separate ly  exc i t ed  switches a t  these cond i t i ons  i s  acceptable and exceeds 
t h a t  o f  the  unmodified se r ies  machine, which i s  l i m i t e d  by i n t e r p o l e  tempera- 
t ~ ~ r p  t o  a h n ~ ~ t  850 amn load c u r r e n t  a t  1400 cfm. 
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CASE 1 @ 79 PERCENT CU-FILLED W I R E  
0 t l  = 0.042; t 3  = 0.057 
' T 2  (AVERAGE EPOXY MICA FILLER) = 0.264 
a t 4  = 0.062: t 5  = 0.146 

CASE 2 SAME AS CASE 1 W lTH 85 PERCENT CU-FILLED W l RE 

CASE 3 85 PERCENT CU-F I LLED W I R E  
TO @ tl = 0.026; t 3  = 0.041 
CASE 5 e t 2  = 0.125; t 4  = 0.046 

' t 5  = 0.146 

NOTE: DIMENSIONS ARE I N  I N C H E S .  

F i g u r e  112. M a i n  F i e l d  C o i l  C o n s t r u c t i o n  
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TABLE 40 

TRACTION MOTOR THERMAL STUDY SUMvlAKY 
(COOLING A I R  AT (96°F) 

N 
0 
0 



*-- 
RESULTS OF TRACTION MOTOR TASK 

T r a c t i o n  motor performance da ta  o b t a i n e d  from t e s t s  have been used t o  
deve lop models f o r  t h e  a n a l y s i s  o f  t h e  performance o f  unmod i f i ed  and mod i f i ed  
t r a c t i o n  motors. The performance model f o r  t h e  s e r i e s  model p r e d i c t s  p e r f o r -  
mance t h a t  agrees w i t h  t h e  e s t a b l i s h e d  c h a r a c t e r i s t i c s .  T h i s  v a l i d a t e s  t h e  
da ta  f o r  use i n  t h e  a n a l y s i s  o f  system performance. 

A p r o t o t y p e  s e p a r a t e l y  e x c i t e d  main f i e l d  c o i l  was designed, manufactured, 
and i n s t a l l e d  i n  two  D77 t r a c t i o n  motors.  T e s t i n g  o f  t h e  m o d i f i e d  motors 
p rov ided  t h e  thermal da ta  necessary for development o f  a  thermal  model o f  t h e  
machine and o p t i m i z a t i o n  o f  t h e  c o i l  design.  

An op t im ized  c o i l  des ign  r e s u l t i n g  f rom t h i s  e f f o r t  i s  shown t o  have 
98 tu rns .  Performance o f  t h e  s e p a r a t e l y  e x c i t e d  machine i s  e q u i v a l e n t  t o  t h a t  
o f  t h e  s e r i e s  machine, b u t  w i t h  a  d i f f e r e n t  d i s t r i b u t i o n  o f  losses. Operat ion 
o f  t h e  s e p a r a t e l y  e x c i t e d  machine i s  most e f f e c t i v e  a t  reduced e x c i t a t i o n  
l e v e l s  and increased armature c u r r e n t  l e v e l s  when compared w i t h  t h e  s e r i e s  
machine. 

Increases i n  i n t e r p o l e  conductor  s i z e  improve t h e  thermal  c a p a b i l i t y  o f  
t 9 e  machine. 

- 



SECTION 6 

, ECONOMIC ANALYSIS AND RESULTS 

The p o t e n t i a l  b e n e f i t s  o f  f l ywhee l  energy s t o r a g e  a r e  l a r g e l y  economic. 
A l though reduced f u e l  consumption i s  a d e s i r a b l e  m a t e r i a l  goa l ,  no p a r t i c u l a r  
s o c i a l  b e n e f i t  r e s u l t s  f rom t h e  deployment o f  FESS. The major  sav ings  a r e  
locomot ive f u e l ,  energy, and reduced locomot i ve  maintenance. On a t ime-  
c o n s i s t e n t  bas is ,  these  sav ings must be compared w i t h  t h e  i n i t i a l  investment 
and maintenance c o s t s  f o r  t h e  f l ywhee l  system equipment. 

The comparison o f  sav ings  t o  c o s t  has been performed by u s i n g  severa l  
accepted economic techn iques.  The FESS can be cons ide red  economica l l y  v i a b l e  
i f  (1 )  t h e  sav ings  s u f f i c i e n t l y  exceed c o s t s  t o  p r o v i d e  a reasonable  r e t u r n  
3n inves ted  c a p i t a l ,  i n c l u d i n g  i n t e r e s t  charges, and ( 2 )  t h e  sav ings  compensate 
f3r t h e  u n c e r t a i n t i e s  assoc ia ted  w i t h  t h e  i n t r o d u c t i o n  o f  new technology.  

ECONOMIC ANALYSIS TECHNIQUES 

To s i v p l i f y  t h e  c a l c u l a t i o n  o f  r e t u r n  on inves tment  (ROI) i n  t h e  economic 
a n a l y s i s ,  if was assumed t h a t  a l l  investments  were made i n  year  z e r o  o f  t h e  
20-year economic l i f e  o f  t h e  system. Year ze ro  i s  d e f i n e d  as 1982 f o r  t h e  
purpose o f  t h i s  s t u d y  s i n c e  t h i s  would be t h e  e a r l i e s t  a p r o d u c t i o n  FESS system 
c o u l d  be deployed. Savings were c a l c u l a t e d  a t  t h e  mid- year p o i n t  f o r  each o f  
t h e  20 years. 

The economic techn iques  t o  be employed i n  t h i s  s tudy  were agreed upon w i t h  
FRA a t  an e a r l y  s tage  when an a t t e m p t  was made t o  assess t h e  v i a b i l i t y  o f  t h e  
FESS concept u s i n g  t h e  techn iques  w i t h  which i n d u s t r y  and government a r e  most 
f a m i l i a r .  These techn iques  a r e  desc r ibed  below. 

O f f i c e  o f  Manaqement and Budget C i r c u l a r  A-94 

T h i s  i s  a n e t  p r e s e n t  w o r t h  o r  n e t  p r e s e n t  v a l u e  techn ique.  As t h e  name 
imp l ies ,  t h i s  t e c h n i q u e  i s  concerned w i t h  assess ing  t h e  v a l u e  o f  monies spent  
o r  saved i n  f u t u r e  years  i n  terms o f  t o d a y ' s  money value;  however, t h i s  i s  n o t  
a method f o r  d e a l i n g  w i t h  i n f l a t i o n .  OMB A-94 a l l o w s  r e l a t i v e  i n f l a t i o n  t o  be 
taken i n t o  account. I n f l a t i o n  f a c t o r s  a r e  shown i n  Tab le  41. 

4 c r u c i a l  d i s c u s s i o n  t o  be cons idered concerns t h e  r a t e  a t  which f u t u r e  
monies should  be discounted. OMR A-94 d i c t a t e s  t h a t  a 10- percent r a t e  be used. 
T h i s  r e p r e s e n t s  an e s t i m a t e  o f  t h e  average r a t e  o f  r e t u r n  f o r  p r i v a t e  i n v e s t-  
ment b e f o r e  t a x e s  and a f t e r  i n f l a t i o n .  However, r a i l r o a d s  t y p i c a l l y  r e a l i z e  
o n l y  a 5 t o  6 pe rcen t  r a t e  o f  r e t u r n ,  and t h e r e f o r e  t h e  a p p l i c a b i l i t y  o f  t h e  
OMB A-94 g u i d e l i n e s  t o  FESS i s  ques t ionab le .  For  t h i s  reason, t h e  r e s u l t s  
d e r i v e d  from t h i s  t e c h n i q u e  were n o t  used as t h e  b a s e l i n e  case. 

- 
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A n a l y s i s  
Techn ique  

D i e s e l  
Fuel Maintenance 

General 
P r i c e  
Level  

OMS A-94 2 2  0 

4R A c t  0 0 0 

S e n s i t i v i t y  

S e n s i t i v i t y  

1 

2  

8 

1 l o  

8 

8 - 

6 

6 

I n  t h i s  t y p e  o f  study, t h e  c h o i c e  o f  i n f l a t i o n  f a c t o r  i s  a  c r u c i a l  d e c i s i o n  
when t h e  year o f  d e c i s i o n  i s  1982, and t h e  hardware i s  designed f o r  a  20-year 
economic l i f e .  Many d i f f e r e n t  components make up t h e  t o t a l  c o s t s  and annual 
savings;  h i s t o r i c a l l y ,  each o f  these  components has increased i n  c o s t  a t  d i f f e r e n t  
r a t e s  r e l a t i v e  t o  t h e  genera l  p r i c e  l e v e l  

R a i l r o a d  R e v i t a l i z a t i o n  and Requ la to ry  Reform 

(GPL). 

(4R) Act-1975 

The purpose o f  t h e  R a i l r o a d  R e v i t a l i z a t i o n  and R e g u l a t o r y  Reform (4R) A c t  
was t o  p r o v i d e  f i n a n c i a l  a s s i s t a n c e  t o  t h e  U.S. r a i l r o a d s ,  e n a b l i n g  them t o  
i n v e s t  i n  e s s e n t i a l  new p r o j e c t s ,  such as t r a c k  maintenance, t r a c k  r e c o n f i g u r a -  
t i o n ,  e t c .  I t  was cons idered prudent  t o  assess t h e  b e n e f i t  o f  FESS u s i n g  t h e  
g u i d e l i n e s  o f  t h e  4R Act,  even though FESS cou ld  p robab ly  n o t  q u a l i f y  f o r  4R 
a s s i s t a n c e  as t h e  l e g i s l a t i o n  i s  c u r r e n t l y  s t r u c t u r e d .  

Because t h e  4R A c t  g u i d e l i n e s  make no a l l owance  f o r  genera l  o r  r e l a t i v e  
i n f l a t i o n ,  AiResearch f e e l s  t h a t  t h e  r e s u l t s  do n o t  r e f l e c t  a c c u r a t e  wor ld  
c o n d i t i o n s .  Therefore ,  t h e  r e s u l t s  f rom t h i s  t e c h n i q u e  were n o t  used as t h e  
b a s e l i n e  case. 

S e n s i t i v i t y  Analyses 1 and 2  

These analyses were recommended by AiResearch as be ing  " rea l- wor ld"  
because i n f l a t i o n  was taken i n t o  account,  p roduc ing  an o u t p u t  based on c u r r e n t  
d o l l a r s .  The analyses,  l i k e  t h e  4R Act,  employ ROI techn iques,  w i t h  t h e  excep- 
t i o n  o f  i n f l a t i o n  r e c o g n i t i o n .  The i n f l a t i o n  f a c t o r s  f o r  t h e  two analyses a r e  
shown i n  Tab le  41. 

S e n s i t i v i t y  a n a l y s i s  1 i s  cons idered t o  be t h e  most r e a l i s t i c  scenar io ,  
s o  it was used as t h e  b a s e l i n e  case f o r  t h e  economic analyses.  

l NFLAT l  ON 

TABLE 4 1 

SUMMARY OF INFLATION RATES 
.v 



F i g u r e  113. P r o j e c t e d  Cos t  o f  D i e s e l  Fuel  

Reference 4. Schwarm, E. G., Enerqy Costs  f o r  R a i l r o a d  E l e c t r i f i c a t i o n ,  f i n a l  
Repor t  prepared by A. 0. L i t t l e ,  I nc., under c o n t r a c t  t o  DOT-TSC, May 1977. 

Reference 7, An Eva lua t i on  o f  t h e  Cos ts  and B e n e f i t s  o f  R a i l r o a d  E l e c t r i f i -  
c a t i o n ,  D r a f t  Repor t ,  Federal  R a i l r o a d  A d m i n i s t r a t i o n ,  Washington D.C. 

General P r i c e  Level  

When i n f l a t i o n  f a c t o r s  were formulated i n  November 1977, t h e  GPL was 
r i s i n g  a t  6 percen t  per  year. Today t h e  GPL i s  r i s i n g  a t  9 percen t  per year, 
b u t  t h e  i n f l a t i o n  r a t e  o f  6 percent  has been used f o r  t h i s  study.  

Diesel Fuel 

Diesef f ue l  i n f l a t i o n  i s  d i f f i c u l t  t o  p r e d i c t  because it i s  sub jec ted  t o  
i n t e r n a t i o n a l  p o l i t i c a l  pressure. A r e p o r t  by A. D. L i t t l e  (Reference 6 )  
suggests t h a t  d i ese l  f u e l  w i l  l  probabl  y e s c a l a t e  a t  2 t o  4 percent  r a t e  above 
t h e  GPL over t h e  nex t  25 years. F i g u r e  113 i s  based on a 2 percent  d i f f e r e n t i a l  
i n f l a t i o n  r a te ,  and 2 percen t  above GPL i s  cons idered t o  be t h e  most r e a l i s t i c  
es t imate  f o r  f ue l  i n f l a t i o n  (Reference 7 ) .  

-. - -.-A.b- .. 
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Maintenance 

The Department o f  Commerce (Bureau o f  Labor )  p r o j e c t i o n s  o f  increased c o s t s  
i n  manu fac tu r ing  and nonmanufactur ing i n d u s t r y  have h i s t o r i c a l l y  shown an inc rease  
o f  2 p e r c e n t  above GPL in  maintenance c o s t s .  T h i s  i nc rease  has been assumed 
f o r  t h e  l i f e  o f  FESS. 

ENGINEERING ECONOMICS COMPUTER PROGRAM 

I n  o r d e r  t o  hand le  t h e  l a r g e  number o f  c a l c u l a t i o n s  r e q u i r e d  f o r  t h e  f o u r  
economic ana lyses  o f  FESS, a  computer program has been w r i t t e n  f o r  t h e  Univac 
1100 system. F i g u r e  114 shows a  s i m p l i f i e d  f l o w  c h a r t  f o r  t h i s  program, and 
Appendix C g i v e s  a  program l i s t i n g .  The i n p u t  and o u t p u t  d a t a  o f  t h i s  program 
a r e  b r i e f l y  desc r ibed  below. 

I n p u t  Data  

The f i r s t  c a r d  i s  a  t i t l e  c a r d  i n  which 80 alphanumeric c h a r a c t e r s  can be 
used f o r  j o b  i d e n t i f i c a t i o n  purposes. As d e s c r i b e d  below, o t h e r  i n p u t  da ta  
a r e  i n p u t t e d  i n  a  n a m e l i s t  form: 

CBM0D--In i t ia l  c o s t  f o r  one locomot i ve  m o d i f i c a t i o n  

BBXC0S--In i t ia l  c o s t  o f  one boxcar  

ESUC0S--In i t ia l  c o s t  o f  two  ESU's 

LBCMTC--Maintenance c o s t  o f  one locomot i ve  per  c a r s  sw i t ched  

ESUMTC--Annual maintenance c o s t  o f  ESU per  boxcar 

FULSAV--Fue l  sav ings  i n  g a l  Ions  pe r  c a r s  sw i t ched  

NBBBX--Number o f  q u a n t i t i e s  o f  boxcars  cons ide red  

N0LBC--Number o f  q u a n t i t i e s  o f  l ocomot i ves  cons ide red  

NCARS--Number o f  q u a n t i t i e s  o f  c a r s  sw i t ched  - 

R0XC--4rray f o r  numbers o f  boycars  cons ide red  - 

L0CC--Array f o r  numbers o f  l ocomot i ves  cons ide red  - 

CARSD--Array f o r  numbers o f  c a r s  sw i t ched  - 

DISC0N--Discount r a t e  

IPR--2 0  g i v e s  d i a g n o s t i c  p r i n t o u t  - 
= 0 no  d i a g n o s t i c  p r i n t o u t  

NYRC0N--Life o f  p r o j e c t  i n  years  

'rr 
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U T - -  = 1. generates  Calcornp p l o t s  
= 0 .  no Calcornp p l o t s  

FACT--Scale f a c t o r  f o r  Calcomp p l o t s  - 
= I .  f o r  f u l l  s i z e  

IRPT--= 1 .  p r t n t s  o u t p u t  - 
= 0. no p r i n t o u t  

CkElT--Average c a r  we igh t  i n  t o n s  - 

YMAX--Max~mum v a l u e  ( i n  p e r c e n t )  o f  t h e  Y - a x ~ s  t o  be used i n  Calcomp - 
p l o t s  

I 
i 

Ou tpu t  Data  I 

The f i r s t  page o f  t h e  p r i n t o u t  shows t h e  i n p u t  d a t a  used i n  t h e  run.  Sub- 
sequent pages show t h e  f o l l o w i n g  v a r i a b l e s  p r i n t e d  as a  f u n c t i o n  o f  number o f  
c a r s  sw i t ched  f o r  a  g i v e n  number o f  boxcars  and a  g i v e n  number o f  locomot ives.  

( a )  Net  p r e s e n t  v a l u e  (NPV) i n  thousands o f  d o l l a r s  

( b )  I n i t i a l  c o s t  i n  thousands o f  d o l l a r s  

( c )  Re tu rn  on i n v e s t  i n  p e r c e n t  u s i n g  t h e  4R method 

- ( 0 )  Retu rn  on investment  i n  p e r c e n t  u s i n g  s e n s i t i v i t y  1 a n a i y s i s  

( e )  R e t u r n  on investment  i n  p e r c e n t  u s i n g  s e n s i t i v i t y  2  a n a l y s i s  

ECONOMICAL ANALYSIS RESULTS 

The r e s u l t s  o f  t h e  Concept A2 economic a n a l y s i s  a r e  con ta ined  i n  Appendix D, 
us ing  s e n s i t i v i t y  1 as t h e  b a s e l i n e .  T h i s  i s  presented g r a p h i c a l l y  i n  F i g u r e s  
115  th rough  118 where t h e  c a l c u l a t e d  ROI i s  p l o t t e d  a g a i n s t  t h e  numbers o f  c a r s  
swi tched per day i n  a  g i v e n  yard.  The numbers o f  locomot ives r e q u i r i n g  m o d i f i c a-  
t i o n  t o  t h e  FESS c o n f i g u r a t i o n  t o  s w i t c h  t h e  g i v e n  number o f  c a r s  per  day i s  
s i v e n  2s t h e  t h i r d  v a r i a b l e  on each p l o t .  The f o u r t h  v a r i a b l e  taken  i n t o  account 
i s  t h e  nbmher o f  boxcars  r e q u i r e d  f o r  each yard, a  f a c t o r  dependent on i o c o n o t i v e  
u t i l i z a t i o n ,  which i n  t u r n  i s  dependent on ya rd  topography,  l abo r  agreements, 
a v a i l a b l e  work, e t c .  Due t o  t h e  d i f f i c u l t y  i n  a r r i v i n g  a t  a  genera l  s e t  o f  u n i -  
v e r s a i  r u l e s  which c o u l d  be used t o  e v a l u a t e  FESS i n  any a p p l i c a t i o n ,  t h e  r e s u l t s  
a r e  p l o t t e d  t o  enab le  any i n t e r e s t e d  p a r t y  t o  p l o t  t h e i r  own p a r i i c u l a r  c i rcum-  
stances on t h e  graphs. 

The d a t d  c o l i e c t t o n  t d s k  d e s c r i b e d  i n  S e c t i o n  2 o f  t h i s  r e p o r t  p rov ided  t h e  pard- 
me te rs  f o r  t h e  t h r e e  f l a t y a r d s  v i s i t e d  ( T a b l e  42 ) .  
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Fisure 116, Baseline Concept A2, Two Boxcars 



Figure  117. Baseline Concept AZ, Three Boxcars 
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D i  l l a r d  Baldwin W h i t e f i s h  

Cars/day 1409 3485 725 

Locomotives/yard 3 o r  4 5 o r  6 3 o r  2 - - -.---_-_-__I_______ 

TARLE 42 

FLATYARD CHARACTERISTICS 
v- 

A p p l y i n g  t h e  da ta  o b t a i n e d  from Table  42 t o  t h e  r e s u l t s  o f  F i g u r e s  115  through 
118, 3 conc lus ion  i s  reached t h a t  even i n  a most o p t i m i s t i c  case ( t h e  number o f  
ESU-equipped boxcars less t h e  numbers o f  locomot ives) ,  t h e  ROI would n o t  exceed 
5, and would p robab ly  be negat ive.  Therefore ,  t h e  obv ious c o n c l u s i o n  i s  t h a t  
FESS Concept A2 i s  economica l l y  u n a t t r a c t i v e .  



- SECTION 7  

ALTERNATE CONF I GURAT I  ONS 

CONFIGUKATION DESCKIPTIONS 

D u r i n g  t h e  concluding e f f o r t s  o f  t h e  indep th  system a n a l y s i s ,  p r e l i m i n a r y  
economic a n a l y s i s  r e s u l t s  made i t  apparen t  t h a t  t h e  Concept A2 economic via- 

b i l i t y  was marg ina l  f o r  two reasons:  ( 1 )  w i t h o u t  c a r e f u l  energy management 
by t h e  o p e r a t o r ,  t h e  l a c k  o f  f u e l  s a v i n g  c o u l d  a l t e r  t o  increased f u e l  usage, 
and ( 2 )  a  h i g h  i n i t i a l  c o s t  was a s s o c i a t e d  w i t h  t h e  concept.  I n  an a t t e m p t  
t o  r e t r l e v e  t h e  s i t u a t ~ o n ,  AiKesearch c o n s i d e r e d  a l t e r n a t e  c o n f i g u r a t i o n s  t h a t  
were aimed a t  r e d u c i n g  t h e  c o s t  o f  t h e  most  expens ive  i tems: t h e  locomotove 
m o d ~ f i c a t i o n  and t h e  ESU's. The f o l l o w i n g  t h r e e  a l t e r n a t e  f l y w h e e l  c o n f i g u r a -  
t i o n s  were I d e n t i f i e d  and a r e  d e s c r i b e d  i n  Appendix E: 

0 Concept A2 ( m o d i f i e d )  

C o n c e p t A l  ( m o d i f i e d )  

S e r i e s  moto rs  concept  

Furthermore,  because it has been c l e a r l y  demonstrated t h a t  t h e  energy sav ings  
i d e n t i f i e d  d r e  n e g l i g i b l e  and t h e  b e n e f i t s  i d e n t i f i e d  r e s u l t  s o l e l y  f rom b rake  
m a ~ n t e n a n c e  r e d u c t i o n ,  it i s  o b v i o u s  t h a t  s i m i l a r  b e n e f i t s  would r e s u l t  f rom t h e  
use o f  a  dynamic b rake  i f  i t  c o u l d  m a i n t a i n  b r a k i n g  e f f o r t  a t  a  low speed ( 1  
mph). The c h o p p e r- c o n t r o l l e d  dynamic b r a k e  i s  such a  system, and it i s  a l s o  
desc r ibed  i n  Appendix E. 

ECONOMIC ANALYSIS 

I t  was cons ide red  t h a t  t h i s  c u r s o r y  a n a l y s i s  o f  a l t e r n a t e  c o n f i g u r a t i o n s  
was more u s e f u l  t h a n  a  c o n v e n t i o n a l  s e n s i t i v i t y  a n a l y s i s  on a  p roposa l  wh ich 
#as so c l e a r l y  uneconomic. The d e t a i l e d  r e s u l t s  o f  t h e  economic a n a l y s i s  o f  
each c o n f i g u r a t i o n  a r e  g i v e n  i n  Appendix E. From t h e s e  data,  t h e  b a s e l i n e  
a n a l y s ~ s  r e s u l t s  a r e  p l o t t e d  i n  F i g u r e s  119 t h r o u g h  121 f o r  Concept A1 (modi- 
f l e d ) ,  F i g u r e s  122 th rough  127 f o r  t h e  s e r i e s  moto rs  concept,  and F i g u r e  128 
f o r  t h e  c h o p p e r- c o n t r o l l e d  dynamic brake. 

An economic a n a l y s i s  o f  Concept A2 ( m o d i f i e d )  was unnecessary because t h e  
o n l y  difference between A2 and A2 ( m o d i f i e d )  was a  l e s s  than  I - p e r c e n t  r e d u c t i o n  
i n  t h e  locomot i ve  m o d i f i c a t i o n  c o s t .  

I t  can be seen t h a t  none o f  t h e  a l t e r n a t e  c o n f i g u r a t i o n s  a r e  a t t r a c t i v e ,  
and i t  has been conc luded t h a t  t h e  s w i t c h y a r d  l o c o m o t ~ v e  o p e r a t i o n  c o s t s  a r e  so 
smal l  t o  r u n  t h a t  h i g h- c o s t  m o d i f i c a t i o n s  canno t  be j u s t i f i e d .  The low u t i l i -  
z a t i o n  f a c t o r  o f  t h e  equipment a l s o  p r e c l u d e s  t a k i n g  a  f i n a n c i a l  c r e d i t  f o r  
dny p o s s i b l e  i nc rease  i n  p r o d u c t i v i t y  t h a t  c o u l d  have r e s u l t e d  f rom enhanced 
equipment performance, because t h i s  would have been absorbed by an Inc rease  
I n  t h e  u t i l i z a t i o n  f a c t o r .  

... 
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S E R I E S  M O T O R S  CONCEPT 

N3. 3F BOX C R R S  - 1 

Fisure 122. Series Motors Concept, One Boxcars 
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The comp le t ion  o f  Phase I  o f  t h e  f l ywhee l  energy s to rage  s w i t c h e r  program 
has r e s u l t e d  i n  t h e  q u a n t i f i c a t i o n  o f  t h e  c o s t s  i n v o l v e d  in ,  b e n e f i t s  d e r i v e d  
tram. and t e c h n i c a l  f e a s i b i l i t y  o f  s h o r t- t e r m  energy s to rage  ?s a p p l i e d  t o  t h e  
o p e r a t i n g  env i ronment  o f  t h e  s w i t c h i n g  locomot ive.  On t h i s  bas is ,  t h e  concept 
has been found t o  be economica l l y  u n a t t r a c t i v e ,  a l t h o u g h  t e c h n i c a l  f e a s i b i l i t y  
was conf i rmed.  A l t e r n a t e  c o n f i g u r a t i o n s  were cons ide red  and some were found t o  
Improve t h e  economics, a l though  t h e  concep t  i s ,  a t  bes t ,  m a r g i n a l l y  va luab le .  

The s p e c i f i c  c o n c l u s i o n s  and recoymendat ions o f  t h i s  16-month FESS s tudy  
a r e  g i v e n  below. 

CONCLUSIONS 

( a )  The r e c u p e r a t i o n  o f  b r a k i n g  energy f rom a  s w i t c h i n g  l o c o m o t ~ v e ,  i t s  
s h o r t - t e r m  s to rage ,  and subsequent r e u s e  cannot  be ach ieved i n  an 
economica l l y  a t t r a c t i v e  way u s i n g  e x i s t i n g  equipment. 

( b )  The o v e r a l l  energy consumption of t h e  e x i s t i n g  s w i t c h i n g  o p e r a t i o n  
i s  v e r y  low and, t h e r e f o r e  t h e  energy savings,  which can be r e a l i z e d  
o n l y  d u r i n g  t h e  s h o r t  s w i t c h i n g  per iod ,  a r e  a l s o  low and u s u a l l y  
balanced by an increase i n  p a r a s i t i c  lpads.  

( c )  The s t u d y  has r e s u l t e d  i n  t h e  q u a n t i f i c a t i o n  o f  t h e  d u t y  c y c l e  f o r  
a  t y p i c a l  s w i t c h i n g  locomot ive,  which shows t h a t  t h e  equipment i s  
g e n e r a l l y  u n d e r u t i l i z e d  because o f  t h e  n q t u r e  o f  t h e  work. 

( d )  The m o d i f i c a t i o n  o f  t h e  EM0 077 t r a c t i o n  motor t o  a  s e p a r a t e l y  
e x c i t e d ,  l ow- cur ren t  f i e l d  c o n f i g u r a t i o n  has been showl t o  be 
t e c h n i c a l l y  f e a s i b l e .  T h i s  m o d i f i e d  motor  may have a p p l i c a t i o n s  
beyond t h e  FESS concept. 

The o p e r a t i n g  c o s t s  o f  t h e  s w i t c h i n g  locomot i ve  a r e  so low t h a t  
h i g h  investment  programs ( i n  which o n l y  5 p e r c e n t  o f  t h e  locomot ive 
c o s t  a r e  invo lved)  canno t  g e n e r a l l y  be j u s t i f i e d  by maintenance 
o r  energy sav ings.  The locomot i ve  p o p u l a t i o n  i s  g e n e r a l l y  smal l  
( u s u a l l y  l e s s  than  s i x  locomot ives p e r  y a r d ) ,  and t h e r e f o r e  a  minor  
i n c r e a s e  i n  t h e  p o t e n t i a l  p r o d u c t i v i t y  canno t  be accompl ished by a  
r e d u c t i o n  i n  t h e  s i z e  o f  t h e  locomot i ve  f l e e t .  T h i s  i s  g e n e r a l l y  
i n  agreement w i t h  t h e  c o n c l u s i o n s  reached by t h e  S t a n f o r d  Research 
I n s t i t u t e  (Reference 5) .  

( f )  The computer models developed for t h i s  s t u d y  may have p o t e n t i a l  
f o r  a p p l i c a t i o n  t o  o t h e r  r a i l r o a d  a c t i v i t i e s ,  s ~ n c e  t h e  model uses 
t h e  i n t e r n a l  parameters o f  t h e  locomot i ve  t o  genera te  a  t r a i n ' s  
performance. 

- 



RECOMMENDATIONS 

( a )  The t r a c t i o n  motors made a v a i l a b l e  by t h e  Southern Rai lway System 
shou ld  be reconver ted  t o  t h e  s tandard c o n f i g u r a t i o n  and r e t u r n e d  t o  
s e r v i c e .  SRS may wish t o  r e t a i n  c e r t a i n  f e a t u r e s  o f  t h e  m o d i f i e d  
motor, such as t h e  improved i n t e r p o l e .  

( b )  The proposed Phases I I  and I l l  of t h e  FESS program should n o t  be 
pursued, s i n c e  t h e  concept  has been shown t o  save l i t t l e  energy and 
t o  be economica l l y  u n a t t r a c t i v e .  

( c )  The o p t i o n a l  t a s k  i n  t h e  c o n t r a c t  ( A r t i c l e  V, Computer Program 
Documentat ion) should  be cons idered f o r  use i n  o t h e r  research 
p r o j e c t s  s i n c e  t h i s  comprehensive t r a i n  model has a  v i r t u a l l y  
u n i v e r s a l  a p p l i c a t i o n .  

( d )  The s c e n a r i o  da ta  reduced f o r  FESS purposes have been f u l l y  desc r ibed  
i n  t h i s  r e p o r t .  I t  i s  p o s s i b l e  t h a t  o t h e r  requ i rements  may e x i s t  
f o r  f u r t h e r  data  r e d u c t i o n ,  and it i s  recommended t h a t  t h i s  p o s s i b i l -  
i t y  be i n v e s t i g a t e d  by FRA. 

( e l  Recause t h e  f e a s i b i l i t y  o f  s e p a r a t e l y  e x c i t i n g  t h e  most common t r a c t i o n  
motor i n  U.S. r a i l r o a d  s e r v i c e  has been conf i rmed, it i s  recommended 
t h a t  t h e  a p p l i c a t i o n  o f  t h i s  motor  beyond t h e  FESS concept  be pursued. 

- 
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s w i t c q i n q  l3comot i ve  was ins t rumented  t o  r e c o r d  d a t a  on d i g i t a l  cas- 
se t+es  f o r  f u t u r e  r e t r i e v a l .  The d a t a  was reco rded  a t  a  r a t e  o f  1  scan per  
s s c m d ,  and scanned a t  a  r a t e  o f  200 channels  per  second. P r i o r  t o  t h e  t e s t ,  
? c 3 l i b r a t i o n  o f  each channel was r s c o r d e d  on t h e  d i g i t a l  c a s s e t t e .  4n even t  
- 3 r k a r  p rov ided  a  s t o p  and s t x t  marker f o r  each i n d i v i d u a l  t e s t .  F i g u r e  A- 1 
: I l u s t r a t e s  t h e  da ta  a c q u i s i t i o n  systems; T a b l e  A-1 l i s t s  t h e  i n s t r u m e n t a t i o n  
r e q u i r e d  f o r  da ta  a c q u i s i t i o n  and c a l i b r a t i o n ;  T a b l e  A-2 shows t h e  sensor loca- 
t l o n s  f o r  t h e  reco rded  s i g n a l s .  A l l  o f  these,  excep t  t h e  acce le romete r  and brake 
s ressure  t ransducer ,  a r e  s tandard locomot i ve  equipment. 

R e t r i e v a l  o f  reco rded  d a t a  was accompl ished u s i n g  a  Gould 6000 communica- 
t i ? n s  i l t e r f a c e  i n  c o n j u n c t i o n  w i t h  a  s tandard  RS-232 t e l e t y p e .  C a l i b r a t i o n  
d a t a  reco rded  on t h e  d i g i t a l  c a s s e t t e  p r o v i d e d  t h e  necessary s c a l e  f a c t o r s  t o  
c s ~ v e r t  t h e  p r i n t o u t  d i g i t a l  da ta  t o  e n g i n e e r i n q  u n i t s .  F i g u r e  A-2 i s  an i l l u s -  
t r 3 t i o n  o f  t h e  d a t a  r e c o v e r y  system, and T a b l e  A-3 l i s t s  t h e  t e s t  equipment 
dsed f a r  d a t a  recovery .  

LOCOMOTIVE TESTS 

O e s c r i p t i o n  

The s w i t c h i n g  locomot i ve  was ins t rumented  t o  r e c o r d  d a t a  on ana log mag- 
n e t i c  tape  f o r  f u t u r e  r e t r i e v a l ,  and on  an o s c i l l o g r a p h  f o r  q u i c k- l o o k  mon i to r -  
i i g  o f  tape  r e c o r d e r  o u t p u t s  and s e l e c t e d  parameters.  F i g u r e  A-3 i s  a  b l o c k  
d i a g r s v  o f  t h e  onboard d a t a  a c q u i s i t i o n  system. A d e s c r i p t i o n  o f  t h i s  equipment 
i s  g i v e n  i n  T a b l e  A-4. 

R e t r i e v a l  o f  taped da ta  was u s u a l l y  accompl ished by p layback  on an e i g h t -  
channel  r e c o r d e r  as  shown i n  F i g u r e  A-4. Data  r e d u c t i o n  was t h e n  co t inued ,  
us ing  t h e  ana log i n f o r m a t i o n  p rov ided  f rom these  playbacks.  T h i s  p layback  
equipment i s  d e s c r i b e d  i n  T a b l e  A-5. 

The bandwidth r e s o l u t i o n ,  t h e  sensors,  and t h e  s e n s i t i v i t y  ranges o f  the  
r e c o r d i n g  equipment a r e  summarized i n  T a b l e  A-6. A summary o f  t h c  parameters 
recorded,  and t h e  i n s t r u m e n t a t i o n  used f o r  t h e  performance t e s t s  i s  shown i n  
T a b l e  4-7. 

A s e c t i o n  o f  t h e  locomot i ve  w i r i l g  d iagram shows t h e  connec t ion  p o i n t s  f o r  
t h e  v o l t a g e  and c u r r e n t  measurements ( s e e  F i g u r e  A-5). N o t e  t h a t  measured motor 
v o l t d g e  i s  a c t u a l l y  wo to r  armature  v o l t a g e  p l u s  brush d5-op. T rue  motor  v o l t a g e  
i s  c a l c u l a t e d  t o  i n c l u d e  t h e  f i e l d  v o l t a g e  drop. 

Cal i b r a t i o n  

1 .  C u r r e n t  

The c u r r e n t  shun ts  have a  50-mv o u t p u t  f o r  r a t e d  c u r r e n t  i n p u t .  They have 
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Parameter Tes t  P o i n t  

T r a i l  speed S igna l  f rom an a l t e r n a t o r  mounted on t h e  r e a r  ax le ,  
r i g h t  s ide.  

T r a i n  acce le ra to r  S ignal  de r i ved  from a l i n e a r  0.25 g a c c e l e r a t o r  mounted 
on a wooden baseplate,  taped t o  t h e  cab f l o o r .  

Srake c y  i i nder A pressure t ransducer  was hooked i n t o  a pressure t a p  on t h e  
p ressure  r e a r - a x l e  brake c y l i n d e r  on t h e  l e f t  s i d e  o f  t h e  engine. 

T r a c t i o n  motor P icked up shunt s i gna l  across t e r m i n a l s  o f  t h e  c u r r e n t  
cu r re r l t  meter mounted i n  t h e  cab console, 

I Sand i ng  con t r o  I  I Signal  across sanding l i g h t  on c o n t r o l  console.  I 
i 
I Forward/reverse S igna l  f rom forward/ reverse s w i t c h  i n  c a b  c o n t r o l  console. 
t r e i 3 v  
I 
i Wbse! s l i p  r e l a y  S i g n a i  across wheel s l i p  l i g h t  on ins t rument  console  i n  
1 eng ine cab I 

f 
I l  tern 

1 I 
I 
I 
I 2 
I 
1 

1 
1 

* 
l nstrurneni  Mode l  

6 

S e n s i t i v i t y  Range gescr i p t  i  on I 
O i g i t a !  da ta  
logger 

Communications 
i n t e r  f ace 

Gou ld6100  
sys tern 

~ o u d  5000 
system 

1 mv 
113 v 

- - 

t o  Scan r a t e :  
1 t o  200 
channel s  
per sec 

110 t o  1200 
baud 
A S C l l  fo rmat  

Data s to rage  on 
d i g i t a l  casse t t e  ' 
300A 

Microprocessor-  1 
c o n t r o l  l ed  d a t a  
logger c~mrnand 
s t a t i o n  

3 T e t e t y p e w r i t e r  Te le t ype  - - 30 cha rac te r  P r o v i d e  p r i n t o u t  
Cor pora t ion,  per sec 132 da ta  f rom data 
Model 43 co l  urnrl loqger,  and supply  

ser i a  l da ta  commands t o  
te rm i na l  i n t e r  f  ace 

4 Power supp l  y Hew l  e t f  - - I i 0 t.0 60 vdc Supply o p e r a t i n g  
Pac kard 1 O t o  15 adc power 5 0  d a t a  
DL 1413 I oqqe~ . . c j r ~ u  cull'-- 

 1
i 

1  
- - - -  

mun ica t ions  i n t e r -  
face .-- -A Lfll 
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A I O V Y  SYSTFV I  NSTRIJMFVTATI ON 

I  tem Ins t rument  Yodel S e n s i t i v i t y  Range Descr i p t  I on 

1 Y a g n e t i c  tape  Sanqamo 0.5 t o  10 v  3-3/4 i p s  - 0  t o  625 Hz 14-channel 
r e c o r d e r / r e ~ r o d u c e r  3600 peak f o r  f u l l  7-1/2 i p s  - 0  t o  1250 Hz FM rep roduce  med- 

d e v i a t i o n  15 i p s  - 0  t o  2500 Hz ium band system 

7 S t r i p  c h a r t  Reckman- 1.0 mv/mm max. 0  - 200 Hz t 2 0  p e r c e n t  - 8-channel 
r e c o r d e r  O f f n e r  w r i t i n g  o s c i l l o -  

Type graph 
Dynograph 

3 D i g i t a l  v o l t m e t e r  ?or  i c-DS 0.1 mv t o  - Dc v o l t m e t e r  
100 1 000v 

1 Dc power s u p p l y  Lambda 100 p v  t o  40 v - P r e c i s i o n ,  ~ r o -  
LS 513 granmable, d i g i t a l  

a d j u s t  

- 
2 Frequency c o u n t e r  Anadex - + 1 1 Hz t o  99.999 k r z  3 i g i t a l  coun te r  

CF60 1 R 

3 O s c i l l a t o r  Hew l  e t t -  - t l X  o f  s c a l e  5 Hz t o  550 kHz S o l i d  s t a t e ,  
Packard b d t t e r y- o p e r a t e d  
2049 

7  Frequency Anadex 9.01 v  RMS 5  Hz t o  51.2 kHz Frequency t o  

i 
I 

? 1 -408Q thresh01 d  
v o l t a g e  

ana log c o n v e r t e r  
w i t h  z e r ~  sup- 
press  ion 

! 

TABLE A- 5 

! 



l 'arameter C a l i b r a t i o n  Range C a l i b r a t i o n  I 
' l o  l  t aqes  1000 v  = F.S. R e s i s t i v e  d i v i d e r  (0.01 p e r c e n t  r e s i s t o r s )  

(750 v  = 9.000 v )  f l  uke power s u p p l y  and Hew l e t t  Packard 
d i g i t a l  m u l t i m e t e r  v o l t m e t e r  

1:urrents 1000 A = 50 mv C e r t i f i e d  c u r r e n t  shun t  
Da te l  mv c a l i b r a t o r  

;peed 0  t o  50 mph Anadex o s c i l l a t o r  and Anadex c o u n t e r  

) s c i  I  l og raph  5 v  = 2 in .  Da te l  mv c a l i b r a t o r  and H.P. d i g i t a l  m u l t i -  
i e c o r d s  meter 

rape Recorder 

'uel Flows 

> r e s s u r e  

t 5  v = F.S. (+40 p e r c e n t  - 
d e v i a t i o n  on FM) 

.25 t o  2.5 GPM 

0  t o  50 p s i g  

Da te l  nv  c a l i b r a t o r  and H.P. d i g i t a l  m u l t i -  I meter I 
Anadex c o u n t e r  and o s c i l l a t o r  I 

I 

1 Wa l lace  and T i e r n a n  p ressure  gage 



T = Recorded on maqnetic tape. 

3 = Recorded on oscilloqraph paper. 



Figure  A- 5. Locomotive Wir i ng  Diagram 



Shunt s i g n a l  c o n d i t i o n i n q  i s  c a l i b r a t e d  by i n s e r t i n g  a p r e c i s i o n  power 

s u p p l y  i n  p l a c e  o f  t h e  c u r r e n t  shunt. T h i s  i n p u t  s i g n a l  i s  v a r i e d  f rom 3 t o  
50 mv, and t h e  o u t p u t  i s  read  on a c a l i b r a t e d  d i g i t a l  v o l t m e t e r .  The g a i n  of 
t h e  s i g n a l - c o n d i t i o n i n g  a r n p f i f i e r s  i s  a d j u s t e d  as  necessary  t o  p r o v i d e  t h e  
c o r r e c t  o u t p u t ,  

2. V o l t a g e  

The v o l t a g e  d i v i d e r  ca rds  were c a l i b r a t e d  w i t h  a p r e c i s i o n  h i g h  v o l t a g e  
power supp ly  f o r  i n p u t  and a  c a l i b r a t e d  d i g i t a l  v o l t m e t e r  f o r  o u t p u t .  T h i s  
provided a v o l t a g e  c a l i b r a f i o n  r a t i o .  S ince  t h e  d i v i d e r  a r e  made up o f  p r e c i -  
s i o n  r e s i s t o r s ,  t h i s  r a t i o  i s  constant .  Subsequent f i e l d  c a l i b r a t i o n s  r e q u i r e  
on1 y a  t w o- p o i n t  check w i t h  z e r o  v o l t s  i n p u t  and l  i n e  v o l t a g e  i n p u t ,  

3. F u e i F I o w  

The o u t p u t  of t h e  t u r b i n e- t y p e  f l owmete rs  was reco rded  d i r e c t l y  as  a f r e -  
quency v s  f u e l  f l o w .  No a m p l i t u d e  c a l i b r a t i o n  was r e q u i r e d .  Fo r  d a t a  r e d u c t i o n  
+?e s i g n a l  Has p layed  back i n t o  a  f requency  c o u n t e r ,  and f l o w  was de ts rm ined  
from a c a l i b r a t e d  g raph  r e l a t i n g  f requency  t o  f u e l  f l o w .  The f u e l  t empera tu res  
wers a l s o  reco rded  t o  a l  low f o r  volume f l o w  c o r r e c t i o n s .  

4. Speed 

Fng ine  s h a f t  and locomot i ve  speeds were b o t h  reco rded  as ac  s i g n a l s  wh ich  
r e l a t e d  d i r e c t l y  t o  rpm. The locomot i ve  speed was c a l c u l a t e d  f r o m  t h e  wheel 
and w9eel c i r c u m f e r e n c e  rpmts .  

5 .  Rrake C y l i n d e r  P r e s s u r e  

A p r e s s u r e  t r a n s d u c e r  was connected t o  an o u t p u t  p o r t  i n  t h e  brake c y l i n d e r  
o f  t h e  l e f t  r e a r  l o c o m o t i v e  ax les .  The t r a n s d u c e r  was c a l i b r a t e d  i n  t h e  labora-  
t o r y  u s i n g  a  p r e s s u r e  sou rce  and a  gage. 4 s i m u l a t e d  c a l i b r a t i o n  was then  pe r-  
formed u s i n g  a  known p r e c i s i o n  r e s i s t o r  t o  unba lance t h e  t ransducer- sens ing  
b r i d g e .  T h i s  imbalance was r e l a t e d  t o  the  o u t p u t  f rom an a p p l i e d  p r e s u r e  source.  
F i e l d  c a l i b r a t i o n  was t h e n  c a r r i e d  o u t  u s i n g  a  p r e c i s i o n  r e s i s t o r  t o  s i m u l a t e  
an app l i ed p ressu re .  

5 .  Disp lacemen t  

T h r o t t l e  p o s i t i o n  and motor  r e a c t i o n  d i s p l a c e m e n t  were ins t rumented,  u t i l i z -  
i n g  p r e c i s i o n  l i n e a r  d i sp lacemen t  p o t e n t i o m e t e r s .  The p o t e n t i o m e t e r s  were 
c a l i b r a t e d  u s i n g  a  v e r n i e r  s c a l e  t o  r e l a t e  i nches  of d i s p l a c e m e n t  t o  p o t e n t i o -  
meter  o u t p u t .  

The t h r o t t  l e  pos it ion  p o t s n t  iometer  was i n s t r  umen .Led t o  g  i ve a reco rded  
i n d i c a t i o n  of t h r o t t l e  p o s i t i o n  d u r i n g  a s e r i e s  o f  t e s t s .  The motor  r e a c t i o n  
d isp lacemen? p o t e n t i o m e t e r  was a t t a c h e d  a t  a  p o i n t  between t h e  t r a c t i o n  motor  
and t h e  l ocomot i ve  frame. T h i s  i n d i c a t e d  motor  r e a c t i o n  due t o  v a r y i n g  tot-que. 
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' -ozra.  I d e ~ t i f i c a t i o n  Contents  

.RLKRO P r i n t s  s e l e c t e d  r e q i o n s  o f  9 t r a c k  maq t a p *  which 
c o n t a i n s  s c e n a r i o  t e s t  d a t a  i n  e n q i n e e r i n g  u n i t s  

.EVELYN Conver ts  9 t r a c k  ASCl l  t o  9 t r a c k  f i e l d  d a t a  I I I 
.RLKST/3 Scenar io  d a t a  r e d u c t i o n  and s t a t i s t i c a l  s u ~ m a r i e s  

from 9 t r a c k  f i e l d  d a t a  t q p e s  
(.8LKST/3Y f o r  W h i t e f i s h  d a t a )  

Suppor t i ng  I I I:aI I ing  
Subrou t ines  Contenrs  i Element 

. SPDCR2 D i g i t a l  f i l t e r  f o r  l o c o  speed .BLKST/3 

! . YAK7 Yard o p e r a t i o n ' s  p r i n t o u t  and summary .RL.KST/3 / 
I 

r)3% genera to r  e f f i c i e n c y  .YAIZI l  j 

545E d i e s c l  c h d r a c t e r i  s t i c  and f i le1 constimption .YAI<I) j 

. "Hl(iC A i r  b rake  c h a c a c t e r i s t i c  TE v s  p r e s s u r e  .YAtRn I 
j I 

I . E-1PG Loco amperes, speed conver+ed t o  horsepower 
based on D77 c h a r a c t e r i s t i c  

4PDtlNI) I X  R  
 

EN*> PRO[)UCT SOFTWARE 

rhe f o l  lowino l ~ s t  i s  an i n v e n t o r y  o f  debugged and o p e r a t i n q  d l q i t d l  
computer programs developed and/or m o d i f i e d  f o r  use on t h e  FESS s tudy  program. 
Tab le  3-1 r e l 3 t e s  t o  t h e  scenar to  t s s t s .  T a b l e  R-2 r e l a t e s  t o  t h e  s i m u l a t o r s  
used t o  prsduce t h e  c o n p a r a t ~ v e  performance s t u d y  f o r  t h e  SW1500 and t h e  47 
c o n f i q u r a t i o n  ( d u a l  f l ywhee l  sys tem).  The l i s t s  d o  n o t  i n c l u d e  UNIV4C 1100 
system s tandard s u p p o r t  so f tware.  Tab les  B-1 and 8-2 r e p r e s e n t  approx ima te ly  
3290 F o r t r a n  c a r d  images. 

L
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S I MULAT ION YOIIEL 

1 

D r 3 r ; r a r n  

l d n - + i f  i c z + i 9 n  Conten i s  
- -  

. L"̂ rsr /2s SWl5DC model l D 7 7  motors ,  032 g e n e r 3 t o r ,  12-545 
d i e s e l  1 t h r o t t l e  p r o f  i l e  c o n t r o l  c o n f i g u r a t i o n .  
Opera tes  i n  c a r  k i c k i n q  o r  c u t  f e t c h i o g  modes. 

A? c o n f i g u r a t i o n  (SWlSOO w i t h  2 enerqy s t o r d q e  f l y -  
wheels ) .  C u r r e n t  p r o f  i l e  c o n t r o l  c o n f  i q u r a t i o n .  
Opera tes  i n  c a r  k i c k i n q  o r  c u t  f e t c h i n q  m 3 d ~ s .  

P l o t s  5 v a r i a b l e s  on Calcomp p l o t t e r .  

7 

Scr rco r t i  ng C a i  l  i n g  
S ~ b r ~ u t  i 7 0 s  Con t e n t s  5 I ~ m e n S  

' 7  St? 977 moto r  model ( u s i n g  P i t t s b u r q  t e s t  d a t a  f o r  . LCMTS/2R 
s a t u r a t i o n  c u r v e )  

. 9 ' 7  SW Shunt  f j e l d  v e r s j o n  o f  .pU77SR . LCYFW/2 

.3?PGL Y v o d i  f  ied  D a v i s  d r a g  c o m p u t a t i o n  

. ?E Z i L  9 i e s e l  c h a r a c t e r i s t i c  and f u e l  consumpt ion  . LCMTS/23 
( a  ( s o  .DEZLL/4, .DE7LL/S) 

.5c 'dk~ x 7~32 aeneraSor c h a r a c t e r i s t i c  

. GY1-V 6 ?3? enve lope  l i m i t s  ( v o l t a g e ,  hp, c u r r e n t )  

.T?YIL  D r  i v e / b r a k e  t r a n s  i t i o n  . LCMTS/2R 

.7 r\".13Y ??mp c o n t r o l  . LCMFW/2; 
TRNZC 

' . - +  <TAT S t a t i s t i c a l  d a t a  summary . LCYTS/ZR 

.CqJ l  F n e r q y  s t o r a q e  FW moto r  model . ILCMFW/2 

. ? E 7 L F  S i ~ i l a -  t o  .9F?LL/S . LCMFW/2 

.r2 !39 32 c l l rve look  up ( f o r  i r o n  losses) . E 1-OSM 

. pLl?l;U % t o r  l osses  ( b a s i c  c u r v e  d a t a  a r e  s t o r e d  .PD77SR, 
i n  r e s p e c t i v e  model )  .PD77Sti, . ESU I  

. V"J:ly 3 a t a  accumula+or f o r  rms q u a n f i i i e s  

. "S'-ILU Oraws das4ed l i n e  f rom X, Y c o o r d  d a t a  .pL1140 

, )TjKL4L>P? x P r  i n t s  da+es  and t i m e  a s  r e q u i r e d  

TABLE 8-2 
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OdYafESS t 1 I .r ,: Ih 
I C 
2 C FLYarEEL f t . E @ G Y  S T O v n G F  SYSTEM (FESS)  
3 C E ~ . G I N E E Q I ~ ~ G  ECONOPTCS APALYSIS 
4 C 
5 P h R 6 H E T E R  kP l r4 rMP2t lO tNP3=20 ,EJP4=10  
5 e E A l ~ o  L O C ~ T C , L ~ C P T ~ P ~ A S ~ N P V ~ L O C C  P L O C N O  
7 CIMENSIOh S A C P G E ( 4 1  , b r d I T  (4) 
9 c C M M ~ N  /NUMP/ B O X C  ( h P 4 )  r  LOCC (b:.:P2) 9 CARSt) (F.IP31 
9 C O H V O ~  /COST  / C O S M O D ~ H U * ~ O S ~ F S V C O S I L O C M T C ~ E S U M T C ~ ~ O X ~ ~ T C ~ F U L S A

1 3  C o H V O h  / C a S T Z /  C O S M P Z ~ 9 ~ ~ C S 2 t E S U C S Z ~ L O C C ~ T ~ t E S U ~ ~ 2 ~ H O X t ~ T 2 v F U L
11 COMWOK / P E P C N T /  X X R ( 4 , r )  
1 2  CnMMOh / S A V E /  h a S ( 3 0 r * )  ,r.rPV (301  r R O I  t N P 3 v k P 2 t 3 1  # L O C N O ( F I P 2 )  t F b C T  
13 * , S T A R  ( b 1 P 3 r h P Z r 3 )  r Y P A X .  
1 4  CflMMgpl /S4b2/ S I N V  (PlPZk X P V  ( N P 3 r h P 2 )  ~ C W E I T I F U L O L A ~ N Y A C O ~ I  
15 COMPON / l t ( O X  J l v J k * ~ C A R S v Z F L F * I U O L O C  
16 C O m O Y  / T I T L  / T l T ~ E ( 1 4 1  
1 7  E ~ U I V A L E + J ~ E  ( L O C r T 2 r S b C P R 2 1 1 ) )  
10  EOUIVALENCE ( ~ C I ~ S ~ U ~ I T ( ~ ~ ~ ~ ( A R O X C ~ U ~ ~ T I ~ ) ) ~
1 Q Y ( A C b W S D ? ( J h I T  ( 4 1 )  
2 0  C A T &  C D ~ l ~ l / 3 5 G ~ / ~ C O ~ + V 2 j f l ~ 4 2 / p ~ P I . O T / O / t ~ R P T / O /  
2 1 I FOR~:AT ( 1  3u6 ,az )  
Z2 ~ A H E L I S T  / I h P U T /  C O S ~ O O ~ B O X C O S ~ E S U C O S ~ ~ O C M T C ? E S U ~ T C ~ U O X ~ T C ~ F U
23 1 +*OROX * N O L I I C r N C A W S *  BBXCq LOCCI C 4 l ? S O * D I S C P F l r  I P R 9 F i Y R C O N r  I P t O t  IF 4Cl  
2 4  Z r I R P T * C * E I T t Y H 6 X  
25 C a l L  N I " T ~ @ ( l n E - 2 O r l O O )  
26 R A T E l = I . 4 ) 6 * 0 4  
2 7 F!Alf2r I  .04Q04 
2 ti 2C P E A 0  ( 5 r  l * E h G = 9 9 9 )  T I T L E  
29 E E A O  ( 5 9  I I . rYUT) 

3 0 I F L G = O  
3 1 NPITE (6, I I . F l l i T  I 
32 C 
3 3 C  C O ~ ~ V E R T  C 2 S T  TO 1482 DOLLARS 
34 C 
35 C ~ S ~ O ~ = C O ~ ~ * C O ~ R A T E  1 
36 Y O X C S ~ U ~ O ~ C O S ~ P A T E ~  
3 7 E S U C S ~ = E S U C O S * R A T E ~  

3 8 ~ ~ ? C ~ ~ ~ ' C S L U C M T  C ~ C O N V  1 
39 t U C r T 2 a t U C h T C s A b T E 2  
4 0 F S U M T ~ = E S U M T C Q R ~ T E ~  
0 1 R O k M T 2 n B U X C T C U P A T E 2  
4 2 F ~ ~ L S V 2 = F U L S A ~ o C O N V Z ~ R a T E Z ~ C O r ~ V  1 
4 3 F b L ~ L h r F U C S A V ~ C O N V l  I I C O ~ U Z  
44 00 2 0 0  J l n ~ ~ N O O O X  
4 5 4 G U X C a  S U A C I J 1 1  
4 6 at?oYD=nHoAC 
4 7 Jh=O 
4 8 OC 190 J ? = l , N O t O C  
4 9 A L O C C a  LGCC t J21  

5 0  I F ( b B O X C . C T . A L O C C )  GO T O  190 
5 1 JKaJK* 1 
52 L O C N O t J K l J P L O C C  
53 SINV8~0410CC~COS~D2*ABOXCUtAOXCS2+ESUCS2~ 
5 e  S I N U  ( J K ) = S I h V 8 2  
55 DO 180 J ~ Z L P N C A R S  
56 A C A R S O m  C A R S O ( J 3 )  
5 ? ACARSmACAPS3 
5 P C C 1

59 00 3 0  I s l ~ u  

Al 'I ' I  NO I X C: 

FESS ECONOMICS 13ROG17AM L I S T I N G  
V 

V  
S V 2  

I 

i ~ A B O X D ~ U ~ ~ ~ ( ~ ~ ) ~  

I  

I 
I 
I 

L S A V ?  
I 

I 
I .- 
I 
I 
I 
I 
i 
i 
I 

! 
I 
1 
I 
i 

I 
I -  
I 
1 

1 
I 

1  

..-. 



- 
I F I I . r . E . 1 1  ~ ~ A S ~ L ~ ~ I = : ~ A S I ~ ~ I ) - S ~ N V ~ ~ ~  
CONTIhUF 
~ F V I ~ ~ = S S I V ~ ~ / I ~ . ~ D I S C O ~ ~ I ' ~ * O . ~ - ~ I ' I ~ ~ ~  
DC c4 I = 2 ? ? ~ r P C O h  
X I = [  
X I = X I - 0 . 5  
J I ! = A I - O . s  
h A s l I , l l = C .  
OF 40 * = I . *  
N A S I I q I ~ = ' i b S f I t I I + S P C P R 2 I K I ~ U ~ J I T I U ~ * I I . + X I G I K t 1 ~ I * ~ X I !  
CONTI~IUE 
~ P V I I I ~ l ~ P V I I - I ) ~ N ~ S l l ~ l l ~ l l . * D I S C O N ~ n o X 1  
CONTINUE 
X P V f J 3 . J K l = b P V I N Y P C C N l ~ . S I N V B Z  
no l o o  ~ = z . r  
00 7 5  I=Z,hYPCON 
h b S f l ~ J ) = U .  
X1.I 
X I = X I - 0 . 5  
* I I .X? -C .5  
L O  7 0  K = 1 $ 4  
h P S l I r J 1 ~ ~ A S : I ~ J l + S A C P H 2 l K ~ ~ U N I T l I o * l 1 . ~ X I F ( l K ~ J I  L(LdXI1 

7 0  CONTINUE 
7 5  C O ~ ~ T l h U E  

JJS1 
CALL ROLiI '~V ( N A S ( J J r J I  ,NYuCON,xfiOI ,S INV82 ,1PPr ISTAR)  
R O I I J ~ ~ J K I J - ~ ) = ~ O ~ . ' ~ X U Q I  
S T P P ~ J ~ ~ J K ~ J - I I I I  
1 F I I S T A P . E o . I I  S T A u l J 3 r J K t J - l l s * n a *  

10C CONTINUE 
I b O  CONTIbjUE 
190 CONTINUE 

IF I IPLOT. r lE .O l  CALL PLOTC 
I F I I U P T  . ~ ] E . O )  CALL REPOHT 

i 0 L  CONTINUE 
GO TO 20  

499 STOP 
Fhll 



L l  .'dqlkV 
C U CFSHFLOII . .%>LYSIS ** 0 h i l l  PROGHAw C4UL HEIN< <' GARRETT CUSP. 

S U e l ; ~ U T l i . t  F O I I I N V I C P S F L ~ J ~ ~ ~ I R .  1 7 0 1 r S I I V 9 f l r 1 " R ~ I S T b Q l  
C  a 0 PI0 YEAR I ~ I S C O U N T I h G  
C * 
C 0 0 CASFLOIIIICASHFLOU FOT T H t  I l T H  YEAH. 
C  * * NYR. TOTAL hU. OF YEARS C O h S I J t u k D .  
C  * * CCNVG = COhVEPGENCt TOLEhANCE IJSFO I N  I T E R A T I O N  LOUP. 
C  0 0 C O I  = RETIIR~ ON INVESTVENT. 
C 0 0 " C I C S S  = bUESS FOP 48,SuEQ F R h C T I O N  FORMINOT PERCENTAGE1 
C 0 * O C F I I I  r @ I S C n U k T E 0  CASHFLOW FOR I ' T U  YEAR. 
C  0 OCFCES =O.O = ZERO DISCOUNTED CASH FLO*  AT EN0 OF NYH YEARS. 
C  0 0 I T L I M  = MAXINUN NUMBER OF I T E R A T I O N S  hLLOWED FOR COhlVERGENCEo 

OI*E tdSIOb C A S F L O I S O I  t O C F l 5 0 1  p I T l 1 0 1 ~ X X I 2 ~ ~ Y Y l Z )  
c Q 0 RFAR IN u % T 4 :  I S T  CARn C O N T AI N S  1 1 1  NYR. I 2 1  C I S G S S *  

1 5  c 0 * Ar,O 1 5 1  CONVGI. 
1 6  C * * c o ~ ~ G l = f h P u T  COblvERGENCE TOLEPAICE. I F  tIOT I N P U T  T H I S  TOLERANCE 
1 7  C * * 1 5  ~ U T O W A T I C A L L Y  OETEPMIhEO. 
I a c 0 u W H E ~  G U E S S I ~ G  ROIGSS IT IS BETTER T O  GUESS LOW (IF P O S S I B L E ) .  
1 9  I S T i R = C  
2  0 I T L l M = 2 7  
2 1 C O Y  0CFPESzD.U OCFOES SET i3Y SUBR ARGUMENT 
2 2 C C F O E S n S I I V q J  
2 3 c u 0 C O W T ~ O L  CbYO FORYAT 0 * 
2  4 1  F O R C A T I I S r 5 L ~ 2 F l O . 0 1  
2 s  c * 0 ~ € 4 0  C O ~ J ~ Q O L  C ~ R O .  
2 6  CO* 5 PEA0 ~ ~ . ~ . E N C ; ~ ~ ~ ~ ~ N Y P P R U I G S S ~ C O I ~ V G I  
2 7  KOUFJT=O 
2  e c u u a E & n  I h  C A S h F L u  FOR E a c h  YEAH l d F 1 0 . 0 1  FORMAT 
2 9  C * * OAT& C A R O I S I  FORMAT. * 
3 0  2 F O R ~ ' n T l u F 1 0 . O l  
3 1 C 0 QEAO DATA. 
3 2  Ceo R E A D l 5 r 2 1 l C A S F L O l I 1 ~ I ~ l ~ h ~ R  I 
1.1 r o o  

IF I IPR.NE.01  
, * P I T E ( ~ ~ U I N Y P I  I C A S F L C I l l  $ I = l t N Y U ~  

s F O U M A T I I H I / / ~ C X I I U O I  CASHFLO* A N b L 1 5 1 S ' / / S X ~ ' N U M B E R  
I / /~X, -NET CASP F L O W  PER I E 4 R ~ I / 1 1 0 F 1 2 ~ 2 1 1  

0 S P F C I A L  EXPERIPENTAL GUESS Q O U T I b E  FOR R O I  FOR *ESS 
I F I A B S l S I I V 9 0 1  

UF 

.LT.O.OOll GO TO 1 7 5  

Y E A R S = * r I l O  

PPOGRAM. 

.. . -. 
4 8  1 1 5  CONTINUE 
4 9  WCIGSS3- -61  
5 0  1 8 0  CONTINUE 
5 1 * O I P G S n l O O . ~ R O I G S S  
5  2  I F ~ ~ A ~ ~ ~ U ~ ~ G S S ~ . G T . ~ . E ~ ~ ~ ~ , A N D D ~ I P R . C ~ T T O ~ ~ ~
$3 3 F O R M A T I / ~ X I * G U E S S  FOR @ O I * l r F l 5 . 3 ~ 1  PERCENT1/ / / l  

- 

R ~ T E ~ ~ ~ ~ ~ R O ~ P G S  



C 0 xParP-0.5 : TVIS LILLU* FOR M I D  YEAR OISCOUNTING. 
2 0  O C F I I ~ = C A S F L O ~ ~ ) / ~ ~ , O * U O I ~ ~ ~ X P  

DCFACT=O 
1'0 21 T m l  .ElYh 

7 CONTIEI(IE 
lFlIPR.GT.~IWSITEI6rb) IICFOES, OCFACT,ROI 

6 F C U C ~ T I I  OCF oES1REO.1tG16.6.l OCF &CTUAL=@tGlb.br* ROI=Iv 
1 Olb.6) 

9 0 ROlSAv=PUI 
91 CALL I T P A ~ ~ I ~ ~ ~ ~ ~ O ~ P O I ~ O C F A C T ~ O C F G E S ~ I T ~ ~ ~ C O N V G ~ I T L I U ~  
9 2 C 9 * CONVERT FQOb FHbCTIUb TO PEPCENT. 
9 3  PR01=100.'YC1 
96 I F I I P ~ . G T ~ U I W R I T E I ~ I ~ ~ I P R O I  
95 51 FO*CaTI//SX* THE HOI FOR SEQUENCE OF NET CASH FLOWS IS$* 
9 6  1.2X1FLQ.37' PERCEhT'I 
9 7 QETUYN 
0 4 C o o  GO 10 5 
9 9  C * Q YGU C4NhIOT LOSE MOPE THEh 100 %. 
100 25 I F I R O ~  .LT. -U.91 "O,[=-0.9 
101 IFIROI . 6 T e  9.99999 9, fiOI*9.99998 
102 C 4 0 IF(FU1 .b f .  9.9999999) POI.9.99998 N LIMITS PROFIT TO 1000% 
103 GO Tu 10 
104 C"*EO GC 70 5 
105 5 0  CCNTIhUE 
106 isrnu=l 
107 WFTIIdN 

- -. - . 
109 lF(ROt .GI. 0.01l~01lEM=O.S*ROI 
110 IFIPOI .GT.C.O ~ANC~ROI.LE.O.O~~YOITE~U-.O~ 
1 1 1  I'IROI .LE.O.OIROITEU=.~~QROI -0,149997 
112 I F I ~ C O U N T ~ G E . I O ~ . A N O . ~ I P ~ U N E . O ~ ~ W R I T E ~ ~ ~ ~ ~ R O I T E ~ ~ K O ~ ~ N T  
I13 IFlROITE~~EC.99999.lWRITEi6~~l ROITEM,KOUNT 



"... 

1 2 6  I s  F C P u n T ( *  r.E"IUESS FOR G 6 1 = * , ~ 1 b . h , ~  PQOVIDEO AUTOMnTIC R V  PROQUA 
1 2 1  I " ' ]  
1 2 2  GO TO 47 
1 2 3  0 9 9 9  I F I I P a . E L . 0 )  GO TO 9 9 9 6  
120 * U I T E ( 6 ~ 9 9 9 7 1 S I I V 9 0  
1 2 5  9 9 9 7  F O R U A T l I  SUlr I N I T I A L  INVESTPEPITS 1 9 9 0  % ~ ' v G 1 6 . 6 ~ *  90 CHECK CAS 
1 2 6  l h  FLOd * O W 1  

1 2 7  * P I T E ~ ~ ~ ~ ) N Y R I I C A S F L O ~ I ~ I I = ~ ~ N Y R )  
1 2 8  w U I T E l b * 9 9 9 E l  KOUNT 
1 2 9  * C I T E l b r 9 9 9 @ t  KOUNT?+2OI 
1 3 0  9 9 9 P  F O U M b T l 1  * * a  CALlhOT GET A GOOD GUESS FOR R O I  h E X T  CASE PLEASE 
1 3 1  I / K O U N T I I + I l O *  BAD VALVE OF R O I = * ~ G 1 6 . 6 r /  
1 3 2  2  * no* CPANGE P O I  TO M I N U S  99.99 PERCENT o * a q / / l  
133 9 9 9 0  9011-.9999 
1 3 0  I S T b R i l  
135 dETUUN 
1 3 6  E v i l  



0 0 9 U F E S S  t l  I .PL CTC 
1  C 
2 C P L d T  q 0 1  IUtTLflRr ON 1 h v t S T U E N T l  VZ CLHS SUITCHEO P t R  OAY FUR A 
3 C GIVEIU NUII~EP QF i?nr LURS. 

S U B u O U T I r ~ E  P L L T C  
P n r A M E T E k  ~ P l r ( r ) ~ P 2 = 1  l ~ h P 3 ~ 2 O , P l P 4 ~ 1 0  
uEbL.4 ' I ~ S . ~ P V I L O C C ~ L U C ~ O  
ccueoh /s,.vE/ ~ A S ( ~ O , ~ I  . r i P v ( j u l  ,POI ( ~ ~ P 3 ~ b r P 2 ~ 3 1  ~LOC'~I>I\IP?I * F A C T  

r ~ ~ ~ a ~ : , ~ 3 ~ ~ ~ z r 3 ~ r ~ ~  
CO4VOk / 'YUbR/ d o X C ( h P 4 1  ~ L O C C I P I P ~ I  r C A R S O l N P 3 1  
CCbqCOh / T I T L /  T I T L E  ( 1 4 1  
C C M V O ~  / I ~ ~ U X  / JI,JK~NCARSIIFLG~~OCCC 
c l u E ~ S 1 0 i u  ~ b B X ( 4 1  , ~ e t c Y ( 4 1  ,Y ( N P ~ I ~ X A ( ~ I ~ Y A ~ ~ ~ ~ X I N P ~ I  
C b T A  d F L 6  / O / ,  ASL / ~ O ~ . / , Y S L / ~ . O / , X P A G / O . / ~ Y P A G / O . / ~ ( ~ O U N T / ~ /  
CATA L A 6 X  / * C I V S  S ~ , * ' A I T C P E I I * O  PER l q I O A Y  I /  

D A T A  L A P Y  / .PETUUN,v*  O h  I N * , r V E S T M E * , * b l T  r % ' /  
DPTA X A v 1 A  / 0 . 9 0 1 1 1 . + 0 . r 0 . l l . /  
l F I J F L G . N t . 0 1  GO TO 1 0  
C 4 L L  P L I T S t O . 3 , O l  
CALL  F b C T o R t F A C T l  
J F L G I I I  
C A L L  P L f l T ( 2 . r - 5 - 9 - 3 1  
I F I K O U N T 1 6 T . 3 1  GO TO 20 
YPUG=YPAb*2.  
K C U N T = K O U V I l  
GO TO 3 0  
CALL P L O T ( X L + ~ . ~ ~ - ~ U . . - ~ I  
XFrG=O. 
~ P A ( i z 2 .  
KGI INT12  
CALL PLOT (XPAGIYPAGI-31 
XL=CARSD t i I C ~ R S 1  / X S L  
Y L Z Y M A X / Y S L  
C a L L  A X I S I U . ~ 0 . 1 L A 8 h ~ - 2 4 r 1 L ~ 0 . t 0 ~ ~ ~ ~ L ~  
CILL AXIS(O.,O.,LAEY$ 2 4 r Y L , 9 0 . r O . * Y S L l  
YP46.YL*l.  
SIZE;xL/H*. 
V , % L U E = B O K C t J l l  
CALL S Y M H ~ L ~ ~ . V Y P A G ~ S I Z E ~ ~ I T L E , O D ~ ~ U ~  
CALL S Y ~ ~ ~ U L ~ . ~ ~ Y P A G - O . ~ O ~ S I Z E ~ ~ ~ H S E ~ I S I T I V I T Y  1rO.t 
CALL  S Y U Y ~ ~ L ( ~ . ~ Y P ~ G - O . ~ ~ S L Z E E ~ H H N D D  OF RUX CARS 
CALL ~ U M B ~ ~ ~ Q ~ ~ . ~ ~ ~ ~ . ~ S I Z E ~ V A L U E ~ ~ O O - ~ ~  

-. 
5 5  &O CONTINUE 



009UF tSS ( 1) hCCORT 
1 SIIPP?)(JT r ! d ~ .  R E F ~ P T  
2 P A H A ~ ~ F T E Q  A P ~ = ~ ~ ~ . v ~ = ~ ~ , N P ~ = ~ o ~ I ~ I P Y = I ~  
3 ~ E A L  04 L G C M T C  ,RAS*NPV ILQCC WCCICNI~  
o C C ~ M U ~  / I - {JvP /  I ? ~ X C  (p ip* )  ~ L O C C  ( t d P z J  *CaHSo ( P ~ P ~ I  
5 C'IM"bFJ /C('Sf / C O S M ~ G * & ~ X C O S r E ~ U C O S r L O C M T C r E S U M T C * d O X k T C r F U L S A V  
5 C O M Y O ~  /S4VE/ ~ P S ( ~ ~ ~ ~ ~ ~ ~ ~ ~ V ( ~ ~ ) ~ Q ~ I ~ ~ ~ ~ ~ N
7 0 ? S T A R  ( t ~ P 3 r h P E r 3 1  rYriAX 
3 C'Jr4+~0b / S A V c " /  SII~W (hip?) rXPV ( N P ~ Y ~ F ~ )  *CWFITIFULIILA~NYHCO~\I  
3 CC 4MUN / X r d n Y  Jl rJK r ~ ~ C A Y S ,  IFLGrNOLJC 

1 U CC+UW / f  I T L  / T I T L E ( I * I  
11 ~ F ~ I F L G , % E . O I  GO TO 80 
12 I F C G = l  
13 w H I T E ( 6 , l )  
14 d R T T E ( b s 2 )  T I T L E  
15 rQ 1 TE ( 6 ~ 3 )  CARSO ( 1 J rCAGS0 (NCnRSl 
1 h n Q I T E ( 6 i @ )  CkEIT  
17 4RITE 1 b r 5 )  L O C C  l l )  *LOCCINOLOC) 
l fi r R  i T E  (6 ,b )  F I f L S A V  
19 k R I T E ( 6 q 7 )  t J I R C O N  
2 0 'dV1TE ( 6 , a )  C t x M O r l  
2 1 * ~ I T E < 6 , Y I  B O X C O S  
22 r ~ I T E ( 6 r l O I  ESCCCS 
2 3 * ~ I T E ( 6 r 1 1 1  L O C W T C  
2 4 * R I T E < b v i Z )  ESUPTC 
25 u F I ~ E ( b r 1 3 )  FULOLA 
26 60 0 0  1 0 0  I=lrJk 
2 7 d Q I T E ( 6 r 1 4 )  TITLE 
28 * R I T E ( b r 1 5 )  dOXC(J1)  
2 9 f l G I f E ( 6 r  161 L U C h O ( 1 )  
3  0 r S I r E i b v l 7 )  
3 1 00 6 0  j*1rmCAHS 
32 % . ~ ~ P V J X P V ~ J , I I / L * E * ~  
33 ~ I N V S S I I \ I V (  I ) / I . E + ~  
34 ' q F I T E ( 6 r l a l  C P R S U ( J ~ ~ X ~ P V ~ X I N ~ V ( ~ O I ( J I I ~ K )  PSTAPIJ * I IR ) *KSI~~)  
35 6C COl \ rT I r j tJE  
36 1 0 0  C C r u ~ l N t j E  
3 7 1 F ~ ~ k ~ q A T ( l ~ ~ , L 0 X ~ * F L Y 4 k E E L  ENERGY STOWAGE S b I T C h E R ~ / / / )  
3 Y 2 F O Q M A T ( ~ * ? ' ~ ~ ~ L Y S I S !  ' r l3Abr4Zf l l  
39 3 F O V ~ . I A T ( Z X S ~ Y A Q U  OAT& ' / / 7 X r f C b R S  SkIfCHEO PER O Q Y  :19FS.Ut t -  
4  0 *- 'sF5,O/l  
4  1  4  F O W W & T  ( 7 X t  rbVERAGE CaH WEIGHT $l ,F4,09 1 TOFIS*/) 
.r i! 5 F ? R M A T ( ~ A ~ ~ N O .  GF LOCOMOTIVES : ' rF3,0v ' - - * , f  3,0/J 
4 3 c F ~ H M ~ T I ~ A ~ ~ F u E L  S C V I ~ G  f G A L / C A R  S J J  : @ ~ F 6 * 3 / )  
44  7 F O A M A T ( ~ X ~ ~ L I F E  OF PEoJECT 1 * v I 3 r '  Y E 4 R S * / I  
45 d F C ~ ~ ~ A T ~ / / / Z X ~ * I ~ . I ~ T I P L  I~I~ESTMEIUT SUCMAPY (1978 % ) - - P E R  I J N ~ T * / /  
4 6 o 7 h r  1LOCOFOTIVE b4ODIF1CATI0+-~ : f r F 7 . 0 / )  
4 7 9 F G R ' ~ ~ T ( ~ x ~ ~ P P O W ~ ~ I O ~  O F  M ~ x  C A R  t ' r F l r U / l  
48 1 0  F O R M A T I 7 X r l P W V I S I W  OF 2 ESUs*S t r t F t r C j 1  
4 9 1 I F G Q M Q ~  ( / / / . ? A *  ~ C H A ~ G E  It4 ANhUAL COSTS AND CREDITS ( 1 9 7 8  8 )  
5 0 / 7 X  v *LOCOMOT T V f  WAIbTENAFlCE r ' r F 7 . 3 r '  PEP C A R  SWITCHED 
5 1 * * / I  , 
5 2 12 FGQUaT(7ArrESU *nINTENnKCE : l r F 7 . U t *  P E d  B f l X  CAR* / )  
5 3 1 3  FOWb(AT(7Xr !FUEL SAVIhO r@,F7 .49*  PER CAR SwITCkED 
54 * * / )  

h 

P ~ ? ~ ) ~ L O C N O ( ~ ~ P ~ ~ ~ F A C T  



b P I I T C * E r / D A y  16 XICOO1 40 " t T r 0 0  S F N S I T I ~ I T Y  SENSITIV 
0 1 i ~ 1 ~ ~ 1 2 2 x ~ v ~ P V  1 t l l T  c o ~ T ~ ~ 2 ~ u ~ ~ l ~ ~ l 3 ~ , ~ 2 ~ / 2 ~ X ~t I 9 b t  % I  # / I  
6 2 16 F O * n a T 1 7 X ~ F 5 . 7 ~ 3 X ~ F 7 , 2 2 Z X ~ F 7 . ? ~ h X ~ f h . r l ~ l X ~ A 2 v + X ~ F 6 . 2 $ l X ~ A 2 ~ 4 ~ ~ F
6 3  O . l X v A 2 1  
2 4 UE lI1Yf4 
6 5  EIlU 

0 0 9 " ~ t s S  I 1 I .BL~ . (  A T  
1  YI.L)CK TAT,\ 
? r .%AAnFTFU tsPl=* . t  P i = I o r r - P 3 = 2 r : , h C u = 1 0  
3 PE811."& LOCNO(I.AS.I.IPL 
a CL'l i"Oh /YF.PCI>T/ 4 1 0 1 a . 4 1  
L cCb~.,)hl /SAVE/  h i A S 1 3 0 r 4 1  .hPv ( 3 0 1  . P n l  I N P ~ , N P ? P ~ I  rLOChOlr lP21  ,FACT 
5 Q r S T A R I N P 2 9 b P 2 r 3 1  y Y P ' 4 . X  

7 CATA FACT/L.O/  
R D A T A  X I "  0 .02  I 5 . 0 2  r 0 .02  9 0 . 0 2  r 
Y z, 0 . 0  9 0 . 0  , 0.11 . 3.0 , 

I n  o O . S E  , 0.08 , u.ud  , o , o b  
I I 

. 
0 O v O R  r 0 . 0 8  . 0 . 0 8  r 0 . 1 0  / 

1 2  EN0 

s f  I t <  

~  
6 . 2  



C A R S  Sk Z T C k E D  PER r ) s j Y  : 2t!U.--SOfjO,  

FUEL S P V I N G  f G A C / C P P  Sk~'1 : , r ' G l  
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APPEND l X E  

ALTERNATE CONFIGURATIONS 

INTRODUCTION 

The f o l l o w i n g  a p p l i c a t i o n s  o f  t e c h n o l o g y  developed d u r ~ n g  t h e  FESS and 
o t h e r  r e l a t e d  programs were c o n s i d e r e d  i n  an a t t e m p t  t o  i d e n t i f y  a  v i a b l e  
energy sav ing  o r  p r o d u c t i v i t y  i n c r e a s i n g  concept.  

CONCEPT A2 (MODIFIED) 

System D e s c r i p t i o n  

Concept A2 ( m o d i f i e d )  i s  shown i n  p r i n c i p l e  i n  F i g u r e  E-1. The v a r i a t i o n  
f r m  Concept A2 i s  t h e  t r a c t i o n  m o t o r s  t h a t  a r e  unmodi f ied  D77 models w i t h  
t h e  f i e l d s  e x c i t e d  a t  h i g h  c u r r e n t  and low v o l t a g e  f rom an e x t e r n a l l y  con- 
t r a i l e d  supp ly .  A s i m p l i f i e d  schemat ic  d iagram o f  t h e  f i e l d  power s u p p l y  i s  
S ~ O H ~  i i  F i g u r e  E-2. 

The r a t i o n a l e  beh ind t h i s  concep t  i s  t h e  e n g i n e e r i n g  e f f o r t  t h a t  i s  con- 
c e n t r a t e d  i?  t h e  p r o v i s i o n  o f  t h e  f i e l d  power s u p p l y  r a t h e r  t h a n  b e i n g  s p l i t  
between t h e  t r a c t i o n  motor  m o d i f i c a t i o n  and t h e  f i e l d  power supp ly .  

System C o s t s  

The system c o s t s  i d e n t i f i e d  h e r e  a r e  based on t h o s e  d e r i v e d  f o r  Concept 
A2. On ly  v a r i a t i o n s  a r e  d e s c r i b e d  i n  d e t a i l .  

1. I n i t i a l  Locomot ive  M o d i f i c a t i o n  

The $11,000 es t ima ted  f o r  t h e  t r a c t i o n  motor  m o d i f i c a t i o n  i n  Concept A2 i s  
s - v o l ,  b u t  i s  o f f s e t  by  an i n c r e a s e  i n  t h e  c o s t  o f  t h e  f o u r  f i e l d  power s u p p l i e s  
from 830,000 t o  $40,000. Therefore ,  t h e  t o t a l  l ocomot i ve  m o d i f i c a t i o n  c o s t  
:or Z31cept A2 ( m o d i f i e d )  i s  $117,000. 

I t  i s  n o t  p o s s i b l e  t o  q u a n t i f y  t h e  b e n e f i t  ( o r  p e n a l t y )  o f  n o t  m o d ~ f y i n q  
t h e  s tandard  t r a c t i o n  motor  f rom t h e  v i e w p o i n t  o f  t r a c t i o n  motor  in terchanqe-  
a b i l i t y ,  spares h o l d i n g ,  e t c .  

2. Boxcar I n s t a l l a t i o n  

The boxcar  c o s t  remains u n a l t e r e d  a t  $215,000. 

Annual Cos ts  and C r e d i t s  h 

T?e locomot i ve  and boxcar main tenance c o s t s  a r e  t h e  same as  t h o s e  d e r i v e d  
f o r  Coqcept A2, a s  t h e  f u e l  consumpt ion i s .  

.c 
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F i g u r ?  E-1. Concept A2 (Mod i f i r . 1 1 )  



Economic Ana l ys i s  

I t  can be seen t h a t  t h e  o n l y  sav ing  r e s u l t i n g  from Concept A2 (mod i f i ed )  
compared t o  Concept A2 i s  a  sav ing o f  l ess  than 1 pe rcen t  i n  t h e  i n i t i a l  c o s t  
of t h e  locomotive m o d i f i c a t i o n ,  Therefore,  t h e  r e s u l t s  o f  t h e  economic a n a l y s i s  
o f  Concept A2 (mod i f ied )  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from Concept A2, and 
Concept A 2  ( m o d i f i e d )  i s  cons idered t o  be economica l ly  u n a t t r a c t i v e .  

CONCEPT A 1  (MODIFIED) 

System D e s c r i p t i o n  

Concept A 1  (mod i f i ed )  i s  based on Concept A2 (mod i f i ed ) ,  bu t  u t i l i z e s  o n l y  
one ESU w i t h  a h i ghe r  c a p a c i t y  f l ywhee l  machine ( t h e  energy s to rage  c a p a c i t y  
o f  t h e  ESU hav ing a l r eady  been shown t o  be adequate). The proposed f lywheel  
machine, which has y e t  t o  be designed, would be r a t e d  a t  850 amp (con t inuous)  
as t h e  t r a c t i o n  motors are.  The system schematic i s  concep tua l l y  t h e  same as 
F i g u r e  57 con ta ined  i n  t h e  main body of t h i s  r epo r t .  

System Costs 

1 .  I n i t i a l  Locomotive M o d i f i c a t i o n  

The locomot ive m o d i f i c a t i o n  c o s t s  a r e  t h e  same as those  f o r  Concept A 2  
(mod i f i ed ) ,  t h a t  is ,  $117,000. 

F i gu re  E-2. F i e l d  Power Supply f o r  Concept A2 ( M o d i f i e d )  

'-w 
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2. Boxcar I n s t a l l a t i o n  

I t  i s  es t imated  t h a t  t h e  c o s t  o f  t h e  ESU, complete w i t h  a l a rge r  cagac i t v  
ma chin^, would be $120,000, the reby  r e s u l t i n g  i n  a t o t a l  boxcar i n s t a l l a t i o n  
cost  o f  $ 1  55,000. 

Annual Costs  and C r e d i t s  

1. Locomotive 

The locomot ive maintenance c o s t s  a r e  t h e  same as Concept A2 (mod i f ied ) .  
The f u e l  consumption would be reduced compared t o  Concept A 2 ,  due t o  t h e  
reduc t i on  o f  t h e  boxcar weight  now t h a t  o n l y  one ESU i s  used. The f lywheel  
nach ins  i s  s i g n i f i c a n t l y  l a rge r ,  so t h i s  w i l l  o f f s e t  t h e  we igh t  sav ing due 
t o  t he  e l i m i n a t i o n  o f  one ESU. However, t h e  r e d u c t i o n  i n  f u e l  consumption 
i s  q e y l i 2 i b l e  because t h e  r e d u c t i o n  i n  weight  would be approx imate ly  1 percent  
rL  ib combined !ocomot ive and boxcar weight,  which r ep resen t s  an even lesser  
-r-  -,-C J,, i on  o f  t h e  t o t a l  average system weight .  

'-9 5S.J va iq tenance  w i l l  be $1,60O/year. 

- r ~ > - ~ : p i ~  4 n a l y s i s  

Tbe preceding da ta  were i n p u t  t o  t h e  FESS economics program. The r e s u l t s  
3 r e  conta ined i n  t h e  f o l l o w i n g  pages. From these,  i t  can be seen t h a t  f o r  a 
t y p i c a l  locomotive,  s w i t c h i n g  395 c a r d d a y ,  t h e  R O I  i s  o n l y  p o s i t i v e  ( b u t  l ess  
than 1 percent )  when t h e  number o f  boxcars  assumed i s  unrea l  i s t i c a l  I y low. 
Therefore,  i t  wbs concluded t h a t  Concept A 1  (mod i f i ed )  was uneconomic. 



I S U M r b P Y  C)F FESS t C C ' N O t ~ I C S  

ANALfSISI  CONCEPT A1 (w~JOIF IEOI  

NO. OF BOX CAPS I 1 .  

O'lH A-Y4 
CAHS SWLTCHFL/OAY (9,  A l u 0 0 )  

v I h l T  CUST 
l19H2  $ 1  

200.  
400.  
600.  
BOO*  

1000. 
1200.  
1409. 
1600. 
I d 0 0 0  
2000 .  
2200. 
2400.  
?!boo. 
zeoo.  
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3200.  
34C0. 
3600.  
3b00. 
40TJlI. 



h O .  OF POX C P k S  I 1, 

NO. OF L C I C O t ' O T l V E S :  I *  

O N H  A-94 
CARS S * I T C h F C / D A Y  ( B  A I O U ( 1 )  

NPV I h l T  COST 
(1982 a )  

Z O O *  
4001  
boo, 
8 0 0 * 

1000.  
12001 
1400. 
1600. 
1600. 
z o o o .  
2200. 
2400. 
2600. 
2800.  
30009 
3200. 
3400. 
3600. 
38i)Or 
4000. 



NO. OF BOX C A R S  I 1. 

CAWS S N I T C H I - U / n A Y  ( A  X 1 0 0 d l  
UPV I I ~ I T  COST 

( 1982  6 )  

" " 9 8  " 0  -.. 9 8 4>4' 

- 1  1.. 09 -1l.uG.. 
- 4 .  0-6 -.e * !) 6 
-5* ' i2 -5.9'; 
-4.20 - 4 . 1 ~  
-2.75 -c .  7u 
-1.50 -1.4ti 

0 . 3 7  - , 3 +  
65 .cc 

1-58 1 .ci'  
2.4t. 2.47 
3 .  ?H 3 - 2 3  
4.u5 * . ( ' 7  
4.78 d e n [ :  
5.49 5.5,)  
6 .  l h  f:. I"  
h . h l  be ' *>  

'7.43 1 @/*5 
bl.(i4 U * U b  
8 . 6 3  o r < - &  
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O a l M  A-94 
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V4PV I t < I  T C O S T  
( 1 9 P t  21  



NO. OF HGX C P F S  t 7. 

8.47 
61.41 

114.34 
l b 7 , ? h  
220.22 
P 7 3 . l h  
326.09 
379.03 
431.97 
4H4.91 
537.H4 
590.71( 
643.72 
69h.hk 
749.59 
F02.53 
R5S.47 
Y O H .  4  I 
961.35 

1 ~ 1 4 . 2 h  



I SbPPARY OF FESS 

I 
tCCFlOMICS 

ANALYSIS! COhCkPT 6 1  ~MODIF IED)  

ha. OF BOX C A ~ S  I 2. 

NU. OF LnCOtJDTIVES: 3. 

I Oh8 A-94 
CARS SwlTCHFu/naY ( F  X1000) 

ripv 1 t . 1 ~  COS T 
( 1 9 8 1  a )  

RETURN 01'4 KNVESTNE~IT % 
4R METHOr) SENSITIVITY S E + l S I T I V r T Y  

1 2 

1 

-15.52 "" 0.98 - , 9 H  u* I 

- 0 9 8  "" - 4.57 *" -5.16 " a  
- 1.13 ** -8.48 -8.46 
-4.10 ** -5.99 - 5.97 

-11.05 -4.C7 -4 . n5 
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-8.30 -1.12 -1.10 
'7. 18 - 0 9  111 
'6. 16 1.19 1.29 
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'4.35 3.12 3 .14  
'3.54 4.00 4.11 1 
-2.77 4 . 8 1  4.H4 
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"1.34 6.35 6.37 

m.67 7.07 7.09 
- 0  0 2  7.76 7 .7P  

0 6 0  A.43 a044 
1.20 9.07 4.09  
1.79 9.70 9.72 

i 
I 

I 
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fuPV I h I T  CUST 
(1982 !6) 
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NO. OF HOX CAMS 2 2. 

n ~ ~ q  a - 9 %  RETURN oh INVEST:*ENT 9 I 
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0 X l O O G )  4W * F T ~ I O I J  S t r ~ s I T J v r  T Y  S E F . S I T I v 1  
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T Y  CAPS ShITCHFD/OAY i 
NPV ! * I T  CGST 1 ? 1 

0 9 8 2  $ )  1 



AfvALYSISl CUPCFPT A 1  ( M O I j I F I E C )  

NO* OF B O X  C AR S  : 2. 

0nic 6-94 PETUR~Y O N  i h v ~ S  (r iE1-1T B 
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xPV I h I 1  C O S T  1 ? 
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400. 
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1000. 
1 2 9 0 .  
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1600. 
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40'JO. 
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APJALYSISI cCI~.Ct)3'1 A l  ('40UfF J t Q )  

t40, QF HOX C h P S  t 3 ,  

Dp4(f A 9 9 4  RtT l jH; \ I  04 I : . ' r F 5 1 ' - F . 1 - r  > I 
I 

CARS 5 d I T C P F o / O t Y  (S A l f l o C a )  4tJ f -+Ert . (L~l7 5Ei15ITXJfr ‘r  - . < 5 ~ ' ~ l j T T f ~ l T Y  I 
hPV 1x1 T C t j S T  1 2 I 

(19P2 a )  
I 

I 

4 )  -qy * 9 c 3  # < r  ! 

4 )  4) - , y ; ~  otr 1 
I 

- 1  l * P L  1 

-9- 1 . 3  
- 7 . 1 4  
-5  5'. 
3@,21 
- J e  G k  

- 2 .  ( ' 1 '  

' t * 1.6 - 1 . '-6 

f -  t' - 

1,37 
! 2 csr i 

2.7" 
7, 3 '-, 
'4 4 ,  1 
(+ t- , 
5 , l r  
5 .  / 1  



ANALYSIS;  CUhCkFT A l  (WDIFIEO) 

h0. OF bOX C A R S  1 3. 

3hd A-94 
CARS S w I T C H E D / C b Y  1 %  A l O O C )  

IUPV I h I T  COST 
(1902 $ 1  

ZOO. 
400. 
6001 
aoo. 

1 c o o a  
1200. 
1400. 

t 1600. 
1800. 
2000. 
2200. 
2400. 
2600. 
2600. 
30008 
3206. 
3400. 
3600. 
3600. 
40000 



I SUCVACY OF FESS ECGhObICS 

OMB p-94 
C ARS  S N I T C ~ E O / D A Y  ( B  ~ I O O O )  

NPV I V . l T  CCST 
(191)2 S )  

- 99.94 * *  
-.99 0" 

-.9v ou 
- . 9 ~  a o  
-,gR rr t r  

-1.03 *" 
-lO.6* a *  
-11.67 
-1o.70 

'9.87 
-9.10 
- a . + ~  
-7.74 
'7.12 
'6.53 
-5.9fi 
-5.45 
-4,916 
- 4.45 
-3.9e 

9 trtr 
, *98 ocr 

-1 ,0 5 cr *I 

- 10.52 
-8.41 
- 7 . 0 6  
-5.80 
-4.68 
-3.69 
-2.80 
- 1  "9H 
-1.22 

-.51 
.15 
.76 

1.3fi 
1.95 
2 - 4 9  
3.07 
3.52 

-9'3.99 o* 
-.qp urr 

-1 , l jh  Or! 

-10.5P 
- t j * C Y  - 7 .  ) I * >  
- 5 . 7 s .  
-4, hh 
-3.67 

- - 2 .7% 
1.9,. 

-1.25'8 
- * 4 Y  
$17 
* P C  

1,487 
1 - 9 1  
2.51 
3,814 
* * 5 4  





hO. OF R O L  CAWS : 4, 

-99.99 utr - 99 .99  e *  -99.99 {ro 
-15.52! "* -.9c( * t+  - , 9  otr 

-,gq o o  9 tro' - cra I 
9 a o  - 1  1.b') -1 I .  I:? I 
9 {rtr -9%54 - 9 , 5 ?  
- 9  tro ! 

-7.H9 - 7 . h 7  
- 1.32 ** -6 .52  -k 5 :I 

- 12.24 -5.35 - 5.  .33 
-ll.LL+ - 4 + 3 2  - 4 , 3 ! 1  
- I ? * & ?  -3.34 -3.3" 

-9. hi+ ' i . 5 5  -2.5.3 
-8.92 - I r  l H  - 1 , 7 * ,  
'i1.24 -1.r i )S -1 .1 .13  
'7.61 - *  3 d  - . 3 $1 

- 7 . 0 2  . Zh . . 2if 
$7 . - 

-6.46 . C *  

-q,Y7 1.44 1 . 4 ~  
-5.Crl I .  ')Y c . f , l  
-4.92 ?.?I2 2154 
-4 . .  4(1 3.n3 3 . u 4  



ocd a-94 
CAHS Sff I T  ChC I J / O Q Y  1 %  A ~ ~ ~ O I I )  

hPV I t v I T  CUST 
119dZ % )  

ZOO. 
400. 
0 0 0 .  
800. 
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ldvcl. 
1400 .  
1600 .  
1CJU0, 
2000.  
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24009  
26000 
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3 6 0 O t  
36001 
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SI?I*t*AliY (JF f ESS F-Ci'r.rtiw ~ c S  

ANALYSIS;  CUhCEPT A 1  (MU!)IFIED) 

NO. or sox C A R S  I 5. 

O t l 9  A-94 RETURN Or4 l k ~ J k S ~ M E ? , ~ T  % 
CAWS S* ITCHFl ; /OAY ( 5  h 1 0 0 0 )  4H IUIETI1C)P S E t . 4 S f T I V I T Y  S ~ : ~ - I S I T ~ V I T Y  j 

1 ?IPV IhIT COST 2 
(19132 a )  

I .  . 
I 



SUr-qMbRY OF FESS E C O h J r I C S  

ANALYSIS8 CORCtPT A 1  ( M U U I F  IED)  

NO. OF SOX CAPS % 6 .  

NO. OF L D C O r U T I k E S I  6 .  

O4H b-94 
CARS S*ITCt{Ei7/OAY (k X1003) 

NPV 1 h l T  COST 
( I Y b 2  5) 

PETUHN ON I N V E S I ~ - ~ E ~ I I  Y, 
4H METHUll S E N S I T I V I T Y  S E " I S I T I J T T Y  

-99.99 "0 

-99.99 "" 
-1.5.52 4'" 

- , g a  trc 
-.yh trtr 

- 9  o o  
- ,gy  trtr 

-.9P 60 

- 1.01.  trn 
-1.82 "" 

-12.30 
-1  1 e 5 f 7  
-13.91 
-10.29 
-9.72 
-9 .17  
-8.66 
- 0 . 1 7  
- 7 .70  
-7 .26  

-39.99 o n  
-gy.qs en 

-,9R ocr - tra 
- 1  o o  

- 1  1.07 
-9.54 
-t$.?F 
-1.2:' 
'h.?S 
-5.3s 
-**h% 
- 3 . $ J  
- 3 . 2 4  
' Z r b 2  
- 2 * < , ?  
-1.4c 

- * o h  

'-46 
* (I? 



SERl ES MOTORS CONCEPT 

System D e s c r i p t i o n  

The s e r i e s  motors concept i s  based on t h e  use o f  s tandard dynamic brake 
techniques us ing  unmodif ied t r a c t i o n  motors. The t r a c t i o n  motor f i e l d s ,  hav- 
ing been separated from t h e  armatures, a r e  connected i n  s e r i e s  w i t h  each other 
across t h e  main generator.  T r a c t i o n  motor e x c i t a t i o n  i s  c o n t r o l l e d  by using 
t he  main generator  f i e l d  t o  c o n t r o l  t h e  vo l tage,  and t h e r e f o r e  t h e  cur ren t ,  
app l i ed  across t h e  f i e l d s .  

The s i n g l e  ESU w i t h  increased c a p a c i t y  f lywheel machine i d e n t i f i e d  i n  
Concept A l  (mod i f ied )  w i l l  be a p p l i e d  t o  t h i s  concept; however, a power supply, 
now -equi red f o r  t h e  f lywheel  machine f i e l d ,  w i l l  be taken  from an ESU-driven 
a l t e r n a t o r .  

A s i m p l i f i e d  system schematic i s  shown i n  F igu re  E-3. 

System Costs 

1 .  I n i t i a l  Locomotive M o d i f i c a t i o n  

An es t ima te  o f  t h e  locomotive m o d i f i c a t i o n  c o s t  i s  g iven  i n  Table E-1. 

E l emen t Cost, $ 

Switchgear 

Jumper cab1 es 

Cont ro l  m o d i f i c a t i o n s  

I n s t a l l a t i o n  labor  

Misce l laneous 

Tota l 

5,000 

4,000 

15,000 

15,000 

5,000 

44,000 

2. Boxcar I n s t a l l a t i o n  

The boxcar i n s t a l l a t i o n  c o s t  w i l l  be t h e  same as  Concept A l  (mod i f ied )  
excep t . t ha t  an ESU-driven a l t e r n a t o r  i s  r e q u i r e d  a t  an es t imated  c o s t  o f  
$6,000, g i v i n g  a t o t a l  boxcar i n s t a l l a t i o n  c o s t  o f  $161,000. 

'- 

Table E-1 

COST OF LOCOMOTOVE MODIFICATION FOR SERIES MOTORS CONCEPT 
V 



SHLITDOWN 
SW l TCH 

FLYWHEEL 

PROPU LS I ON/BRAKI N G  

BRAKE 
COMMAND LoconoTt  YE- I - Box CAR 

FRICTION BRAKE 
SYSTEM 

I 
s33062 A 

Figure  E-3. Series Motors Concept  



Annual Costs  and C r e d i t s  

1. Locomot ive 

'5e locomot i ve  maintenance c o s t s  w i l l  be t h e  same as  t h o s e  f o r  Concept A l ,  
excep t  f o r  t h e  f o l l o w i n g :  

( a )  The a d d i t i o n a l  maintenance c o s t  a l l owed  f o r  t h e  e l e c t r o n i c  equipment 
w i l l  n o t  be requ i red .  

( b )  The a d d i t i o n a l  maintenance c o s t  a l l owed  f o r  t h e  f i e l d  power supp ly  
a l t e r n a t o r  w i l l  n o t  b e  r e q u i r e d .  

( c )  An a l l owance  o f  $200 per year  w i l l  be made f o r  t h e  maintenance o f  
t h e  a d d i t i o n a l  c o n t a c t o r s  and c o n t r o l  equipment r e q u i r e d .  

Therefore ,  t h e  maintenance sav ing  becomes $0.06 per  c a r  swi tched.  

The f u e l  consumpt ion i s  reduced compared t o  o t h e r  concepts  due t o  t h e  
e l i m i n a t i o n  o f  t h e  d i e s e l- e n g i n e- d r i v e n  f i e l d  power s u p p l y  a l t e r n a t o r .  The 
f u e l  sav ing  f o r  t h i s  concep t  i s  e s t i m a t e d  a t  0.016 g a i / c a r  swi tched. 

2. Boxcar 

The maintenance c o s t  o f  t h e  boxcar  w i l l  be t h e  same as  t h a t  f o r  Concept 
A i  ( m o d i f i e d ) .  

Economic A n a l y s i s  

The p r e c e d i n g  d a t a  were i n p u t  t o  t h e  FESS economics program. The r e s u l t s  
a r e  c o n t a i n e d  i n  t h e  pages t h a t  f o l  low. 

For t h e  t y p i c a l  locomot ive  usage, t h e  s e r i e s  motors  concept  shows an ROI 
t h a t  i s  l e s s  than 5 percent ,  t h e  a c t u a l  f i g u r e  b e i n g  dependent on t h e  r a t i o  o f  
h x c a r s  t o  locomot ives.  I t  i s  c l e a r ,  however, t h a t  t h i s  concept,  i n  common 
w i t h  t h e  o t h e r  f l y w h e e l  o p t i o n s ,  i s  n o t  economica l l y  a t t r a c t i v e .  

L 

- 

\ 
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AiJACygI5  I s f  IF.5 I"ii"I1 i , P s  CLr  CF F r 

NO. OF E O X  ~ 4 i 4 S  1. 

NO. OF L C ~ C O V ~ T I ~ E S :  4 .  

('+,U 9- 9 4  
CARS S s I  T C ~ F Q / O D Y  ( 6  ~ l l ? ( . r l  

NPV I h I T  C O S T  
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-12.1'l 

-8.8.; 
- h r 4 7  
-4.5i: 
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.12 
1.47 
2.65 
3.82 
4.94 
o.n? 
7 . 1 ~ 7  
t i .10 
9.11 

1 ( 1 .  Ci9 
1. 1 . i) '7 
1 ? t 1 : i  
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CHOPPER CONTROLLED DYNAMIC BRAKE 

System D e s c r i p t i o n  

From the  r e s u l t s  ob ta ined  i n  t h i s  study, it i s  c l e a r  t h a t  energv s e v i l g s  
a r e  minimal a t  best,  and nega t i ve  a t  worst .  The o n l y  p o s i t i v e  Senefi+ i d e h t i -  
f i e d  has been t h e  sav ing i n  brake maintenance brought  about by t h e  use o f  
e l e c t r i c ,  r a t h e r  than  f r i c t i o n ,  brakes. T h i s  sav ing  cou ld  be r e a l i z e d  by t h e  
use o f  a  s e r i e s  chopper, as  shown i n  F igu re  E-4. 

I n  t h i s  scheme, f u l l  b rak ing  e f f o r t  can be ma in ta ined  t o  less than 1 mph. 
I n  convent ional  dynamic brake schemes (i.e., w i t h o u t  a  chopper), t h e  b rak ing  
e f f o r t  f a l l s  r a p i d l y  a t  a  r e l a t i v e l y  h igh  speed (24 mph i n  a  t y p i c a l  U.S. road 
locomotive).  A v a i l a b l e  extended range f ea tu res  success ive ly  s h o r t  o u t  sec t ions  
o f  t h e  dynamic brake r e s i s t o r ,  b u t  t h i s  i $  n o t  e f f e c t i v e  below approx imate ly  
10 mph. The chopper can be used t o  ma in ta in  t h e  armature c u r r e n t  and hence t h e  
b rak ing  e f f o r t  a t  a  s e n s i b l y  cons tan t  l eve l  u n t i l  t h e  o u t p u t  vo l t age  o f  t h e  
motors can no longer overcome +he vo l t age  drops i n  t h e  c i r c u i t .  Th i s  condi-  
t i o n  occurs a t  approx imate ly  1  mph w i t h  four  D77 t r a c t i o n  motors t h a t  have a 
62:15 gear r a t i o  and a 40- in. diameter wheel. 

System Cost 

1. I n i t i a l  

The o n l y  i n i t i a l  c o s t  i s  t h e  m o d i f i c a t i o n  o f  t h e  locomotive, because t h e  
boxcar i s  no longer requ i red .  T h i s  m o d i f i c a t i o n  has an ROM c o s t  as  shown i n  
Table E-2. 

TABLE E-2 

COST OF LOCOMOTIVE MODIFICATION FOR 
CHOPPER-CONTROLLED DYNAMIC BRAKE 

E l  emen t Cost, $ 

Chopper and r e s i s t o r  g r i d s  40,000 

Con t ro l  m o d i f i c a t i o n s  15,000 

Jumper cab les  4,000 

I n s t a l l a t i o n  labor  15,000 

Misce l laneous 10,000 

T o t a l  84,000 

L 
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BRAKE 
S T  G R I D  

F igure  E-4. S i m p l i f i e d  SchemaTic, Chopper-Control led Dynamic Brake 



2. Annual Costs  and C r e d i t s  

The sav ing  i n  brake maintenance w i l l  be h i g h e r  f o r  t h i s  concept  because 
t h e  dynamic b rake  i s  ava , i l ab le  f o r  a l l  s tops.  Howeber, an a l l owance  i s  r e c v i r e d  
f o r  t h e  maintenance df t h e  chopper, and an ROM e s t i m a t e  o f  $1,000 pe- \ sac  he5  

been made. There fo r& ,  t h e  n e t  s a v i n g  i n  locomot ive  maintenance becomes 52.059 
per  c a r  swi tched. 

Economic A n a l y s i s  

The p reced ing  d a t a  were i n p u t  t o  t h e  FESS economics program. The r e s u l t s  
a r e  c o n t a i n e d  i n  t h e  f o l l o w i n g  pages. 

For t h e  t y p i c a l  locomot ive ,  i t  can be seen t h a t  t h e  ROI i s  8.4 percent .  
A l though t h i s  i s  s i g n i f i c a n t l y  h i g h e r  thah  t h e  ROI f o r  any o t h e r  concept,  
it i s  s t i l l  much t o o  low t o  be wor th  c o n s i d e r i n g .  

L 



FLYhPEEL ENERGY STOHPGE SblTCHEI-4 

A N A L Y S I S !  CHQPPEH CONTRQLLEU D Y h A M I C  BRAKE 
YARD DATA 

C ~ R S  ShItCHEO PER i]hY t 20U.--4C00m 
1 

A V E R I G E  CAR WEIGHT I 50, TONS 

L IFE  O f  PROJECT r 2 0  YEARS 

I N I T I A L  INVESTMENT SUMMARY (1976 %)-=PER UNIT 

PROVISIOk OF B O X  C b Q  t . 0, 

Ch9NGE I N  akNUAL COSTS 4 ~ 0  CREDITS (1978  $ 1  

LOCOMOTIVE M A I N T E N ~ N C E  r 20.650 PER CAR SWlTCHED 

ESLJ M A I h T E K A N C E  1 0, PER QOX CAR 

FUEL SAVING t m O O O 0  PER CAR SWITCHED 

I 

I 



ANALYSIS!  CHOPPER CONTROLLED DYNAMIC BRAKE 

NO. OF BOX CARS I 1. 

OM8 A-94 RETURh ON INVESTMENT % 
CARS S* ITCHEO/f lAY 1 %  X 1 0 0 0 )  4R METHOO S E N S I T I V I T Y  S E N S I T I V I T Y  

NPV I h t I T  COST 1 2 
( i 9 a i l  $ 1  



I S~JCVAHY OF FESS ECONOMICS 

ANALYSISI CHOPPER CONTROLLED DYNAMIC BRAKE 

NO. OF BOX CARS I 1. 

OF L 0 C O " O T I V F S I  3. 

O V M  4- 94 RETURN ON INVESTMENT $ 
CARS SIUITCHFll/OAY - ( s  X 1 0 0 0 )  *R METHOD S E N S I T I V I T Y  SE~VSITIVITY 

hPV I h I T  COST 1 2 
(1982  $ 1  



OM8 A-94 RETURN ON INVESTMENT % 
C A R S  $ W I T C h F O / O A Y  ( $  X l O - a O ,  4R METHOD SENSITIVITY SENSITIVITY 

NPV l b  I T  COST 1 2 
(1982 31) 

ZOO. 57-35' 424.19 -3.38 *Q -8.52 -8.52 
400. 114.79 424.19 -10.84 -3.84 -3 e 84 
6000 172.18 424.19 '7.9R -e77 -977 
800. 229.57 424.19 -5 • 75 1.62 1962 
1000. 286.96 424. 19 -3r00 3.63 3.63 
1200. 344.36 424.19 '2.24 5.38 5.38 
14'30. 401.75 424.19 'e76 6.97 6.97 
1600. 459914 424.19 r 6 0  8043 8.43 
1800. 516.54 424.19 1.88 9.80 9980 
2000. 573.q3 424.19 3.09 11.09 11.09 

631.32 424.19 4 24 12.32 12.32 
.~ 

2ZOo. 
2400. 688.71 424.19 5 1 3 5  13.50 13-50 
2600. 746.11 424.19 6.42 14.65 14065 
2800. 803.50 424.19 7.47 15.76 15.76 
301160 860.89 424.19 0.49 16.85 16.85 
3200. 918.29 424.19 9.49 17.91 17.91 
3400. 975.68 424.19 10.47 18.96 18r9h 
3600. 1033.07 424.19 11.45 19.99 19.99 
3600. 1090.46 424~19 12.41 21001 21.01 
40000 1147.86 424.19 15.36 221 02 22.02 
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S U ~ J M A P V  OF FESS ECOrdOP ICS 

INALYSISI CHOPPER CDNTROLLEO DYNAVIC HHAKE 

fiOo O F  L O C O M O T t V E S :  5 .  

OW8 P-94 RETURN ON I N V E S f M E h t  S 
C A R S  S f f ITCHEU/DPY ( d  X l O D C l  4R RET+!UD S E N S I T I V I T Y  S E N S I T I V I T Y  

~ P V  I P J I T  COST 1 2 
( 1 9 8 2  5 )  

2 0 0 0  57.39 530.24 q e 9 R  efi - 9 ~ 9 1  -9191 
4 0 0 .  114179 530 .24  -12.31 -5.42 4 4 2  
6 0 0 ~  172.18 530124 39.59 -2.50 *2,50 
R o n e  22Qe5? 530,24 - 7 . 4 9  l . 2 5  - a  25 
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14001  401.75 43U.24 -2.89 4 .70  4 ~ 7 0  
1600. 4 5 9 . 3 4  530r24  " l o 6 3  6 .04  6.04 
1 6 0 o e  516054  5 3 0 a 2 4  -+4iJ ye27 7.27 
2000. 5 1 3 , 9 3  530r24 060 9.43 8.&3 
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2600. ?46,11 530e24 3.55 Ilr58 l l e 9 8  
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3200. 930.29 5 3 0 . 2 4  6 - 2 1  14.42 14942 
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3 6 0 0 0  f 033m07 530.24 7.8R 16020  1 6 ~ 2 0  
3800, 1890146 930.24 8.69 17,0b 1 7 ~ 0 6  
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SUMMARY OF FESS ECONObICS 

ANALYSIS1  CHOPPER CONTRfJLLED OYNAMIC BRAKE 

NO. OF BOX CARS 1 10  

O M R  A- 91 RETURN ON INVESTMENT % 
CkHS SCITCHED/CAY ( %  X l O D O )  4R METHOD S E N S I T I V I T Y  S E N S I T I V I T Y  

NPV I h  IT COST 1 2 
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