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Set t ing 

GV 
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- P(MP + /i 

The potentiameter, neglecting contact noisey granularity of output due t o  

ing and varying r e s i s t ance  per m z t ;  l e n g t h  of t h e  wire;, sup 
i n s t a n t  meously PT 
(grounded) center point of the  winding: 

e s i z e  of t h e  wire wed, and non-linearities due t o  non-uniform wi 
FAS a voltwe 

anal t o  the depar of t h e  contact am from the 

such a manneT tha t  t h e  output of the 
differential is t b  a ~ C B  ~9 the input and t h e  p a t  1" 

a m  voltage, 



This is, however, the input to the motor, SO 

back t o  the diffepential t o  -the output from the differential: 

a la 



YB (p) here is the t ransfer  function from the amplifier in 

Loop to the di€ferentinl, We batre d i r e d l y  

in the  amplifier due t o  
due to heat 



-Toque  cons tan t  

A?mature moment 

1 inear resistance sts. 

f o r  the motor 

R V.LSCUP~S damping 

But from Ffg 3 
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4 can manage withom making the aquasion uselms by producing one that 



m e  tneoretical results i n  this sect; 

thematical r e s u l t s  but  are presente 

;y e e m  when app l i ed  t o  8 eoncrete example, 

e Diagrams 
I_ 

sider a system b e i n g  s u b j e c t e d  t o  a harmonically varying in 

31 of ar frequency w. I n  the steady st 
One can then WP ry baz*mnieally* 

squs t  ion: 
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e r - a l l  frequency 
graphical means th 
anient method of do- 
ysten gain and system 

phase on a coord ina te  syatem of loop gain as ord ina te  and loop phase or 
phase margin as absc i s sa**  
Fig. 6 were obtained, 
quencies indicated QII t he  EJyquist diagram and i n  the t r a n s i e n t  responses. 

a phase lead)  has the  t r a n s f e r  characteristic 

By this means the  frequency responses shown in 
By s5me coincidenee they s;fiow resonances a t  t 

The laad eircuit (so called., s t r a n g e l y  enough, ,because i t  produces 
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of a viseous friction is not a v e r y  adequate d e s c r i p t i o n  of what is going on, 
Actual ly  the  s i t u a t i o n  would b e  €ar bettar descr ibed as Coulomb friction, T 
regretable fact  mill b e  disregarded f o r  t he  present, 

speed-applied voltage C U S V ~ S  of Pig. 17' one obta-hns the generated vol-t%e con- 
s t a n t  of the motor, .GO305 Y , / r p .  

From the  h o r n  armature r 
2ance of 7 , 5  ohms and the speed--loss and 

The manufacturer su 
-that the moment of irle 

the motor armature is 4L2 i n  ThiEj is %,%05 ~ tm2e 3n t ~ e  

cation here contemplated the eff 
t he  annature i n e r t i a  so %he moment of i n e r t s a  of the moving system will be take 
as 1.2 x 10' gm cm2. 

p a t t e r n  o f  Fig. 16.. 
ft, l b / m p +  

IIZb. 

ce mass af Ic72d js smali com~ared to 

One can estimate the torque ccnstant, of the  mator f rox  the shot-gun 
The s lope  of the t o r q 2 e - c u r ~ e n t  curve is given as 2 , 3  

In OUT units this is 2-35 X 10' dpe-crn/amp, 

Steady State h a l y s a s  o f  the Linearized System 
---&-.-.ll_--._l_ . _--I_- - -.- .. - -I.-- -.- 

From the elementary d3:scussiofi of t h e  amplidyne-mtor system one ob-  
t a i n s  the d i f f e r e n t i a l  equat ion of' the  motor= 

is 

34.. 
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here being st t phase charzeterist i 
falls t o  -150" at 0 .:. Zl.0 radians instead of  23 radian 
choose as the pha ir cross-oves  the ~ a l u e  35". The 
phase &ag reaches -145O a t  w :- 2&J radiansisec. This choice of fee 
C S O B S - O V ~ ~  establishes the  product  

4, 22 X J{] ic KF : A' --L 

We see A a  db 1' 37.. Con t; M.S w{.'t:l L? a'kj E G I O W ~ ~ Z ~  M O S ~ .  

The othe-r c u ~ v e  on the figure ~ h w m  the over-all f requency  char- 
a c t e r i s t i c  of the system The resormice peak is nbw on ly  4 db, The s y s t e m  
w i l l  show over-shoot [.e,- Pig.. i jl .&aid, considering t h a t  componeats 
the f~equency  range where the  syzpuertl response is clown Inore  than 6 dh, 
t o  contribute sens ib ly  t~ Ltia rusporise. w e  f f n d  t he  IC$ t u  SO$ Tesponse time 
€or  a s t e p  inpu t ,  

This is a reasonable improvement .m speed o u w  the uncorrected system, 1x1 
add i t ion  the system is far si; iffer* as well 86 very considerably better 
damped, The design pro  em is solved.  i f  one had been interested in a 
somewhat more s lowly  msponding system th;m thxs oneB say of  t h e  o r d e r  of 
10 cps at feedback cuxoff**. the ~ ~ L O F L B I "  time d e l a y  i n  t h e  amplidyne eoul6 
have bean neglected ad a procedcrs  similar t o  thar, followed in this paper 
up t o  now could have been used to  design t h e  system, This figwe of 20 c p s  
at feedback c u t o f f  is usua l ly  co w e d  as r epmsen t ing  a f a s t  sysfxm 

_ _ _ _ _ _ _  _ _ _  ____.___ __l__l_____̂__ll___l__-----.-.-.- Î...___._..__ ... 

*"he system corrects  err signal. mcch bet ter  and prevents  torques 
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of  %he type: 





near systm is a f i a t i o n  wh5eh may y i e l d  s n l u a b l e  suggestions in the d 
1 not be t a u  upset when he finds divergences between theory and e 

.erlment& r m u l t s ,  
e tr ies fcr e 35'; phase margin a t  feedback crass-over. Since 

J P  almost 20 t i m e s  t 
s .cK) db af low ency attanuat ion w i t h  resp 
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recording of' the e r ro r  if necessary. f n  addition, a t i m e  dependent torque 
l i m i t e r  controlled by the vol tage  drop acroes  a low r e s i s t a n c e  i n  t h e  am- 
ature c i r c u i t  of -the motor s u p p l i e s  a degenerative feedback ta t h e  power 
s t age  when the cur ren t  through the motor reaches values at which the  motor 
torque might damage the system, 

b a b l y  func t ion  only i n  case of a mechanical interference. The 

T h i s  w i l l  normally no t  come into operation, 

A se- 
y i n t e r l o c k  system d e s e n s i t i z e s  the amplifier at  the end of the regulating 
ds  normal stroke. 

will have to func t ion  in  zonjzmction with the shin rods, 

This a p p l i e s  on ly  %a signals i nd ica t ing  fur the^ motion 
of the rod t i p  away from the mid-stroke position,, 
sensitivity f o r  signal-s which tend to dr ive  %he rod t i p  toward the mid-stroke 
posit ion.  The shim rods are interlocked t o  the servo system so they  autamat- 
i c a l l y  move to r ecen te r  the  regulating rod t i p  when t h e  r egu la t ing  rod t i p  h 
reached a psedetemined d i s t ance  from cente~ pos i t ion .  
rod has withdrawn t o  t h e  end of Its normal s t roke ,  t h e  amplidyne excitati 
is  removed and the  motor is  dynamically braked by the amplidyne armature c i r -  
c u i t ,  If t h i s  fails t o  s t o p  the rad, mechanical shock absorbers  do 50, Then 
t h e  regulating rod is rt?:ady f o r  the signal to center the  t i p  w i t h  respe 
the p i l e ,  The motion of the shim automatically stops when the r e g u l a t i  

Control of the shim rods by  the regula t ing  rod w i l l  be 

The system maintains 

When the regulating 

recentet-ed, 
d , a s  d i c t a t e d  by s a f e t y  cons idera t ions& Fig. 27 5s PI schematic diagrm 

showing the b a s i c  c i r c u i t s ,  

Q hfechaaism 

These are several  souroes o f  d i f f i c u l t y  t h a t  plague the designer of 
Back-lash i n  gear ing combined with s t a t i c  f r l c t i a n  w i E U  1 . i m i - t  

It may pro4ue:e a vicious t y p e  af o s c i l l a t i o n  if it 
o system. 
curacy of a system, 

occurs between t h e  mator and the sensing element, 

has 8s one effec-t, t h e  wearing out of %he gear  t r a i n ,  

I n  the case of* a high ga9 

Fricf;ion w i l l  waste 





may be made more or Less 

A very f i n e  scume o f  difficulty i s  the use of  E servo so that  i 

system whieh results will normally tend t o  produee i a s t a h i l i t y  i n  t h i s  la 
system, MI. such de lays  m u s t  b e  ma lysed  to f i n d  their effer,t on the sta 
of' t h e  system, 

transfer fmeticrn f o r  tficee c l r e u r t s  i s u l a t ; e d  and cascaded is, 

\1 + q P ;  

:J. -+- K T r) 1. KiQP 

.L B- TrT) 
X - 

L 1. 

fer function of  the type: 
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at low f requency 

o u t p u t  makes it c l e a r  S, 
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motitxi i n  which the regulating r o d  a c t s  independently 01' %he shims Ta nor- 

mal opsrutioa, 

2,9$/sec under extreme provocat ion although the raLed motor speed would 
produce a raxe of  X. G$/sec i n  &,,p 
be modified t o  make available about 2d 5% k P f f / s e c  a t  about 1500 q r n ,  

03x1 the t i m e  base repre$snts 040 seconds, The 60 cycle  ripp1.e amounts t o  
about 28 millivolts--peak t o  pet& and eornes froix the  s imula tor ,  
p a r t i c u l a r l y  significaut as the sene mechanism response is down appreciably 
a t  this  frequency and in addition, the candit.ior: of tbe gear box m d  the  

&,ff potent iometer  d.riae a t  the t - i m e  these data were zakan were such tha t  
p r a c t i e a l l y  no s teady s i a t s  GC cps cor rec t ion  would be af forded .  

The rod would move at a rnaxmiurn t e i m i n a l  r&te hi &,ff of 

The ge3r r a t i o  i n  %he rod d r i v e  will 

A11 t h e s e  traces were taken at; a char% speed sueh zhai each unit 

It is  not 

Traces a ere records or' t he  q i ian t i ty  75/n-Wo) where n is the in- 
stantaneous neutron l e v e l  and No tile des i r ed  l e v e l  [with tho s imula tor  

opera t ing  a t  50 v u l t s  ou tp i i t ; ) ,  
departure from the average m s  aboct .oy$ Of I s ~ e l ,  
opera t ion  represea ted  by "che f j r x t  cvme of Fig 
s i red level. ruri about 3 X lÔ ' of the  dasrreri level- ,  

The charl, s c ~ l e  is 2 mv/w,, l'ilus the  worst 
I n  the per iods  of b e s t  

a. the depar tures  from de- 

The remainder of tbe figurer; are pa i r ed .  The upper figure presen t s  
the depar ture  ( m u l t i p 3 i e d  by o.75) 01' t h s  simu2.at.o~ level from t h a t  des i r ed  
(~OV), 
f o r  which these c!irxres were ob ta ined  are tabu'i a t e d ,  

The lower shows t h e  ~ T T O Y  sigpal in  the servo a m p l i f i e r ,  C n f i d ~ t i o n s  

The tiiffererice between t h e  ~ e s p o n s o  t u  po>eit.ive and nagat5ue 

s t e p s  is prima y d u e  t o  t h e  difference in transient response of xhe p i l e ;  
some very s l i gh t  a i f s  nce, showing up mainly i n  the ove~shoo t ,  is Sue to 

-the weight of the rod  

- 65- 



These represent  t h e  average responses to t he  above quo-ted s t e p  
changes i n  r e a c t i v i t y ,  
t h e  p o s i t i o n  with the  t i p  at the  pilegs mid-height, 
so it had more than the ha l f - s t roke  ava i l ab le ,  it could handle somewhat large 
s t e p s  i n  Akeff Without a c t i v a t i n g  a shire rod  and conversely smaller  i f  t h e r e  

They ware a l l  obtained with t he  Pod s t a r t i n g  from 
If the  rod were pos i t ioned  

were less than the half s t roke  ava i lab le<  

Ba. Experimental Methods . 
The s teady-s ta te  s tudy  of the  S ~ Y J O  system requises  a l o w  impedance 

source of a,c0 of  c o n t r o l l a b l e  a rq l i t uda  wh"lc'il eaii be adjusted Lo any fre- 
quency Erom the  neighborhood o f  zero t o  a t  leas - i  100 cycles  a second, 
measurements made here  a Hewlett-Packard type 2023 low frequency o s c i l l a t o r  
was used, It coveys the. range from 5 t o  ZOO0 cps, and will supply ZOV across 
a X load vvfth less than  1% d i s t o r t i o n  from 1. to 1000 cps,  

I n  t h e  

It i s  convenien-t t o  use 8 ~eeording instrument w h i c h  p m s e n t s  a high 
impedance t o  t h e  system 

from 0 t o  about 100 cps.  
p l i f i e r  t o  d r ive  it; has been used in t ak ing  the data ,  

The recarder need o n l y  b e  reasonably f l a t  i n  response 

A Brush type 3LWX pen Tr i te r  with a Brush 8L913 am- 

A t  each poin t  t he  I3ewlex.l -Pac?rard oscillator i s  s e t  a t  the  des i red  
frequency and, for open-loop t r a n s f e r  chsrac ts r i s t i  c determinations,  i t s  output 
is appl ied  as the  ampl i f i e r  input signal, 
tachometer output  vo l tage  is a l s o  recorded. In p r i n c i p l e  the tachometer vo l t -  
ege is a measure o f  the i n s t a n t a m o m  r a t e  of the motor d r iv ing  the  re&ul-ating 
rod, There are d i f f i c u l t i e s  'Shew 5 3  hash f?*om the comuta to r  segments, 
There is r i p p l e  i n  t h e  output  o f  the *,achomet;er while being dr iven a t  a conskant 
r a t e  due t o  the f i n i t e  number of' armature slnts, Also ,  the tachometer armature 
will i n  genera l  b e  magnet ical ly  unba4meed 
the component with frequency equal ?io that appl i ed  b y  the Hewlett-Packard 
o s c i l l a t o r  must be ex t r ae t ed  a n d  measured A!; each frequency severa l  Llfls must 
be  made wi th  d i f f e r e n t  9permrqp ampliiiudes t o  make certalin tha t  the  loop as a 
whole i s  opera t ing  i n  the equivel-en!; l inear  par'c of i t s  range, I n  the l o w  Ere-  

1;ie input s igna l  is recorded, The 

Out of t h i s  mess the  amplitude { ~ f '  

cy  range Couiomb f r t c t  ion is 811 iniportmi. c o n t r i b u t o r  to nun- l imar  be-, 
vios, A t  the  high frequency end ai' -the range the most; important source of' 
n - l i n e a r i t y  is s a t u r a t i o n  of' the amplidyne.. Xi1 any case, any e x t r a  c m e  ex- 

ded i n  making sure of l inear behaviar of  the  system a t  ea& experimental 
t is well worth while;  it w i l l  save much gr ief .  











Evidently the use of a pentode reduces the time c o n s t a t  between the 
t he  power tube arid t h e  growth of f i e l d  cur ren t  to something between 10 
lo'.*" S ~ G ,  much less than t h e  value of T Q ~ A ,  which runs from 1/5 t o  approxi- 
mately 1/30 see, far most 

The above analysis assmed pe r fec t  brush settings, no comp 

%.A, in the quadraxure axis and v i c e  versa, Due to the high gain of the  
machine, it  is very sensitive to the b r u s h  setting. Shifting the brushes off  
electrical c e n t e r  in the direction of' rotation increases t h e  gain and s p o i l s  
the regulation, If the brushes are shifted t oo  far the other way, t he  machine 
becomes regenera t ive  

ne change slope wi 
Brushes are made namow 

h o n g  t h e  effects neglected above are cross t a l k  between axes,  spee 
regulation o f  the drive m o t o ~  and time delays in the control system, This 
schematic description does, however, bring out important f e a t u r e s  of the nrach 

There is another  t h e  delay which is important t o  consider, 

s%eadily, 
If due 

The regula~icrn c u ~ E ? s  oE the 
snturation of the pole salien-t;s, 

ela effec-t;ive sh i f t  with wear, 

stance of  amplidyne armature 

r e s i s t a n c e  of mator armature c l r cu i t  

pB motor speed 

i"' 

A, 



Ye. Sone Mnthernatrcal R e s u i t s  --- 

Since, as shown i d  Section TI, a 5erv0 mechanism behaves l i k e  a lc:w 
pass f i l t e r . ,  t h e  mL4, i t sde  of r a s u l t s  which have been ob ta lned  in the s t ~ j d y  of’ 
fl.l.tsrs offesrs a r i c h  f i c l d  of re 

semo mechirL7,isnI.s 

which may be a p p l i e d  to the s t u d y  c;f‘ 

Some i3f these results w i l l  be presented mihe r  than  denon.- 
s-tratied i n  t h i s  Seetkon,. 





The noma1  response of a f i l t e r  t o  a bounded well behaved input 
E i ( t )  can be expressed in te rn$  of its response t o  a un i t  impulse input .  

H e m  is the noma1 ~ e s p o n s e  t o  an arbitrary input as an i n t e g r a  

sponse to a u n i t  impulse, 

0- 
As the u n i t  s tep is the integral. of the uni t  impulse, sa "the ye- 

in pPinc ip le  b e  determined experimental 
B unit step input, 

In the  case E I ( t )  and 
from o to EI(o)  a t  t = 0, integration of equat ion  rv y ie lds:  

E o [ t )  '' BI(O) s(t) f 
t+ 

0 
dt~E;(tl) S ( t  - t i )  



s t e p  inputs into wh 
e step E,(o) at t o and a 

distinction between s table  and unsta 
cause we have considered 5 

put functions d 

m 
any hi f o r  which ai 2 Ob Thus 1 {Wit) 1 d t  will converge if and only if t 

0- 



For a s tab le  filter t h i s  canve 
not  converge f o r  an  unstable f 
only  t o  s t a b l e  filters and ane can apply  I V  i n  genexal and for uns tab le  f i l t e r  
in particular, 

for any bounded EI ( b ) .  The i 

ingly one can apply y 

T h i s  is a q u a n t i t y  which characterizes 

the o a pure sinusoid input, 
Take as the sinusoic! input to si s t a b l e  f i l t e r  

E~ (t) = a e ~ t  Taen by equat ion  V 

where !&(a) is the filter weighting funct ion,  

Daf ine; 
03 

Y ( , j d  E J tb r ( r ) e - JUd~  
0. .. 

Then 

Ji;, ( t )  A'u[($w)eJL"'t 

Y ( j a )  does not c o n v e ~ g e  f'or unstable fi l ters,  
frequency Y ( j w )  is called %he frequency response funct ion,  
amplitude r a t i o  and phase of the 

a s tab le  €i l ter ,  This qu ly available experirnsntally by 
observations on the syste 

As a Function of angular 
It gives the 

e ,  

L @jWt 
If one sets  

equation I and carpies  out t h  ferentiatians, he obtst ins ,  



t h e  r a t i o  of 2 pulynorn ia l s  in  ( j w )  with eoeff ' icients tha t  appear in  t h e  

differential equation. 
-? 0, T *' 0, une may r.ewrSte the d e f i n i t i o n  







FIG. 32 

FIG. 33 
















