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MOTOR CHARACTERISTICS 

Probably t h e  most common t y p e  o f  e l e c t r i c  motor used a s  t h e  prime 
mover i n  movable b r i d g e  d r i v e s  has been, and s t i l l  i s ,  t h e  AC wound 
r o t o r  i nduc t ion  motor. I t s  most n o t a b l e  c h a r a c t e r i s t i c s  from t h e  b r i d g e  
d r i v e  d e s i g n e r ' s  v iewpoint  a r e  i t s  h igh  s t a r t i n g  t o r q u e ,  and t h e  v a r i e t y  
o f  s p e e d / t o r q u e  cu rves  r e a l i z a b l e ,  both o f  which can  be a l t e r e d  i n  t h e  
f i e l d  f o r  any given motor. 

Modern wound r o t o r  motors  commonly used on movable b r i d g e s  a r e  o f  
t h e  c r a n e  and h o i s t  t y p e ,  and a r e  g e n e r a l l y  assumed t o  f o l l o w  a  t y p i c a l  
wound r o t o r  i n d u c t i o n  motor speed / to rque  curve .  F igu re  1 i s  one  such  
s p e e d f t o r q u e  c u r v e  o f t e n  p re sen ted  i n  motor t e x t  books. Of p a r t i c u l a r  
i n t e r e s t ,  e s p e c i a l l y  t o  machinery d e s i g n e r s ,  i s  t h e  peak o r  maximum 
t o r q u e ,  i n  this c a s e  termed t h e  break-down to rque .  Notice t h a t  t h i s  
" t y p i c a l "  c u r v e  i m p l i e s  a  maximum a v a i l a b l e  t o r q u e  o f  o n l y  200 p e r c e n t .  
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A wound r o t o r  motor b u i l t  according t o  t h e  c u r r e n t  s t a n d a r d s  o f  
the  National E l e c t r i c a l  Manufacturers Associa t ion  J N E M A )  may well 
s u r p r i s e  anyone who assumes t h a t  Figure 1 i s  an a c c u r a t e  q u a n t i t a t i v e  
r e p r e s e n t a t i o n  o f  h i s  p rospec t ive  motor. Modern wound r o t o r  motors a r e  
capab le  o f  f a r  h igher  breakdown to rques .  N E M A  MG1 (1978) ,  Paragraph 
MG1-18.509 A. ,  s t a t e s :  

"The break-down to rque  f o r  a l t e r n a t i n g  c u r r e n t  wound-rotor c r a n e  
motors,  w i t h  r a t e d  vo l t age  and frequency a p p l i e d ,  s h a l l  be not  
1 e s s  than 275 pe rcen t  o f  f u l l  - load torque ."  

Not ice  t h a t  whi le  a minimum breakdown to rque  0 3 2 5  percent  o f  f u l l - l o a d  
t o r q u e  i s  r e q u i r e d ,  no maximum torque i s  e s t a b l i s h e d .  However, P a r t  8 
of  the same paragraph o f f e r s  some guidance by adv i s ing  machinery 
d e s i g n e r s  t h a t :  

"For t h e  s e l e c t i o n  o f  gea r ing  and o t h e r  mechanical des ign 
f e a t u r e s  o f  t h e  c r a n e ,  375 pe rcen t  o f  r a t e d  f u l l - l o a d  t o r q u e  
s h a l l  be used a s  t h e  maximum value  o f  break-down to rque  f o r  an 
a l t e r n a t i n g  c u r r e n t  wound-rotor c rane  motor." 

Although t h i s  paragraph s t i l l  does not  e x p l i c i t l y  e s t a b l i s h  a maximum 
t o r q u e  c o n s t r a i n t  f o r  motor manufactur ing,  i t  does imply t h a t  motor 
u s e r s  should assume t h a t  t h e  motors w i l l  not  d e l i v e r  more than 375 per-  
c e n t  o f  t h e i r  r a t e d  f u l l - l o a d  t o r q u e  a t  t h e  breakdown po in t .  

To a p p r e c i a t e  what t h e s e  minimum and maximums may mean, l e t ' s  
look a t  an a c t u a l  case .  Recent ly ,  t h e  Author had an o p p o r t u n i t y  t o  wit- 
ness  t h e  t e s t i n g  o f  a s e t  o f  main and a u x i l i a r y  d r i v e  motors f o r  a new 
tower-dr ive  v e r t i c a l  l i f t  br idge .  The motors were 50 HP and 20 HP, 600 
RPM, d r i p  proof ,  wound r o t o r  c r a n e  motors.  The motors were s u b j e c t e d  t o  
t h e  "complete t e s t " ,  on t h e  manufac tu re r ' s  dynamometer. For a summary 
o f  t h e  t e s t s ,  s e e  Table 1, The measured to rque l speed  curve  o f  one o f  
t h e  motors i s  shown i n  Figure 2. The o t h e r  motors d i sp layed  s i m i l a r  
cu rves .  
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Typically, the three points o n  the curve of most in teres t  would 
be the rated full-load torque ( a n d  speed), the s tar t ing or locked rotor 
torque, and the break-down torque. From the curve of Figure 2 ,  i t  i s  
seen that t h i s  motor develops i t s  rated horsepower a t  588 RPM, or just  
two percent s l ip .  I t  can also be seen that  i t s  locked rotor torque i s  
bet ter  t h a n  some authors suggest, But  the most significant point to be 
seen on Figure 2 i s  the break-down torque, which peaks a t  3 4 0  percent o f  
rated full-load torque. This i s  significantly higher than the 2 0 0  per- 
cent shown in some text  books, or the 2 7 5  percent minimum required by 
NEMA. B u t  of particular importance, i t  i s  significantly higher than the 
150 percent suggested for bridge machinery design by AASHTO (and AREA). 
This will be discussed in more detail  l a t e r  in t h i s  paper. 

To exploit the potentially high s tar t ing torques available w i t h  a 
wound rotor motor, the user must exercise his option of al tering the 
speed/torque characterist ics by varying the external rotor c i rcu i t  
resistance. Figure 3 shows a family of speedltorque curves the user 
could experience by changing the values of rotor resistance. In 
general, notice that  increasing the rotor resistance sh i f t s  the break- 
down torque t o  successively lower speeds, until f inal ly  i t  occurs a t  
zero speed, for maximum star t ing torque. Further increases in rotor 
c i rcu i t  resistance then simply lower the s tar t ing torque t o  produce so f t  
s t a r t  characterist ics.  

SPEED - TORQUE CURVES FOR 
WOUND ROTOR hQTOR WITH 

VARYING EXTERNAL ROTOR RESISTANCE 

MOTOR SPEEO (RPM) 
FIGURE 3 



CONTROL SCHEMES 

To evaluate a wound ro to r  motor's behavior in  a dr ive system, we 
a l so  need t o  be concerned with the cha rac te r i s t i c s  of the motor 
con t ro l l e r .  Just  how does the con t ro l l e r  e f f e c t  the ava i lab le  torque 
from the motor? Does i t  provide t r u e  torque l imi t ing ,  or  j u s t  motor 
overload (overheat) protect ion? 

One of the o ldes t ,  s implest ,  and most common con t ro l l e r s  found on 
older  bridges i s  the stepped res i s tance  cont ro l le r .  In a typical 
i n s t a l l a t i o n ,  the ro tor  res i s tance  i s  varied by manually operating a 
drum switch, much l i k e  t h a t  used in t r o l l e y  cars .  A bank of heavy-duty 
tapped r e s i s t o r s  was provided for  the ro to r  c i r c u i t ,  and the  r e su l t ing  
family of torque curves was u t i l i z e d  as  shown in Figure 4. By stepping 
through the  sequence of res i s tance  values, motor operation i s  switched 
from curve to  curve, By making these t r ans i t i ons  a t  the  co r rec t  moment, 
the average torque can be kept high but the  torque peaks kept within 
reason, say, below 180 percent. In pract ice,  much was and sometimes 
s t i l l  i s  l e f t  to  the judgement of the  bridge operator.  With no accurate  
way fo r  the operator t o  determine actual torque output from the motor. 
i t  o f ten  i s  simply h is  personal preference as t o  when he switches t o  the  
next lower resis tance s t e p  during accelerat ion.  I t  seems l i k e l y  t h a t  
the bridge machinery could a t  l e a s t  occasionally be subject  to  the  
motor's fu l l  break-down torque. 
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Machinery designers should take note t h a t  essential ly no expl ic i t  
form o f  torque limiting exists  with the stepped resistance scheme. 
Motor overload relays, i f  provided, generally react too slow to be o f  
value i n  terms o f  torque 1 imiting. 

A newer type of motor controller being applied with increasing 
frequency on bridges i s  a variable voltage electronic controller. In 
t h i s  scheme, the motor voltage i s  varied by a  three-phase bank of s i l i -  
con controlled rec t i f i e r s  ISCR's), much the same as a  solid s t a t e  l igh t  
dimmer. Tachometer feedback i s  usually employed along with an inter-  
nall y generated ramped reference voltage, which together provide 1  inear 
acceleration a n d  deceleration, as well a s  overs;? s3eed control. 
Adjustable current limiting i s  usually provided, and also serves as a  
means of torque limiting. Although some squirrel cage motors have been 
used, usual practice i s  t o  use a  wound rotor motor and a fixed value of 
external rotor resistance t o  give about 20 to 25 percent s l i p  a t  rated 
torque, producing a torque characterist ic somewhat similar t o  a  NEMA 
Design D squirrel cage motor. This choice of resistance may yield a  
s ta r t ing  torque nearly equal t o  the breakdown torque. The 
controller/motor operating characterist ic i s  usually a  four-quadrant 
envelope similar t o  Figure 5. This particular operating envelope i s  
taken from the instruction manual for one specific manufacturer's SCR 
controller ,  and i s  assumed t o  be representative of other similar 
control 1 ers. 
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There are several reasons why the actual value of torque provided 
i s  s t i l l  a  matter for concern, even t h o u g h  torque (current) limiting o f  
the SCR controller i s  used. Firs t ,  the external rotor resistance a1 t e r s  
the r a t i o  of torque per ampere. Often, the exact rat io for the specific 
resistance selected i s  n o t  accurate1 y known, thereby inval idating what- 
ever torque and ammeter relationships one may t ry  t o  establish. Second, 
th i s  ra t io  o f  torque per ampere varies as a function of speed. So using 
current limiting to achieve torque limiting results  in a limiting value 
that i s  n o t  constant as the motor accelerates. And th i rd ,  the chopped 
waveform that results  from a n  SCR drive i s  a substantial distort ion of 
the fundamental sine wave upon which motor behavior and  ammeter calibra- 
tions are based. I t  has been established by otncr ieoments of industry 
that  the chopped waveform results  in somewhat unpredictable torque and 
increased heating in motors, due to the negative sequence components in 
the three-phase voltage being applied. And concerning the ammeter, i t  
must be recognized that  as the SCR drive i s  adjusted for a specific 
value of current limiting, as measured o n  the ammeter, our meter indica- 
tion and therefore the actual limiting value being se t  i s  subject t o  the 
error of measurement, the degree of which i s  generally unknown and 
varies with the degree of waveform chopping a t  any given instant .  
Although the adjustable current limiting i s  a useful and desirable 
feature, i t  should not be relied upon too heavily as a means of torque 
limiting in a quantitative sense. 

BRIDGE MACHINERY 

In review of the preceding material,  i t  has been established that 
a wound rotor motor may deliver as much as 340 percent of rated fu l l -  
load torque a t  i t s  break-down point, or as i t s  s tar t ing torque, 
depending on external rotor resistance. I t  has also been established 
that two of the more common controllers can't be counted on for torque 
limiting in a l i t e r a l  or quantitative sense. In rea l i ty ,  i t  can prob- 
ably be generalized from these two controllers a n d  say no controllers of 
wound rotor motors should be assumed t o  provide accurate torque 
limiting. On t h i s  basis, then, our concern sh i f t s  to the bridge drive 
machinery which must handle th i s  motor torque. 

For the design of movable bridge machinery, AASHTO directs that  
150 percent o f  a n  e lec t r ic  motor's full-load rated torque should be used 
a t  normal allowable unit stresses (AASHTO Standard Specifications for 
Movable Highway Sridges, 1978, Paragraph 2.5.4): 

"The machinery for moving the span shall be designed a t  normal 
allowable u n i t  s tresses for the following percentages of ful l -  
load rated torque o f  the prime mover for the time specified a t  
Condition A ,  Article 2 . 5 . 3  speed: 

Electric Motors .......................... 150 percent 



AREA a l s o  issues t h i s  d i r e c t i v e  (AREA Chapter 15, P a r t  6, Paragraph 
6.3.10). I n  t h e i r  e l e c t r i c a l  sec t ions,  AASHTO and AREA r e q u i r e  t h a t  t h e  
b r i d g e  c o n t r o l  system should l i m i t  t he  to rque  peaks d u r i n g  a c c e l e r a t i o n  
t o  " . . .preferably n o t  exceed 180 percent  o f  t h e  r a t e d  f u l l - l o a d  to rque  
o f  t h e  motor" (AASHTO Paragraph 2.10.14; AREA Paragraph 6.7.5.5). The 
p r a c t i c a l i t y  o f  t h i s  l a s t  requirement may be, as p r e v i o u s l y  imp1 ied ,  
sometimes quest ionable.  

The 340 percent  o f  f u l l - l o a d  to rque  e x h i b i t e d  d u r i n g  t h e  motor  
t e s t  d iscussed p rev ious ly ,  i s  s i g n i f i c a n t l y  g rea te r  than e i t h e r  t h e  150 
pe rcen t  o r  180 percent  suggested by AASHTO and AREA. Even NEMA's m i n i -  
mum breakdown to rque  requirement o f  275 percent  i s  s i g n i f i c a n t l y  
g rea te r ,  as i s  NEMA's recommendation t o  assume 375 percent  as t h e  maxi- 
mum breakdown to rque  when des ign ing  t h e  crane ( o r  i n  our  case, b r i d g e )  
machinery. However, l e s t  we over reac t  t o  t h i s  s imple  comparison o f  num- 
bers,  a  sample machinery c a l c u l a t i o n  may h e l p  pu t  t h i n g s  i n  pe rspec t i ve .  

EXAMPLE HACHINERY CALCULATION 

Assumptions 

Assume t h a t  power c a l c u l a t i o n s  f o r  a  h y p o t h e t i c a l  movable b r i d g e  
i n d i c a t e  t h e  s e l e c t i o n  o f  a  100 Horsepower, 900 RPM motor. And assume 
f u r t h e r  t h a t  we need a  r a t i o  i n  ou r  p r imary  reducer  o f  5.31. Look ing a t  
the  manu fac tu re r ' s  s e l e c t i o n  t a b l e s ,  we f i n d  we need a  S ize  6, s i n g l e  
r e d u c t i o n  model (see F igu re  6). 

I 
i-- iOOHP, 900 RPM MOTOR 

2 5 " ?  HIGH SPEED SHAFT 

r REDUCER (RATIO = 5.31) 

SHAFT 

MACHINERY ARRANGEMENT FOR EXAMPLE CALCULATION 

FIGURE 6 



Motor: 100 Horsepower a t  882 RPM, Wound Rotor  Motor, 
Breakdown Torque 340% of  F.L.T. 

Reducer: S i z e  6, Type 5 ,  R a t i o  5.31 
High speed S h a f t  Diameter: 1.75 i n c h e s  
LOW Speed S h a f t  Diameter:  3.0 i n c h e s  

High Speed S h a f t  

S ince  AASHTO, A r t i c l e  2.6.7, r e q u i r e s  a  minimum s h a f t  d i ame te r  o f  
2.5 inches  f o r  b r idge  d r i v e  machinery,  we w i l l  i n c r e 3 s e  t h e  r educe r  h igh  
speed  s h a f t  t o  2.5 i n c h e s ,  and then  check f i b e r  and s h e a r  s t r e s s e s  f o r  
t h e  a p p l i e d  motor t o r q u e s .  

From A r t i c l e  2.5.15 we use  t h e  two fo l lowing  e q u a t i o n s :  

Xhere: f = Unit  extreme f i b e r  s t r e s s  i n  t e n s i o n  o r  compress ion  * 
( p s i  ). 

S = Unit s h e a r  ( p s i ) .  

d  = Diameter o f  s h a f t  a t  s e c t i o n  c o n s i d e r e d  ( i n c h e s ) .  

M = Simple bending moment computed f o r  t h e  d i s t a n c e  
c e n t e r - t o - c e n t e r  o f  b e a r i n g s  (assume 168  i n-1 b s ) .  

T = Simple t o r s i o n a l  moment ( i n - l b s ) .  

K = 1.39 a s  computed a c c o r d i n g  t o  A r t i c l e  2.5.11. 

The r e s u l t s  f o r  100, 150, and 340 p e r c e n t  o f  r a t e d  motor f u l l - l o a d  
t o r q u e  a r e  t a b u l a t e d  i n  Tab le  2,  based on f o r g e d  a l l o y  s t e e l  , AASHTO 
M102, C las s  G. 



TABLE 2 

STRESS IN A 2.5 INCH DIAMETER R E D U C E R  INPUT SHAFT 

High Speed " f "  * * 
Reducer Extreme Maximum "S" Ma x i  mum 

Input  S h a f t  Votor Fiber  A1 1 owa bl e Shear  A1 1 owabl e 
Torque Torque S t r e s s  " f " S t r e s s  "St* 

(2.5" Dia.) (Inch-Lbs.) (PSI)  (PSI)  (PSI)  (PSI)  

100% 7,145 4,506 16,000 4.403 8,000 

150% 10,718 6,707 16,000 6,604 8,000 

* - Maximum a1 1 owabl e s t r e s s e s  f o r  Forged A1 1 oy S tee l  , AASHTO M102, 
C lass  G ,  and AREA ASTM A668, C lass  G. 

Note t h a t  t h e  maximum a l lowab le  s h e a r  s t r e s s  i s  exceeded f o r  340 pe rcen t  
of  t h e  motors f u l l - l o a d  to rque .  

t 

Low Speed S h a f t l L i n e  S h a f t  

For t h e  low speed s h a f t ,  t h e  t o r q u e s  were computed assuming 2 
percent  l o s s  i n  t h e  reducer .  To compute M, t h e  d i s t a n c e  between p i l low 
blocks was a r b i t r a r i l y  chosen t o  be 8 f e e t ,  w i t h  a s h a f t  weight  o f  133.6 
pounds, and a 56 pound coup l ing  I 5  inches  beyond t h e  p i l l o w  block,  
r e s u l t i n g  i n  7,253 i n - l b s  f o r  M. 

Using t h e  p r e v i o u s l y  given e q u a t i o n s  f o r  f i b e r  and s h e a r  s t r e s s ,  
i t  was found t h a t  t h e  s h e a r  s t r e s s  governed t h e  s h a f t  d iameter .  Various 
d iameters  were t r i e d ,  us ing  150 pe rcen t  o f  the motor f u l l - l o a d  t o r q u e  
according t o  A r t i c l e  2.5.4. I t  was found t h a t  a 3.75 i n c h  d iamete r  
s h a f t  was t h e  s m a l l e s t  nominal d iamete r  t h a t  would s a t i s f y  t h e  s h e a r  
s t r e s s  requirement f o r  forged a l l o y  s t e e l ,  AASHTO N102, C lass  G. 

The f i b e r  and s h e a r  s t r e s s e s  a r e  t a b u l a t e d  i n  Tab le  3 f o r  100, 
150, and 340 pe rcen t  o f  motor f u l l - l o a d  t o r q u e  a p p l i e d  t o  t h e  r e d u c e r  
high speed s h a f t .  



TABLE 3 

STRESS IN A 3.75 I N C H  DIAMETER R E D U C E R  OUTPUT SHAFT 

L O W  Speed "f"  * * 
Reducer Extreme Maximum "S" Maximum 

Output Shaft Shaft Fiber A1 1 owabl e Shear Allowable 
Torque Torque St ress  " f"  S t r e s s  "S" 

(3.75" Oia.) (Inch-Lbs. ) (PSI) (PSI) (PSI) (PSI 

Output torques a re  based on a reducer r a t i o  of 5.31 and losses  of 2% i n  
the reducer. 

* - Maximum allowable s t r e s s e s  fo r  Forged Alloy Steel , AASHTO M102, 
Class G ,  and AREA ASTM A668, Class G. 

Notice t h a t  in  the case of the 2.5 inch high speed input s h a f t ,  which 
was ac tua l ly  somewhat oversiaed t o  comply with AASHTO's minimum 
allowable sha f t  s i z e  of  2.5 inches, Ar t ic le  2.6.7, the shear s t r e s s  i s  
187 percent of the allowable shear s t r e s s  when the  motor torque goes t o  
340 percent. And in  the case of the  3.75 inch low speed output s h a f t ,  
which was s ized according t o  the 150 percent c r i t e r i a ,  the shear and 
f i b e r  s t r e s ses  a re  212 and 112 percent of the allowable shear and f i b e r  
s t r e s s e s ,  respect ively.  Although these s t r e s ses  a re  s t i l l  f a r  below the  
y ie ld  s t r e s s e s ,  the  allowable s t r e s s e s  given a re  the r e s u l t  of derat ings 
fo r  keyways, component geometry, e tc .  When these allowable s t r e s s e s  a r e  
exceeded, we a re  in  e f f e c t ,  defying the  derat ings.  Jus t  how f a r  the 
s t r e s ses  should be allowed t o  exceed the allowables,  i f  a t  a l l ,  i s  a 
matter for  ser ious  consideration. 

SUMMARY AND CONCLUSIONS 

The modern AC wound ro to r  motor i s  capable of de l iver ing  s i g n i f i -  
cant ly  more torque than may have been ant ic ipa ted  by AASHTO o r  AREA. 
Tables 2 and 3 i l l u s t r a t e  t h a t  when the AASHTO and AREA c r i t e r i a  a re  
followed, s t r e s ses  in  machinery components ( s h a f t s  as the  s p e c i f i c  
examples ) could exceed the  AASHTO and AREA a1 1 owabl e u n i t  s t r e s s e s .  

The Author suggests a review of the AASHTO and AREA 150 percent 
allowance f o r  e l e c t r i c  motor torque i n  the  machinery design, with con- 
s idera t ion  given t o  increasing i t  i n  recognition of  the higher torques 
ant icipated with modern wound ro to r  motors. 
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