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SY?~~OLS

A n x n plant state dynamic matrix

b n x 1 column matrix relating the control u(t) to the plant
state velocity vector x (t)

c 1 x n row matrix relating the measured output y(t) to the
plant state vector x(t)

1) r x r disturbance state dynamic matrix

f Frequency in Hz

Critical frequency in Hz

h 1 x r row matrix relating the disturbance w(t) to the
d i s turba nce s ta te  vec to r z ( t )

K 1 x n row matrix of gain cons tants  chosen to p lace the
closed loop p lan t pol es wher e desi r ed

K~~, K z n x 1 and r x 1 column ma t r i ce s  of gain cons tants  chosen
to place the composite state constructor poles where
desired

n Numbe r o f elemen ts in the plant state vector = number of
poles in the plant  model

r Number of elements in the disturbance state vector = number
of po les in the d is t ur bance mode l

t Time

u ( t )  Tota l cont rol signal

uc( t )  Co n t rol signa l r equ ir ed to r egu late  an undis tur bed syst em

u d ( t )  Control  signal generated to cancel the dis turbance

Ve Outpu t  voltage of in tegra t ing  gyro

w ( t )  Tot al dis turbance act ing on system

Real time estimate of w(t) obtained from composite state
cons t ruc tor

x(t) n—dimensional plant state vector
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SYMBOLS (Cont inued)

x(t) Real—time estimate of x(t) obtained from composite state
constructor

y(t) Measured plant output

z ( t )  r—din en sional  d is turbanc e state vector

~ ( t )  Real time e s t imate  of z ( t )  obtained f r o m  composi te  s t a t e
constructor

Torque  in oz—in

Inertial. Position of Stabilized Platform in radians

Rotational acceleration induced by electra—mechanical
shaker

y Real valued constant

(‘) Time derivative of (

k .— .,— -. — —. — - - ‘‘ - - ——— .——————



-~ -~~~~~~~~~
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DAC Disturbance Accommodating Controller

DDT &E Design, Development , Test and Evaluation

LHP Left Half Plane

MIRAI)COM U.S. Army Missile Research and Development Command

RHP Right Half Plane

TASM Two—Axis Stabilized Mirror

AD University of Alabama in Huntsville

‘licroradians



SECT ION 1

INTRODUCT ION

1

L . __ ~~~~~~~~~~~~~~~~~ 



SECTION 1, INTRODUCTION

A hi gh performance oc rrr ’noa tor f o r  stabili~ f n g  the Li~ of ,Tf o ~ t (removing
“spot j i t t e r ”) in a he oo; ter—born e laser I co ignator ’ eao de~’-7 Z i~’ ~Z zn]
test~’J . The program evaluated a modern contr ol des f jn  -~~~ t io] -

Acconvnodatf ng Contro l (DAC)  Theory — that of ~ ei~r I t~~:or-~*z ~ L ’~ ~~~~~~~~

in point in~,z stabi li t~y of one to two or II ’r ’ 0; ’ “o~;nf ~i-Jc o: ’L ’Y ’ ‘o~o n z z t cro
of  oono~’t  z l  L ’of ~ n.  I t  was ;‘o~ n i that o: ‘ :  n~ s ..zr pooo f t  I
but t~ e~j dernanJ a .~h rioz ’~’ r i 7ooo?e ’ ana l~ois and toot ~~~oyi’,z”~ an Jo
oon: ’, n t iona l des ion t~~~~t fzz ~.oo , i~i,s -~~ ~~~ : 7 : : ’oi:4 ! I an , lea no f 2  o~ oter .
Tho lessons lear) :,~ ? ‘roP~ noo ]z’o.”7 ar t ’ i ,  o ‘: ted as ~oa t :e.iZ l dc: ~ ;n
~~~~~~~ ] O1 Ince  ‘oi ’ t i ~ L , ’no ~’ z t o,-’ f :~ tUr’t ~ rc of 131-: o e m  and o z

z ’ oz ’ar~o. ~~~ 1i le e .‘ .~~z fio’: .~~~~
‘ DAC coi ’~ , oz o ~:e cd , ~ee a; ’ :

un ’s o t :c  ::~ it; l I n~ also ~z~-: i~ to ot :or r~o :~ n ,‘3I~ leo fo . ~ro” :)Th:

The concept of Disturbance Accommodatin g Control Theory was developed
by Dr. C. D. Johnson , University of Alabama in Huntsville (lAD),
(References 1 through 5). An experimental stud y was conducted to
determine how well DAC Theory performed for various disturbance and
plant model combinations (Reference 6). The promise of this
technique prompted the U.S. Army Missile Research and Development
Command (MIRADCOM) to Initiate the design of disturbance compen-
sation hardware for a precision pointing system . The system
selected was the Two—Axis Stabilized Mirror (TASM), a unit developed
to investigate an inertial balance stabilization concept. This
unit included disturbance compensation designed by conventional
techniques . Under Contract DAAHO 1—74—C— 0l76 to AD , DAC theory
was applied to design a new compensator for TASM. In this report ,
results of the above contract are referred to as the “Ori ginal
UA}I Design .”

As a part of MIRADCOM ’s missile technology program for Automatic
Tracking and Integrated Fire Control , an investigation was
conducted In Implementing the DAC theory into actual compensation
hardware for TASM . This report presents the results of the
investigation .

Airborne precision pointing and tracking systems must provide
sufficient stabilization and tracking in the a i r c r a f t  environment
to allow a laser spot to be kept on the targets for homing missile
guidance. These designator systems are either contained In a pod
attached to the armament wing store or integrated into the heli-
copter . The DAC compensator was designed to suppress position
error caused by the 11 Hz helicopter rotor frequency and its
first harmonic at 22 Hz, along with transients from wind gusts ,
gunfire and coulomb friction In the stabilized mirror positioning
system (see References 1 and 2). Figure 1 shows that improvements
In pointing stability of from 3:1 up to 10:1 were obtained over
the 11—22 Hz frequency range, based on side—by—side testing of
the DAC and conventionally designed compensators. This compares
with the 12:1 (22 Hz) to more than 100:1 (11 Hz) improvement
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SECTION 1 (Continued)
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Figure 1. DAC versus conventionally
designed compensator.

predicted analytically prior to the  sta r t o f the program. What
caused t he big d i f f e r e n c e ?  The main culpr i t  was the large
(1 volt rms) br)adband noise produced by the system ’s obsolescent
i n t e g r a t i n g  gyro and demodulation network . It was necessary to
reduce the peak gains of the DAC compensator from the design
value of 1000 to less than 100 to keep amplified noise from
saturating the torquer amplifier. The damaging effect of this
reduction on performance is shown in Figure 1.

While  low noise hardware Is now available that  permits  the use of
gains excoeding 1000 , system noise is s t i l l  one of the major
factors that limit how far modern control design techniques can be
pushed . System stability, sensItivity to changes in system para-
meters , plus realizability of the design in actual hardware —

these are other practical considerations that dictate how the theory
is applied . In the sections tha t  fol low , key e lements  of the DAC
Design , Development , Test and Evaluation (DDT&E) program will be
examined . From this examination , we will develop : (1) tests the
designer can apply to find out if his system is a candidate for
DAC des ign , and (2) recommended procedures for carrying the initial
DAC computer solutions on into workable , high performance hardware .

3
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SECTION 2, DISTURBANCE ACCOMMODATING CONTROL (DAC) THEORY

The Disturbance Accomodating Contro l Theo~mi was ie : ‘  loped Pi

Dr . d. D. Johnson , Univero ity o f  A labama in Hun t sv i l l e  (k~~~;
’

-r’~ n m  3 — 5) .
The nn? -J u, :  f eature  o; this t , : ’cd; n~~7u~’ is the ‘Yonq oo to State Colot rno  toY ” —

a of n zp l i0i ’.I Kaloia ’: “l i ter  that ~oo: ’[ ndn7n l taneous z’ea i— t [no ootfi -ozt,

~ ; bodi t~ e r ian state and lb t nY)) oem: state 3~’3t OY’o , .r an~o ::, 1- , Ot” O ’ /~ eZ, -
The 0 03 t i nj i t , - moo] to jenora te  a o b z e a  1 —1 t)  t i z t  oamcm. I s  (a . ’ r-~ in

Ir r ia tion c ’0Y’-~1’:’) t;ze l I e  tur ban ’e w ( t)  . The _c -o ~ t o  eon t i ’  ni be noe l
to cent no 7 an eoz “: t ia L -in ama ss tarbe ) p la n t

The key to DAC theory is the way it represents disturbances.
Since disturbances are generated by physical events and are
transmitted through physical media , they typicall y possess a
characteristic waveform . An examp le would be gunfire transients
t ransmi t ted  through the he l i cop t e r  s t r u c t u r e  to a l a s e r—des i gnator
unit. The gunfire disturbance seen by the laser desi gnator will
have a characteristic waveform determined by: (1) the gun recoil
pulse shape , and (2) the f i l t e r i n g  e f f e c t s  of the helicopter. The
ampl i tude  and time of occurrence of such d is turbances  are  ur ipre—
dictable. They have no well—defined statistical properties.
However , t h ei r cha rac te r i s t i c  wave shapes can be predicted .
Knowledge of this wave shape permits the design of a linear
filter to estimate the actual disturbance in real time .

Figure 2 shows the block diagram and design equations for a
regulator system with a DAC—designed controller. This design
ap~,roach is based on “pole placement techniques.” S’Larting with
the design requirements , the designer first decides where he wants
the poles of the closed loop plant and the composite state
constructor to lie . Using matrix manipulation of the state
equations , he them solves for a set or con t ro l l e r  gain constants K
that will place the closed—loop plant poles where he wants them
(Reference 7 ) .  Finally ,  the s t a t e  cons t ruc tor  poles are placed
so they cancel quasi—steady disturbances (helicopter rotor
harmonics) and rapidly detect and “absorb” transient disturbances
(gun bursts , wind gusts)  (Refer ences 1, 2 and 8). In theory , the
farther into the left—half plane (LHP) these poles are placed ,
the more rapidly the disturbance—induced errors can be “absorbed .”
But placing poles deep into the LHP requires large gains . In
any real system , there Is a pract ical  l imit to where these poles
can be placed without amplifying system noise to where it destroys
system performance .

Notice that math models of the plant and the disturbance are
required to design the composite state constructor. If the math
model used in the design is not accurate , the poles may not wind
up where they are “placed .” The designer must perform stability
and per formance  s tud ies  to make sure his desi gn is i n s e n s i t i v e
to reasonable variations in both the math model and phvsicil
system parameters. These studies must also assure that the effects
of any higher frequency dynam ics neg lected in the model are truly
negligible.

6
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SECTION .1 (Continued)

PLANT ~~Y STEM BEING CONTRO LLED)
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Fi nur~- -t - a’  IIAC desi gn model.

Ct’ “pole p lac ement ” design p rocess t y p ica l ly  produces a c o n t r o l  i cr
with a high gain over a broad bandwidth — the ideal noise amp lifi e r -

In some cases , the design can be (‘arr led out, via Optima l Con t rol
techniques (Reference 9), which also lead to high gain designs. In
either case , the art of the design comes from finding where to
place the poles (or how to choose the optimizing penalt y functions)
to obtain good disturbance absorption while maintaining stabilit y
and controlling noise amplification . Before presenting the design
guidelines , key steps in the hardware development prc -c ”ss will be
sketched . This background will add meaning to the design guidelines
that follow .
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SIClION 3, SYSTEM DES CRIPTION
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The TASM is an e x c el len t t i - s t  hod for precision pointing and
t r a c k i n g  technology  S in C e  it has an abund ance  of t e,ltur~~s
tha t  stress modern control design tech ni qiit’ -t (see Figure 3)

o Extreme ly broadband open ioop ‘p lant ’ with .1 li ghtl y
damped wire drive resonance at 170 Hz , and other
significant dynamics from 3 Hz to bOO Hz.

o Broadband noise with particul arl y strong components at
multi ples (and submultip les) of the tOO liz ~s,vro sp in
frequency.

o Low cont rol to r que l imited by the torque motor amp lif ie r ,
which saturates at 7.3 oz— in of torque (8 volts input).

The TASM is inertial lv balanced so that rotationa l distu rb an~ es
(suc h as those induced d u r i n g  the  v i b r a t i o n  t e S t s )  . i r & ’  nech anic:i llv
offset , except for fricti onal effects. Integrating g\’ros ‘11 .111
inertial platform sense the elevation and azimuth pos ition err r~
produced by the frict ion forces. Vibrati on toO t ing was per formo l
in the elevation axis only. The elevation position si gnal Was
by the compensator to generate corrective commands to the torque
motor , which positions the mirror through a wire drive system.
The wheels In the wire drive mechanism are sized to drive the
mirror through one half the angle of vibration . This maintains
a fixed spot on a downrange target when the stable platform is
i ne r t i a l ly mot ionless .  The compensator is designed to maintain
a zero ra te  of depa r tu re  f rom a f ixed  p o i n t i n g  p o s i t i o n  determined
by the opera tor .

10
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SECTION 3 (Continued)
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Fi gu re 3. Test se tup and system d e scr i p t ion .
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I .  DES ION AN D DEVELOPMENT

The program started nith the fabrication of a design developed by
the University of Alabama ir~ Huntsville (CAB ) under a prior contr act
(Reference 2). In parallel with this , a r i gorous ma th m~ Ji- l t e s t
verifica tion program was c o n d u c t e d  t o  be ready for subsequent re-
des igns , w h i c h  were a p l a n n e d  p a r t  of t h e  p r o g r a m .  T h e  , ‘s- ~ i :  t
componen t s  in the  math  model — t h e  gyr o  and d e m o d u l a t  i n  rn-i  ~‘ r k ,
the  torque motor  and simp l i f i e r , and t he  i n e r t i a l  -~t , i h i 1 l : - , i t  i o n
sys tem — were i nd iv idua l l y t e s t e d  and r e s ult s  colSl) ar e d  ‘z it h  t h e
ana ly s i s .  Four m a j o r  differences were identifi ed which had
si gnificant effect on the design :

1. The t o rque  moto r amp l i t  icr g a i n  and mo to r  s t s : r  it ion t o r q u e
w, -r e  each o n e — h a l f  of  t h e  p r - i  i - t e d  v a l u e  (, ‘x a r n i n i 5  ion ‘i tb ’
a c t u a l  ha rdwar e  shins-ed 1/4 of t h e  t o r q u e  m o t o r  [ i - i d  w i n d i n ~’s
w er e  being u s , - d , rather than 1/2 as noted in t h e  dec i~-n-n t,- it i~~n ) .
This s -vt -rely it s - i ! to,! the a b i l i t y  of the s v st e n  t o  e s- :eeu t t - 1

Co n t  rol c ’rnnl , ln ! in l doubled sens it lvi t v t o  sv s  t er n  n - - I  se -

The gy r o  ro 11—of f f r ~ - i u o n , ’ y oc cnr r e d  ,i t 05 Hz i nst  e,id it  the
loc umt -nt - ,! 1 0 ( 1  l I z .  T h i s  p r i n c e !  n h i , i s t -  lag t h a t  si~~::b l i c a n t i ’ --
impacted SV s t e : :  ot  il - i l  i iv. .-\ddi t ional ‘ l s : pe l l ’ e I t  i on  : . i~~ r e q u i r e ! -

3. [Ii , - 60 lIz z e r o  is : the i ne r t ia l  st i b i l i  i t  i n  s v s t -sss ‘dc l  ‘c c i ! r r e - !
it 73 II’ - ‘[h i . -, r e q lli red shi ft in n ii o t  t h e  DAt ‘oi’spt ’ n S i t ’i po l -s ,

w h i c h  !iaJ ‘- -en  -i ~~l i~~- r i t e l v  p l :i t-d a t  t h e  z - r ~’ I :‘ q in ’ i ic ~- , an d
s ar r i  I icin~ s-n-ic l~-sign ~,- rf i ’i- nni & t o  oht:i in stab I -~‘ -ra t ion .

4 . liii’ noiSe ri ! i rig ‘ii I h e 0 - u i  t ion n e t w o r k  ‘‘iii put S’.i ’) ” l l  i
mo n s, -v, - r , -  t h a n  a n t j r i ; . - i t t - , h .  F l i l m i n a t  ing t h e  known pri rn - i r ’- ’

- onp ri - l i t  a t  1~0)  an d ‘(5 1) II, ’ s-i i i  n o t c h  I ii t e e ’  r -v , ’ a l e !
sign if i -a nt h r , .) h and  no i - -  ove r  I he ~fl—~~

( (I h o  r 111 5 1- , w h e r e  t i e
h i 1- , t: S - I t O  o s n ) : e l l s I t o r  poles l i d  been  p l . i - t - I  . I ‘ - p i - n - : I t - r  c a in
had to 0 -  s - v - r e l y  u s - u t - I  - y r  t h i s  rano - 1 k - ~-p i m p l i l  i~~!
n o i s e  iron satur ating t hut - t o r I u i e r  m p h t i e r .
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Fi gure 4.0. DAC DDT&E program.

The high perfors ssmni -m ’ hA ) designs were hig hly sensitive to changes in
the math model . w h i c h  was t h e  primar y design tool. The initial design ,
p lus  t h e  f i r s t  redesign s’t -re made w h i l e  the  math model was still in
the pr em -o s of  h e i n - 4  verified by test. The hardware was deliberately
designed to  he u -a sil v modified . All pole and zero coefficients were
adjust .hlm - t h i r u u i g h u  potentiometer settings . All fixed resistors and
c apacitors were p laced on headers tha t were readily removed and
rep laced . Room was reserved on the circuit cards for increasing the
order of the comp&-nsation network . A l l  of these provisions for change
were used repeatedl y as the design evolved . The original UA}1 design
was modified extensively to account for the known math model changes
prior to putting the unit into test. Three additional redesigns were
made to Improve system performance and to evaluate design techniques
that could benefit future programs .
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SECTION 4 (Continued)

I I .  TEST AND EVALUATION

The target end—to—end accuracy of the test setup was *10 microradians
(tiR) . The laser and detector alone were calibrated to ~l pR . A 10 , R
arc is equivalent to 2 arc seconds , or 1/1800th of a degree. A s -otem
wil: kl O uR I °~~~~~1 (Z 1 n 1 t -~m - 0) 0 1 /  :oo , ’ - ot a i - S o d ’ L- -v ’ -zor :oo a
f oo tba l l  f I s l - 2 , f ~ auo I t  on lIE ‘ / 0  ~ / of t i~ ~~~ S ‘ 0 3  0 010 -  m :ne - 3 0 1

/ t from , - io - i’ 2 i l, 7 i~s : 0.i -‘oi / 1- : -  -:--2 ’ . - / - :- ‘ o. l s o  1/ t t l o  d o t .

After consulting with precision measurement experts from both : Boeing and
MIRADCOM , a list of po ten t ial error sources were compiled for the
planned test setup . The rotational vibration system was developed
under previous laboratory studies which required a lesser degree of
precision. A systematic t e s t  p r o g r a m  was conducted  to i so la te  each
candidate error source in this test setup , measure its contribution
and reduce it to acceptable levels. The most significant error
sources are listed below (refer to Figure 4.1):

1. Turntable B e ar in ~~~W o b b le :  The truck axle bearing in the turntable
produced 3000 .R errors around t w i n  r o l l/ a z i m u t h  coup led  15 Hz
resonant  peaks .  The e r ro r  w,ls reduced and s h i f t e d  upward  in
f r eque n cy by p lac ing t e f l o n  s h i m s  under  the  t u r n t a b l e  and t o r q u i n g
the bearing retainer nut to wher E- the input wave form started to
show measurable Coulomb friction distortion. Future d e s i gn s  of
this type should emp loy a turntable on the top as well as t i l E -

bottom of the vibration frame braced by amp le framework to
eliminate any chance of side play .

2. Vibration Frame Distortion: The “rigid” vibration frame showed
significant elastic deformation (1000 /R) within the 10—50 Hz
frequency range in which the DAC would be tested . The frame was
designed by bean theory without considering t h e  local  load paths

required to distribute the TASM inertial loads into the fi ’ome .
Failure to recognize local structural deformation mechanisms is
the most common cause of undesirable vibration modes appearing in
a design . The checkout tests were designed to detect these modes
and either eliminate them , or map their effect on measured pos ition
error. The frame was structurall y reinforced to move the onset
of these errors above 50 Hz.

3. Laser Beam Distortion: Errors of 200 R were det se ctm- uh from two
sources: thermal gradient (air current) distortion of the laser
beam , and 120 Hz oscillations in the intensity of the He—Neon
laser beam. These effects were controlled by moving the laser
within two feet of the mirror and adding a 12)) Hz notch filter
to the detector output. l.Ihere th ise simp le solutions are not
adequate , optical systems (spatial filter , beam expander , re—
collimator) and elec t ron ic  networks (averaging circuits) are
available to control therma l gradient effects , and beam intensity
fluctuations , respect ivel v.

16
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SECTION 4 (Continued)

ViBRA TION
FRANE~~~~~~~

\

AXES OF TURNTABLE
- - - - - WOBBLE

STABI LIZED TIIII III~~~~~~~~~

5~~~~

\~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
\

~~ TURN TABLE

DRIVE STRUT

ELECTRO—DYN AJII C

~HAKER

2 MILLIWATT LASER
a

Figure 4 .1. Dynamic test setup for precision error measurement.

4. Back gr oun d Vib r a t i o n :  The test was initiall y set up on an air
bearing “isolated” pad . Closing a door or walking in the facility
produced transient errors of up to 200 JR. The test was moved
into an isolated facility which had a 6—inch concrete floor
poured directly on the earth . The tile floor covering proved
to be an effective isolator of background disturbances. Surface
waves created by the vibration system were disrupted by tile
joints in the tile before they could reach the laser. Normal
activity (walking, electrodynansic shaker operation ) during the
test produced disturbances of ~4 IIR or less.

The calibrated test setup was used to measure compensator performance
and evaluate the results of desi gn changes. The designs that evolved
from this process are discussed in the next two sections .
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SECTION 5

THE DES IGN CHALLENGE IN RETROSPECT
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SECTION 5 , THE DESIGN CHALLENGE IN RETR OSPE CT
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A t the start of this program , the L x i  s~ t e u n ’ e  I F ) ’ the large n u l  ~5L ~

spikes i t  451) and 900 Hz were known . W h a t  was no t  rec oil i z m - d  s,as
the b r o a d b an d  n o i s e  threshold that was m asked by t llL ’Sm- l :Irgu

spikes. In our component test program , we made tI~u ’ mistakE’ m l !

anal yzing the noise using a linear , rather than a logarit : --s i-
amp litude scale. This made it look l ik e  we cou ld  n o t c h  o u t  t I m e
450 and 900 Hz peaks and eliminate the noise problem . (m m- t he
presence of the broadband noise was recognized , t h e  o n l y  de s  ign
recourse was r e d u c t i o n  of c omp en s at o r  g a i n .  ‘f l u e s  , ‘t i l e r  op t  i ons ,
a d d i n g  m o r e  noise  f i l t e r s  and shi  i~t ing p o l e  p 1  u - , - s ’ u m - n t s  -

ru led  out  by two p ra c  t i c a l  c n u s i d e r : m m , ions : ( 1)  t he  n o i s e  1,5:15 2 ’

broadband to a t t a c k  with notch filters , and ( 2 )  systm -m s t , i h i l i t y
did not permit shifting t h e  poles ‘r introducing 5 5 ’ ! ’ , - p h a s e  lag
wit h low pass/band pass f i l t e rs .

Figure Sa shows the noise s p e c t r u m  m e asu r e d  a t  t h e  c o m p e n s : i t ’r
input. The envelope of this noise was combined with t h e  torquer
saturation characteristics (Figure Sb) to  o b ta i n  the  c o m p e n s :I t m r
gain limi t shown in Figure 5c. For examp le , the 10—50 liz
compensator gain limit of 80 was computed as follows :

Saturation Voltage (8.0 Volts)Gain Limit (80)
Noise Envelope (0.1 Volts)

In this 10—50 Hz frequency range , a compensator gain of 80 or more
would amplify the noise to where the torquer was fully saturated; no
control commands could be executed . In the calculation above , the
closed ioop system had little effect on the noise amp lification .
This is not the case in general. Systems with lightly damped closed
loop poles will amplify the open loop noise spectrum at the closed
loop resonant frequencies (frequencies at which the Nyquist diagram
approaches the —l point). Such closed loop “coloring” of the noise
envelope must be included to develop meaningful noise—imposed gain
limits for compensator design.

The gain limit shown in Figure 5c proved to be a very real constraint
on the design. Figure 5d shows the drastic loss of performance that
resulted from having to reduce the peak compensator gains from 1000
to 100. This order—of—magnitude reduction increased position error
over the critical 10—25 Hz range by a factor of 10.
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Sl- (iI ()N ii , THE DFSIGN ITERATIONS ; LESSONS LEARNED

~~i:o / s ’rr ’o: 1-A C ieoi Um: o were built and tes ted to optimize DAC performance
Cl V, and ~2oa ll~a t1s design options fo r  f i i t ur e app lications . The
3 of the 020 20) 101 conventiona l con~ ensator and each of the f i v e  DAC

2 ~~~~~~~~~~~~ L O l l  150) ?3 be develor od. What was learned fi’ors t~0S sequence of
: - s s ’ n s teps  wi l l  be underscored to support tf r ~, : Desi gn Guidelines an !
t’? ’o ’ s ’ourm :S pr~’o~- -oted in th1 ’ !~e.i: t two sectz~ ”:o.

The compensators will be discussed in the following order :

• Conventional Compensator
• Original UAH Design

5 DAC • Revised UAH Design

DESIGNS < • Redesign #1
• Redesign #2 (High Gain)
• Redesign #2 (Low Gain)

A foldout page appears opposite the discussion of each corn—
pestsator. The right half of the foldout shows the block
diagram of the closed loop system , including Bode plots of
time compensator and plant model used in thct compensator design .
On the left , the Nyquist diagram and the predicted position
error plots appear , along with a summary of changes (where
applicable). The latter lists the elements of the compensator
that were changed from the previous design . Elements that have
been changed are also encircled with dashed lines on the block
diagram .

NOTE : The following narrative has been printed on
even numbered pages only so that the text
can be read as the corresponding foldout page
is examined .

24
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SE CTI ON 6 (Continued)

1. Conven t  t ona l  Cornpen~~ Xor

The Oonventional Compensator will be discussed first , since it Is the
basis of comparison of all the subsequent DAC designs. The original
TASM compensator was designed by conventional techniques. The
numerator and denominator of the design equations were each of eighth
order. A fourth order slice of this was used to create rather broad
notci filters for t h e  -~~0 Liz and 900 Hz gyro noise components. The
desigm equations appear at the bottom right of Figure 6.1 (foldout
page). Imrmm ed la telv above is the plot of the compensator gain versus
frequenc - . Notice tha t t h e  compensa to r gain is below the noise limit
at all frequencies , being ,it least a decade below at most frequencies .
Of c o u r s e , the desi gners did not possess any such noise limit curve
at the t irso- th en- cr c -site d the design. The N v q u i S t  diagram (upper left
of foldout ) shows that the gains were limited by the need to maintain
adeq uate stab il it \- margins , ra ther than by noise,

The ;)l:lnt model that was used in the design appears in block diagram
f”rm a c r o s o  the  right center of the foldout. Not ice In the block
d i a g r a m  how the  “d i s t u r b a n c e” a f f e c t s  the  p l a n t .  The f r i c t i o n  in
the pulle y wheels and wire drive mechanism (Inertial Stabilization
S—stem — see Figure 3) converts the disturbing angular motions into
frictional torques that produce undesirable changes in position .
The plant Bode plot is immediately above the b lock  d i , m g r a n s . T h i s
plot also shows how the plant model changed as a result of input—
output testing of the p lant components (amp lifier , torqu~-r , inertial
stabilizat ton s\-st,-sss , integrating gore , and cl~’:rmrdu1,it jon network)
d u r i n g  the hAG progress:. The solid line shows t hc -  s iode l  as the
conventiona l compensator designers beli eved it to  be , w h i l e  t h e
dashed line shows its t ru es  characteristics , as v c - r l f i e d  hv ! e st  -

The solid line Nyt 1imt st plot shmm ~,’s the true s’,’ste:s: stahilit - - - , w h i l e
the dashed line shows the s t ab i l i t - , - p i c t ure  p r e d i c t e d  at t i m e  t ime
of t h e  d e s i g n . The s’,’ste”: is . m ’ t m i a l l - ,- r s ’ ’r e  stable t han  p r e d i c t e d .
The compensator isa i n s  co u l d  h a v e  h e-en i n - r c a - s e m i  to  sq)R-e:se ,‘m l t  a

little bet ter err -r p c - r I -  r~:-’m n cm- w i t h o u t  , l r I v  i n : - the System iinst able
or exceeding the arise li-s- i t .

The lower left fioti re :1 ‘t 5 p o s i t  Ion m ’ r r m l r  y o r s u s  frm- qu enc v for t u e
S a t , -::: , Th i s  is t b -  c i m - v , i t  i on  i x i s  error in stahil i,sed r: irr m ’r
pos i tion vlmemi t i m e 1 m S ~’1 IS disturb ed by a s i n u so i d a l  rotationa l
- i m ” - eler ;jr i n  of 5 r a d / s , ’r -~ s’, m k va i l um- ( TNgI’T = 5 sin 2’ ft
f = I op u t  f r e q u e n c y I n  Liz  I . Si mim ’ m - t h m - penk input accelera t ion is
held constant , th e ’  peak input position is falling off in proportion
t ’ ’  f 2 - This N -ermei se In pmi s 1 ti mt n Input Is t h e  reason that mirror
posi t ion err ,rr fm -il is o f f  s-s t h  f r m . q i m e n c v  ; the roll off in this fre—
q ic’nc~’ r a n ge is o t t  mi tie t m  : 11) 0 f e a t  m i r e - of t h e  p l a n t  or conmpens atm ’r.

I Ii ’ conven t lone 1 des i iso Is not ; I c  ‘ F - 1 m  table I ‘r he 1 i m p  I i ’  r— hm r rn ,’
‘m g-rations s ince  I t his It -; -,-r , - i t  - s t errors o v er  t h e  11— 22 Hz r m ’ - m - j m ’ n
in -a-n by t h e  r e  or input s . The fl*’-~~ m l  t o i m p r m m v t -  2 , mrlmrr l ’ s;mflm ’e I n thi s

I r m - r l m l , ’nc y r i n g - , r’ mrm i p l ed  wi th t ( m r  p o t e n t  i i i  m ’ f f , ’r , ’mI by ) \ )  th or-,- ,
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SECTI N 6 ( Co n t i n ue d

2.  Or I~i inal  [AH Desl~~,n

‘The orig inal tA ll DAC design was developed assuming that a n o i s e - — f r e e
ra te output could he obtained from tb1 TA SM . It, was also :l sS mT ’mc - ml
t h a t  i ll p lan t poles with break Irm ’quencies of 1000 r id/st -c m r

g r e a t e r  cou ld  he neglc ’-ted in the - I ) ,-\ d e s i g n .  ‘l ’hi s r educed  t h e  p l a n t
-
. 

model to third o r der , as shown opposi  t e - Th~’ Cc-: d c - s  jgn re - s i  I rm-s-:c - n t S
we re - t o  Isle in ta in a zero r a t e ’ of d e p i c t  nr c  f r  r::: a fixed p’s c m ’  pos I t ion
in the  l i c e  of f o u r  d i s t u r b a n ce ’s :  (1) v i n c i  g u s t s  and l o u l o m b
f r i c t i o n , ~2 )  11 Hz , (3)  22 Hz , and ( -~ ) g u nh u r s t  t r a n s i e n t s .  Th~
d i s t u r b a n c e s u p p r e s s i o n  r e q uir e d  f o u r  s econd  or d er  ss-- ’ mi u l c ’ s , i s  shcmwn
in F i g u r e  1 . 2 .  ~\ f i f t h  second o m r m l t -r m o d u l e  v i m -  a ided to c i  i ’ - i : l m t e
the l i g h t l y  damped 105 Il -s w i r e  d r iv e  r e s ’ n , m m i c c ’  in  t h e  p l a n t  - The
DAC s o l u t i o n  p r o v i d e m l  a p a i r  of n e a r ly  c r i t l c a l l \ - ’ ! l ! ’mpc- l r i g h t
h a l f  

~ 
l a n e s  poles for this m m t m r ( r m ‘Sc ’ (se es ii lock \ m i p p o s  I t e  ) . ih  is

block p r o d u c e d  - ‘‘~-~- r  100 0 of  ‘ i t - m ’ ~,’ It -ad , i t n - m r  u n i t  ~
- g a i n  m t  j O S  H z .

A f t e r  Se\- er - i l pole places -i t- ni It e- rat ~~m m ns t m  r e - m I m i c , - mA ) g : i l 1 l 5  t m ’
r e a l i z a b l e y;dmie’ - , t I me  t I e s )  ,~m i c m F F F \ ’ e r ; ’,c - ,i t o the c’ m : m i i t i c ~ns shown In
the -‘i gmi r , ’ 0 .2 bloc k cli , m: - r: Ref,’r.’nm ’e 1 ‘res c ’n t s  t h e  , : e t a  I i s  of
the d e s ig n .

( s i n g  t he  simn p i i f i e - m l  p i m o t  am mo- i , N~- q m i i s t  and a n al o g  s i s s - u l i t  i a m a  S
of the des i go were a- r m m  r’-s- l by - ,\ I i . i1ee,imase’ of t h e RUP pol ,’s in
t h e  C O s - l p e f l s a t m ’r , t i - s  N ’ : q u i st  p i t  had to  e n c i r c l e  t h e  — l point for
stabilit y . The dashed line 2~s m 1 m i ~~at  plot sb- a’s the UAII dc ’sign
to be ‘,-er ~’ s t a bl e , w i t h  stahil Ito m a r - c  ins increased by increasing
c o m p e n s a tor  p - i  in. The solid line ( m sr i gln: i l g l in t  m o d e l )  r e e o m i —
struct Ion , w h i c h  was made following a n a ly s i s  and Sm ’ s - Ic  I m r , l a - , m r e
testing on t h e  DAC pro gram , shows how the  h l c s ) m e r  f r m - m ( m l e n c v  p o l e s
in the p lan t produced enough leg In the c r i t i c - i l  5)5—200 h a  range
to comp letel y elim inate t he  NvquIst encirclement of the — 1 p o I n t  -

The p lot at t h e  lower l~’ft shows t i m , ’ results of the -‘m u a n a l og
s imula t ion of  posi t ion e r r or .  Th e an a l o g  s im ul i t ion vi s nonlinear ,
representing the saturating amplifier ho the s-sold shown near the
center of the foldout page . Up t , m two orders of magnitude Improve—
memi t were predicted for DAC , with even greater performance at
11 and 22 H z .  T h i s  was t i m e ’ desi gn that started the DAC DDT&E
program.

3(1
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SECTION 6 (Continued)

3. Revised UAH Design

The first step in the DAC DDT&E program was to find a way to obtain
a rate output from the TASM. Since torquer current is proportiona l
to rate , the original idea was to use this as the DAC input signal.
However , investigat ion of the actual hardware showed this to be
impractical. First , the torquer current signal was even more
corrupted with noise than was the gyro output. Second , the torquer
circuit contained limiting diodes that switched it from a rate to
a rate integrating mode for low level inputs.

Since the TASM could not be modified to output an acceptable rate
signal , it was decided to add a “differentiator ’ to the DAC design.
This module was designed to act like a differentiator out to 1000
rad/sec (160 Hz). Since differentiators are by nature noise amplify—
ing devices , the nodule was placed at the end of the DAC to minimize
the chance of saturating operational amp lifiers. The “differentiator ”
proved to be a poor design decision for two reasons : (,l) the TASM
had a much higher noise floor in the 0—200 Hz range than anticipated ,
and (2) the “differentia tor” added more phase lag to an already phase
destabilized system . Since our noise measurements on TASM showed S
large spikes at 450 and 900 Hz , two notch filters were also added to
the h Ail design. This brought the total DAC compensator design equations
to 15th order. Changes to the IJAH design were pred icted to have a
negligible effect on position error. As shown on tile lower left of
the foldout , improvements of 100:1 were still anticipated .

Actual hardware was developed using components that were screened
to ±1% accuracy . The design equations were realized using the
Rectangular Method of Prograrmiiing. This method uses feed—forward
paths to shape the numerator polynomial and feedback paths to form
the denominator polynomial. Figure 6.3a illustrates this design
approach for Block II of the I)AC. The’ Block II desi gn was developed
into a network of linear amplifiers using first order design models.
These design models idealize each operational amplifier as having
infinite gain and input impedance.

+1
‘21 bc~ff., 0. 1 b~a,r
POT 1

0 124 1 , 1  1mm ! 100!
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SECTION 6 (Continued)

4. Redesign #1

The simplest way to recover stability was t m  add I c -id - “ 5 , 5 ” - - t I - -li

over the critical 150—1000 Hz range . We recogn L’c-l t m m , !t the l~-ad
networks might increase the DAt’ gain tm where noist - i rsm p ll fica t i”n
became unacceptable. During checkout of the modul e-h’- -rn ,me h m il e
testing of the DAC hardware , we measured the output ‘ t  t S m ~ - n o t c h
filters. The signal appeared relatively c lc - ,in , wlt 1 m s-o h d iane rse’ml

frequency components. Since this was a r e s e~irm ‘ m cr -- r , t  , we
elected to take the risk of being able to make a h1~ 1m ~s , i i - s d~ sigt m
work. We covered ourselves by initiating a re t- - m i , - s s  t r i m S , ’ S’’ m f V

to be prepared with a t mm t a l l v  new design In c.is~’ ~hls - n -  ‘ ,ti l,- - h .

The changes that were made to the h ,irm5w o -Ir e sm , -’sI- .FrI’ e,l 5 P

upper left of the foldout pam ’~- (Figure- I - , )
~ I h e ’~, ’ changes ire

also outlined in the c o m ’ s : ’ e t m s m i t a r  b I m ’ e ’~ d i  t -r u ’- - ‘ mm t m . - -w~’r rig ht
Of the original f lvi - DAC b locks , ’ n h  v - “a- — B l e - k  I’d — scmi -~ changed ,
This block wa- , ‘ n v  e s r t  m ’d f r  - ssm a p m f ’ s - m ’ - - in  - h i g h s m r *’ - 5 ; ~’iI c
t rans ients  to a im , ’ c , m t m d  , ‘ r m l e r  ‘ead - 1 i m -  - m  t w -  - r a  - ,\ a,’ - - s t .  f ~eyi t j i i

lead/ lag n e t w m - r ’,-s was added (Block  IV ’ ) ,  b - i m ’ ~- i n ~ t h e  C ‘5 ~’t ’ ~ ’t’ , m i t  - r  t o
17th order .  ‘iSi e ‘ ‘ d i f f e t e n t j , m : - ’ : ’ ’’ pole a - i a  - -:c’ml t r - ’:m 1000 ~o 5 mI i F U l i

rad/ sec to reduce phase’ lag.

The Nyquist diagram on the right ~he’~ s t h e  n et  effec t of t ti-se
changes. A banana—shaped encirclement of t he- — 1 point was
The DAC gain block setting was reduced f r ’ s - i  15h t m ’ 105 to center tii , ’
“banana” about the — l point . Reducing the gain increased the
predicted position error slightl y (see p lm m t at lower left). H m ’ w i ”,- c -r ,
it still appeared that improvements of 75:1 could be achieved .

The design was buil t and tested . The redesign did not behave in~’
better than its predecessor. The TASM noise drove the operationa l
amplifiers in the downstream DAC stages into immediate saturation .
We were soon convinced that the lead/lag networks and the “differe ’:mt L i t  or ”
would have to be eliminated . We finally recognized that the noise
spectrum output by the plant demodulation network would have to be
analyzed on a logarithmic amplitude scale , and the results used to
limit the gains designed into DAC .
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SECTION 6 (Continued )

5. Redesign 1f2 (High Gain)

The design tradeoffs that were going on while Redesign #1 was bein~-
built and tested showed that the key to reducing DAC gain was tm ~
eliminate the Block V RHP poles. Since we now had a test verified
model of the plant , we could proceed with confidence in anal yzing
candidate design concepts (refer to foldout page for the math model
changes made because of component testing). The func tion of Block V
was to suppress  the lig h t i s -  damped p l a n t  resonance at  168 H z .  I t
was found that making the Block V pole into an undamped oscillator
tuned to the plant 73 Hz zero would perform this same function.
This change eliminated the requirement for the Nyquist diagram to
encircle the —l point and shifted the critical frequencies from
100—2000 Hz downward to  20—50 Hz. The system no longer required
high gain lead/lag elements to achieve stab ilit y . The design changes
ir e  lis ted at the upper left of the f,’ l m l m m mi t -

When Block \‘ was r e v i s e d  t m a 73 11 , oscilla tor , a potent iomet
con t ro l l ed  feedback  loop was f n c l - i m S e m i  to ,- Ih)- ’w damn ing to he
added . Dampin m ’  in the  O l m a k I T  s i n , )  I I I  po) -s also could be added
by changing poten tio ssm c-ter se- t r i ll -- c . Stah i li ’ - - r e -m sm il r€- m e nt s made
it necessar~’ to add damp inp Sm ’ R l o m ’~ I I I .  i 1 m ~ck— I I  and \‘ were
left undamped (within desi gn l i m i t s ) . [0’ compensator ,i~-ai~ps
equations and a p lot of c,’n/s ,-m m ~~-

- m t - ’r gain are shown at the lowe r
right of t I m , - f o l d ou t . Ou r  n m ’ i  se a r i al v s l  s p r o d u c e d  th e  c om p e n c . i t  - r
gain limit shown in t h i s same p lo t . ‘I h ~- 11 and 73 Hz poles wi - re
allowed to violate this gain limit , since we still had reservations
about its accur,-ic\- . Our approach was t m ’ start with undamped poles
and dial in w h a t e ver  m ) a m ) l I n ) s  was required to prove-n ’ torquer
saturation during test.

The “differentiator ” was ~- !  im i mi t e2 by pm ’! , - z e - r m ’ r-io&’offs involving
several DAC modules. The block diagrams- - i i  e )ms, i is shown in
Figure 6.5a.

~~~
I?rEREN1IATOR ”I GUST i FRICTION II~s’io C~~~~~(SATION LZAD~I.AC •~

I;
~-i ~ ~ + G .91) 1. 4 

~~~~~~~~~~ ~~~ 
+ 1) + 1

LL ~L J
~~~~~~~~+ 1L 3~~~~~~

J

r i ~~~~~ T1Loc~v 1
I GUST ?RICTI~~I I LIAD/’14C ~ j i
h
I~~~

(5+O.97)(J+1 .S7) 1 
,

~~
_ 

~~LW

Figure 6.Sa. Elimination of the approximate differentiat or.
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SECT ION 6 (Continued )

‘i. (Continued)

Since the system was no hm ’ n~ er sensitive to phase lag above 1000 rad/
see , the “differentiator ” pole was moved from 20000 to 2000 rad/see .
This cancelled a zero that appeared in the new Block IV redesign .
The s term in the numerator of the “differentiator” cancelled the
free s in the Block I denominator . The block was balanced by picking
up the 1000 rad/sec pole from Block IV .

The resulting system showed small stability margins near 32 Hz. This
did not create concern , however , since we had confidence in the
accuracy of our model by now. We could also improve stability if
we had to by adding damping to the 11 and 22 Hz po l e s .  The sys tem s t i l l
retained good error performance. Improvements of 60:1 were still
possible if we could avoid any more reduc tions in gain.

Redesign 112 produced the first encouraging test results. The output
of the ) IA C was sm re-l -~~l im ~im - m t ly the sum of two narrow band random
signals centered ibm- m t  11 and 73 H z .  These quasi—periodic signals
would drive the tm r .m m i,-r In and out of saturation up to 73 times each
second . I mmirltic each part cycle the torquer was unsaturated , it
could carry m O u l t  Sm m :11t of the control commands to maintain mirror
position. The s’-stem would operate from 5—20 seconds before amplified
noise would totall y saturate the torquer and cause loss of control.
Optimizing the performance now reduced to varying the gain block
setting and changing rh~- damp ing in the 11 and 73 Hz poles (minimum
damp ing of 20% in Block III was dictated by stability requirements).
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SECTION 6 (Continued)

6. Redes ign #2 (Low Gain)

The three variables , gain block setting , 11 Hz pole damping , and
73 Hz poic damp ing , could not be manipulated independently to
) p t  I s ’s - ize  p e r f o r m a n c e .  For examp le , reducing loop gain made the
system unstable ’ ,ut 2)~ I s . Ileuwever , stability could be recovered
by a d d i n ~ damp ing to  t h e  11 lIz p o l e  (the reason for this cam be seen

- in the )~v qmii st plot of ‘l~~m u r e  6 .5 , t h e  p rev ious  f o l d o u t  p a g e ) .
The bes t  ov e ral  I per  f o r m , , u n c ’e was o b t a i n e d  w i t h  the gain  b lock
r e d u c e - mi f r - on  33. i- to 20 , and wi th m h %  and 1 5 . c r i  tical damping in
t i m e  11 and 73 Pc poie s , respectivel y . The compensator gain plot
at t h e  l ow e r  r i~ lit simm- v s how t h e  ‘‘ ‘pt i ’s - i c e d ’’ gain stacks up
ae ’ s u l i u s t  t h e  n o ise  l i m i m i t  - The 73 lIz p o l e  had to be reduced to the
gain i ts -m i t  t o  ~- Ii m a t e  to r m ) m u e r  saturm t ion . ‘l’he 11 Hz pole was
se t we l l  0c~ l’~sc t l m I - c T i m i t - i m m v , ’ver  , this reduct ion was dictated
by st s a b i l i t ’,- , P ‘t s - l ’ l - S ,’ , m s s s t m l i f j c a t l o n .  m 1 ’ ’e - r s i l i , we g a i n e d  a
heal thy r e s p e c t  f o r  noi se 1 I ris - it p lo ts , and ‘m L r c n h l , V s - m ’ - ’ - ’S’SS’mCt’,el

t i m 5 ’i r  ice  us ml e s i p :m t m ’m ’ l S mm . u p p l i c m r  i - m i s ‘f hAG theor ’,’ t ’~ o ther
S V S I , ’s s c .

The reduct i , ,m . in :I1n ci ic t .ir c m l  h ’. t t m m O  t i - - i - c , ’ a n s i  s t ab i l i ty  c o n s t ra i n t s
- ,im ised a s i — n  j f l , o o m t  los s in  ) m 5 ’ r f - ’ r m a n ’ e ’ . m’ss shown on t h e  l e v e r
1- - ft of me in I d o u t  , m e p - c i t  Ion e’rr, ‘r r im , t ion sic t mi~-Il lv achieved

~‘j ~~ ~ I i ~~ ], or I- s e e  er,’er the -critical 10—15 0.: f r e q u e n c y  range . The
doss I red n o r m - h  - i t  11 ~i .  v - m s el i m i na  t~’d - s - O r  to  s m . u l n t a j n  stability -

The ,O’-s i,~n t r , u - i e  st ud  l i-S  -1 : 10  the test r o s ~1t s bo th showed that
s - e r r  ‘ ‘ r m s m , m o s c e  tm pr  -v~-- ’S, ’p t  s exceeding 50:1 co u l d  be ,me ’I m ieve- d in a low

‘~e s’cste-rn. Thi s level of p - r  f o rman -  e was attainable icing a
l i g h t ly  ml u m ; ’u ’ ml ‘inn /2 t i l l - h  Gain) if the TASM no ise  s p e c t r um
f r o m  1 0 — lo l l  Hz c o u l d  have been reduced from 0.1 volt p& ’~iss  to 0.01

~‘m ’ l t  p e u k i e . Keep ing tim — noise timre’s hm ’ld below this level is no
l -- - sps’ r difficult using current solid state elements. ~,“i se’ in our

i i  i r m i v u r u ’ ‘,‘ - u s  main tained well below this value .
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TABLE 7-1. DAC DESIGN G1’IDELINLS

LI’ II) FT - IN)

1. — / - . -  ~- - n~~-_ ‘ , - ~h’ r -  ~
, • - 

~~~~- - 0 5 ’
~~ - — ~~~ s - _  0 - ’ :0

o T I  mi nt c lose,J 1- -op fre’ ss,1ncv r i - spoi l  se from ’, a d e c  imPs - below
t h ’  .1/h - i d e s - c - i d e  , i s e m ’Vc cc-P S rm ’l/ ,-i - CO 1 , -  T m - i t  ions

o S v s i m s - s -~ no i se  specs rum over r u n s - - c  m i f ci -cii T f  I cant p l an t
O P e l  compe -n s c m S  - r frequency response

o Limi ting characteristics of  i ll nm -n—linear or “weak
link” e lemen ts

o (m , rms erysttive tolerances (uncertainty bounds) on the-
sys tem and math model parame ters.

IJISCISSION

DAC design techniques are not applicable to every system . DAC
perf ormance is heavily dependent on (1) good math models of system ,
(2) amp li tude and frequency characteristics of system noise , and
(3) limiting “weak link” characteristics such as sa tu ra t ing
amp lifiers. Before committing to this approach , the designer
mus t understand how the plant dynamics , noise and non—linearities
of his system limit his pole placement options and place bounds on
the performance he can realize from the design. Techniques for
making this evaluation are developed in the next section (Section 8.0).
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TABLE 7— I. hAG DESIGN GUIDELINES (Continued )

GUIDELINE

2. ~h,s L-’e,- 7 o 7  50 mS, ’’ es - i :S, ~~~ ~~~~~~~~~~ 0, ~~~~~~~~ 
-~~~ ~~~~~~~~ Lm: O t  I - s - t o , o . s

to so $ - - t’, S m -  7 ,1 , 1 1’-’ - ’-

o Start with a good analysis of the,’ p lan t and the
candidate compensator designs

o Test each plant and compensator component as soon as
the hardware becomes available

o Revise the math modDi to agree wi th test results

o l’ se the test—verified math model to:

a) Perf orm design/performance t radeoffs

b )  Assess t h e  impac t o f ~- sm r i a t  i ‘is-s in S\’Sts’ s - I

or ma th model pa raso l  ~- r s

o V e r i f y  the e n t i r e  sy s t e m  ‘, C i t h e n d — r m ’ — , - s m - J t ’-sts

D I S C U S S  ION

Like all modern pole,’ placement t~’chni q ues , time’ DAC d c - s i g n  can be
no be tter than the math mod els used to c e m n s t r u c t  the - li near I ilteers
(the composite S t , l t e’ s’ on st  r m u c t o r )  - -‘epp i i csi t lm ’ rm of PAC desi~ r:
t e c i m n  i ques re ulmie ’S a good math  model , p r on - -n by a tTmoroug )m test
ve’ri f I c.i t ion prm ’ss ri s - r as s ic  t u s i  1 13 rm .is- ,- m re b ec ’  limes availab l~- . This is
the price ’ that m u s t  be paid if time ’ high p e r f n r r r m a n c e  p a y o f f s  o f f e r e d
by the  t e chr ~i m i e i e  are’ t - ‘ he ach  j eye ’d w i t h  c on f i d e n c e ’ -

In developing the plant model , the’ des ign er she ’’ i l he car eful about
neglect Ing “high fre- qu uenc v ” poles and ‘ - ‘r ce’r - - - For example , a
pair of first order poles a t  f iv e  tim e ’s a cr i r i c ,ul sy stem frequency
f
~ 

w ill produce oVe r 20 degrees of phase l ag  mt 
~~~~~ 

This much phase-
shif t , neglected in the math mode-i , can s i g n i f i c a ntly al ter ti me -
stability and performance of the ri-al hardware . Liberal use of
Nvquist diagrams and other conventional analysis techni ques  ar e
required to pinpoint the critical frequency regions where math model
fidelity mus t be carefully preserved .

To facilitate test verification , the physical components represented
in the math model should be easily tested blocks of hardware . The
verification test program should measure tile input—output character-
istics of these same , exact components. A direct apples—to-app les
comparison then can be made between analysis and test results. This
greatly simp lifies “troubleshooting ” when the two do not agree.

Whenever analysis and test results disagree , it is dangerous to
assume that the math model is at fault and arbitraril y revise- it
to  match test data. Several times in our program , the disagreement
was traced to a subtle problem in the test setup or data system
that had not been uncovered by the checkout tests. Enough detective
work t im pinpoint the actual cause(s) of the disagreement provides a
powerful check and balance on both the analysis and the te st.
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TABLE 7—I. DAC DESIGN GVIDI-:1.rNEs (Continued)

G U I D E L I N E

3. 1h’ ’- ~O[ ’ 0 - leo : :-: -s ‘ i  , ‘ ‘ 
~:e” . - - 0 ’ ’ . 1 5 ; 5 ,  o : o  ‘e,

0, ‘ S - O s  I t 5~~ ‘ ‘S 5 ’  0 ’ 2 - 5  5 , 5 - 5  00 ’ 
- 

- ‘ - 0  0 c. S~, ” , (~ S m i -
. 

-

0 ‘StOOP ms - S , ‘5’ 5 - ~ 002

o Develop the initial noise’ estima te,’s f o r  each antici-
pated I I ( i l j m ’ i ’ 001s t ’  Sm ’ m l r cs ’ US i l l - ’  - - ; m . - r s e i s - ces h u m 1  test
d a t a  f r o ~m cissi tar hardware

o (se the closed Toe s-n O’’m lCl t o  m os ’ I ) m m i t  e ’ the noise
spectrum a t  t h e  c o m p e n s a t o r  i np u t .

o Re ’ fine ’ the i l l - i d e  sp ec t  rum wi th Ic - i-m t data as , u c  t u a l
h a r d w a r e  c o m p o n e n t s  h e’e’m ’ni e ’ available’

o O h t , m i n  t ) i ~~’ f i n a l  “D e s ign  V e r i f i m - s i t  ion ” n o i s e -
S[ie ’ c t l - S l  irs- , - u i \ e ’  I m p  l i m o  l l i m m e ’ r m ’ m u m e  me ’a su r e m s m , - l s
es-n soy . ’ ‘a  ‘ i l e n t  i - -a  I” ro m;e ’ne ’n t s  -

ci ,‘eI ’i. m ‘ ,-m mu-c e ,u lo ,s-sur jt luin jc rather t h an  a l i n e a r
.iI;ip 1 i t m i ~P- scal ,- t o  u m ’ - o r e ’v e -  t i m e ’ c ’ s - (  1s , ~ e t c  of t h e ’
tr su , ’ noise fl oor.

D I S C U S S I O N

Sinc- ’ noise is su ‘ i i  O F  0, ’l S  Er a  i nt ‘i i  , i  ),-\C des i on , a sv - ct em noise
spt ’e’t r-~’-~ should he c ’s t irs-c it ed e a r l~’ in the d e s i g n  p roc e ss  (ways  of
, l o s : i g  t h i s  ar e  d - - v ’ ’l , ’ ’e ’ d in Sect i- -n 8.0). h i s  spectr um ’- should be
i m r - ’v ” d  is l~5’t  t e r  t c-c t and m u  vs  is data become ci v il isible - In

- i t s  e a r l i e s t , m m s - s r  p r i m i t i v e ’  f o r m , i t can be used t o  e s t a b l i s h
i ’ .  i - - - ‘n ib le 1ipp ~’r bounds  In c o m p o n s s u  t m ’r gain. As it become s n m m i r e
re t ini -d . it c i a  d i c t a t e ’ a d j m i s t m e n t s  in  where cm ’ s s , s ’ e,- a s s m t , - s ’  p ol e s
U P ’  ~) l . i m  ‘d , and es t .m lmlisli ‘ iter c e - a m m i r - s - s e ’n t s .

ti e ’ c u r l  i e’st noise’ estimates w i ll h p v e ’ to  be based on t e st  results
and - ‘xpe-rience with hardware components similar t o  t h o s e  that will
appear in the new sy s t e m  being desi gned. In time , as actual components
are selected or developed , their noise characteristics can be measured .
The noise characteristics s h o u l d  be measured several t imes on each
component , and on several different “identical” components. We tested
six different gores of the  same make , model , and manufacturer ’s lot
and found differences in the noise spectrum of several hundred
percent. This was not unexpected , hu t  the differences were large
enough to make substantial changes in overall system performance .

The noise analysis should a1wa~’s be plotted on a logarithmic rather
thin a linear amp l i t u d e  scale so th s-u the’ noise “floor ” and smaller
spikes are not h i d d e n  by t i u e ’ d o m i n a n t  n o r s e  peaks . The r e p e a t e d
noise measurements should be superimposed and conservative l y
enveloped to obtain the design noise spectrum.
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TABLE 7—I. DAC DESiGN GUIDELINES (Continued)

GUIDELINE

4 Use convents- ional J os- lon/ a lp ss - 7s  tes - a p Zf l ? -70es - 0 t O  c’ o s  , ,d  -

modern control des l ,’ss metdo- Io :

o Don ’t rely on pole placement to assure adequate
stability and performance

o Use Nyquist and/or root locus analyses to determine
sensitivity to parameter changes and to optimize t u e
DAC des ign

o Use Bode diagrams to aid in pole placement , evalu,ttio’s-
of hardware realizability and identification of what
noise frequencies are most critical to the design

o Use simula tion to assure good p e r f o r man c e  in the f a c e
of parameter variations , noise and nonlinear et f e-c t s

DISCUSSION

Modern control design techniques work best when supported with br oven

conventional analysis techniques. Advanced t e e -  l i i i  1 q m u c - s  l l k e ’  h A m ,  can
ide n t i f y hi gh per formance  designs . C o n v e n t i o n a l  t e c i i n i c u i- s  th i -~
provide powerful tool -c for refining and ~‘erifving t I m e -’ des ign .

It is particularl y i m p o r t a n t  no t  to rely on pole p l:i cc-s s , - n t  t e c h n l - m i ~-s
to assure stability. Anyone who has perfor ss m e- m l rm s-o locus jn,u vses
can appreciate how sensitive some rmmot s are t o  ch a n g e s  in sy s t e m
parameters. Roots “deep ” in the LHP may migrate rapidl y into ti-m e
RHP with only small changes in a critical parameter. Simp lif ying
assumptions imherent in any math model mciv result in the real hard-
ware having poles well away from where they were p laced — including
some in the right half plane. Conventional techniques should be
used liberally to assure that the system is stable and meets per-
formance requirements under all reasonable parameter variations .
Once DAC theory has produced a good baseline design , conventional
techniques also can be used to optimize the design more readil y
than continued pole placement iteration s .
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1’ABLE 7—I. DAC DESIGN GUIDELINES (Continued)

GU I D E L I N E

5. ‘P , ’ O S - J ’  . : : t s i  ~‘2t ~~
, S t ’  ,Z ’ , ! i ’ S t m ,  ‘ ‘ o ’ - , s o  pole  ps.

o Don ’t t ry  to push all composite constructor poles beyond
the p l a n t  po les  (unless  ti -me p lan t  poles span l i - sc  than
two de ’cades in f r e q u e n cy )

o When p lac ing composi te  c o n s t r u c t o r  poles  w i t h i n  the
p lan t  b a n d w i d t h , locate  near  p l an t  zeros and at  leas t
10—2 0/ away f r o m  the  nea r e s t  p l an t  pole .

o Try  to cluster controller poles and zeros in groups
of ‘similar frequenc~’ with at least a -~:l frequency
g,i p b e t w e e n  each g r o u p .

S I S S ’I SS ION

Tlue closed 1m m .’5 pl eat o -mi es are ass ig n e ”t t o  satisfy the de.~ i’m :rite ’rja
( r i s e t I r e ’ , ‘c’a~-, overshoot , s~’t t i l i ng t is ” ’ , . . . ) . Idea lly , the compos i te
cons t r euc t -. - r n ’  I-a-s should be ’ ~ i , u c - - 1 at 5—i m i r e ’s ti le ’ f r e n m l o n c v  of  t m e ’
‘l ist cur h,icm c e ’ mod p lant even t s t h ey  are t r ’- i ng  t o  reconst ruct - This
will assure th ,ut the ’ est i ne,’ut ion e rrors t e n d  t o  ;a-’rm- r ap i d ly  -

U n f o r t u n a t e ly , i t  t - u k , ’s l a r g e ’  gains  t m  mo ve ’ p01 es t - - ,u much h i ghe r
frequency. As a c rude  y e T  -lsti ck , the ms,xi.mum gm i n  required is roug h 1’-’
p r o p o r t i o n a l  ~ -~s- - - I ) f l , whe re m~~~ i s  t l m e ’ o r i g i n a l  p o l e - f r e q c u e ’ncv ,
- -2 is t h e  desired pole p l a c e m e n t  , and n i s  t h e ’ o r d e r  of the control icr .
For example , if t h e  designer l i e - c  a 12 th  o r d e r  s vst  em , and w an t s  Co
move h i s  p o l e s  su f r e q u e nc y  decade m l s ’e ’p~’r i s - t e l  t i m e  l e t  t h a l f  p l a n e ,
he s i m m - e u  I d  c’~:pe ’ct me- DAC dc ’s i gn p r o c e s s  t m  g ive h im  a 1011 g a i n
r e q ul  r c ’ mn e’n t  . He 0 c m  get  , i r o u n e l  t l m i  s impass  by r e s o r t  i n o  t m m h i s
ingenuity. Rattler thu -mn pus ’ s i n g  all cernstructor pole’s to v - n d  the
p lan t  pole f r e q u e n c i e s , he can  t u c k  t i m e r s  i n  a ro eund  p l a n t  zeros and
-s -way f r o m  p l a n t  p~s - i  c’S (c , ’ns t r i m e -  b r  poles  p laced too ul e ’ar closed loop
plant poles can f- ’rce the I - i t  t e r  away from their irtended posit i ,m is - t -

By settling for a smaller s l uift in pole frequencies , the desi gner m m m v

be able to reduce his gain requirement to a realizable value and still
achieve acceptable performance.

Clustering the (‘ell s- s t ructor poles and zeros in groups w i t h  a f r e q u e n cy
separation between each is -r ai l s- can also be used to reduce gain r e ’ q m u i re—
men t s .  Th is  has t h e.’ e f f e c t  of m i e r o u p i Ing a hi gher order system int~’
a s e r i e ’s of lowe r o rde r  b l o c k - c  t h a t  ‘i re ranch easier to re ’,-ullz e in
actua l hardware . If the same 12th circler system can be “clustered”
into three sc’rcl-’- m uilc m ~mu i m l c”l bl ocks of -‘+ t h  o r d e r , ga in s  of less than
i0 3 may still be enoug h to achieve a 5 : 1  s h i f t  in pole f r e q u e n c y .
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TABLE 7—I. DAC DESIGN GUIDELINE (Continued)

GUIDELINE

6. L S oss ‘ f s- 2~l~s ;‘or tip - Zoo t uts o~ o’ ’ - :
0, a-,r~scro c

o Limit gains to reasonable levels so the design can is-c
cec i l  ized In h a r d w a r e  w i t h o u t  l u e r m m  I c  su e. ’ s u s i u r e ’s

o Design a stable system that is tolerant of changes in
system parameters

DISCUSSION

Obtaining the last few percent improvement in performance may dis-
proportionatel y increase program co-ct and development t ime , and
produce a design that cannot accommodate future rmod lfications.
When we “ t u n e d ”  our  sys tem to peak per fo rmance , we ’ f o u n d i t  t o  be

~‘er~’ intolerant of  changes .  Even rep lacement  of  t h e  g v r u m  with an
“identical” unit would s o m e t i m e ’s cause  u n a c c e p t a b l e  loss of
perfe rmanc~’ due to changes in the noise spe-’ctrulm and s:- , mll shif t.~
in critical frequencies . When the design is pushed t m  the ultim ate ,
rigorous confi guration control and maintenance procedures will have
to be applied to the hardware . It is well worth the investment to
conduct tradeoffs between performance , F , desi gn sensitivit’,’ , S ,
and cost , C. Limit the design to the range where ‘P/ -S and ~P/ ‘C
still show good positive slopes. The end product may l-s’k a
little more “conventional ,” but it can be realized in hardware
with confidence , and within realistic cost and s c lu e , l mu le c onstraints.

UU I D E L I N E

7. m ’~’ ‘ : ‘.‘~~~2m 5t ’ ~~Wm’T,” f ; , 5 5  5~. ’ - r ’y s- II; ’- , !-c

o Making each pole/zero module an ise-l et ed hardware block

o Placing resistors and capacitors on easily changed
headers

o Leaving room on the circuit cards for growth .

DISCUSSION

Plant design changes that occur during hardware development will have
more effect on a high performance controller than on one of conventional
design. As actual system hardware is built and tested , the math model
used to design the compensator will also undoubtedl y have to be changed
to match test results. This can have a real impac t on the design .
Often being able to shift ii compensator pole frequency by 10—20% , or
adjust its damping can recover the performance that would otherwise
be given up. The ability to accommodate these types of changes
should be engineered into the compensator design at the expense of
using a few extra “op amps.” Ti-mi s goes against normal design training
which teaches us that our skill as designers is measured by how few
components we need .
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l’ABLE 7-I. DAC DESIGN l ’ T l ) i - h , I N I - S ( C o n c l u d e d )

( s - l i I ) i - 1 l T N t - S

8. - 
,‘ - ‘ ‘ 

- 
m ’ cs-  t n i l, i - s - is -  . m ’ ‘ ~-c oo 1 zs’ss / .- ‘‘‘ 0 r - ,-o /, - Zs - ‘h’s’ is /t

‘ ‘
-‘ c .,  - ‘:1 u c t  - a’/ / i ,  “ ‘c ‘ - 0 -szO z c O ? . ’ , 05 L)

~
’I’5 1 o~ h

to— - m s - !  , -
‘ 

m

o Designs based on normal first order approximation
operational amp lifier desi gn models (infinite gain ,
infinite input impedance) break down above 2000 Hz

o Neg lected second order e f f e c t s  can introduce high
frequency (-‘2000 Hz) resonances tha t severely
impact performance

o A d d i n g io~~ pass ( 2000 Hz) filters to each block can
eliminate’ th e se u n d e s i r a b l e  h igh  f r e q u e n cy  e f f e c t s

) I S L I ’ S S  ION

I’,s lug m ’ e ’ n T ’m a i e ’ l m  s (re’s i - c t  ors and csup. uc i t  m rs) screened to ~ l ,mcc m m racy

firs t o rde r - pp rm ‘ s-s irma t ion des i gn rm e s-elel s were good enoug h to predict
the  a, ’ tu , su l p ee r  t’e - r m , m n e - e - of o u r  ha r e i w .u r e -  t o  2000 H z .  ‘rh ese’ mode’ is
jcle ’ - il jOt? the op e r a t i onmI amplifiers as having infinite gain cs-nd
infinite h is s - c ut impedsmn ’e - ,\he- v ~- 2000 l iz , t h e  negle ’ c ted second e ’r de ’r
e f t e - c t s  s t a r t e d  t o  a l t e r  p - r f m m r - m m , m n e ’ e ’ . ,Second and even third order
m i e s i e ’ n ssmc’dels were req-sire-mi t ’ - pr edict desired frequency r e s p o n s e ’
, -imsu r, m c t e r  istics above 2000 Hz. l’he’se’ models were particularl y
nec - es-c a r-~’ t ‘ p r e -h i - - t i s ’ipe ’e I : u i m c e ’ I c  - ae l i ng  b e t w e e n  supposed l y i s o l a t e d
st s i g e ’-c - S ’ p c i r - u t  e ’ blocks - ‘r  - c t  , e g e ~, a m y  reproduce t h e -  c hes s  i g n  equations
he ’~m c i t  i in fly vim - n t e e s -  t ’d  by t i m e m s e ’ 1 ye-c . ‘,Che’n coup led  t oge’ ther , however

iO ’SSC’ sm u J’ p m ’se ’ e h l v  i s c l, i t e d  b l o c k s  ‘may m l e ’v e l o p  h i g h  f r e q u e n c y  (- ‘2000 H z )
resonance’s st re ing en o u g h t - ‘  - c a t m u r ; m t e ’  the  downstream operational
amp lifier s. If the s’,’ste ’m characteristics permit it , t i - me ideal
so l u t i o n  is  t . - add low pass  filters that attenuate the response ‘f
may blocks that do not  r o l l  o f f  by 2000 Hz .

I n t h e  n e x t  se C t ion , exp l i c  i t  d e s i gn p r o c e d u r e s  a r e  developed f e r
app l y i n g  t h e  above g u i d e l i n e s .
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SECTION 8, RECOMMENDED DESIGN PROCEDURE S

What ay8teme are 8uitab le candidates for DAC des-i gn ? A crude y cirds tick
for rm~king this evaluation will  now be developed a long with procedures
for applying the guidelines from the pre vious section. The numbered
pa ragraphs tha t fol low exp lain the corresponding blocks in the f low
chart of Figure 8.

1. Preliminary Design Evaluation

No t all systems can benefit from DAC design . Ideal candidates
are plants that have a narrow closed ioop bandwidth , low back-
ground noise , and ample control authority . Before committing to
the DAC approach , the designer should perform tradeoffs to answer
the following questions about his svmm tem :

a.  ‘u~il l  t h e  closed ia - o p  p l a n t  p o l e s  span more th-’n two
- s e e’~~ades of  f r e q u e n cy ?

b .  W i l l  co m l nemc ’sat cr  amp l i f i c a t i o n  of background noise exceed
l0’/ of s-va S lable cont ro l  au t h o ri t y ?

c. W i i i  compensator  a m p l i f i c a t i o n  - ‘F background noise
produc e unacceptable performance errors?

To answer these questions , the designer must have at least pre—
limir~ary estimates of his closed loop plant pole placements , the
“weak links” In his control system and plant , the noise spect rum
of the compensator input signal and/or compensator gain
characteristics. How to obtain these data will be discussed
shortly. First , let ’s examine the three questions individually,
starting with a. Increasing the plant bandwidth drives both
compensator bandwidth and gain levels up. This means that
lover noise levels must be maintained over this increased frequency
range in order to avoid the problems b. and ~.. above . System
stability and performance become much more sensitive to small
changes in physical parameters. In short , the design tends to
lose it s flexibility, and becomes more intolerant of change .

The last two questions sound the same , but they are not. On
our TASM system , we had to reduce compensator gain by more than
an ord er of magnitude to keep amplified noise from saturating the
torq uer , which was the “weak link” in the TASM . Given a torquer
with at least 10 times more muscle , we could have operated at
full compensator gain . The mirror position errors produced by
the amplified noise still would have been less than 10 UR — well
within our performance requirements. Consequentl y,  it is very
critical to define the “weak links” downstream of the compensa tor
when using high gain designs . Typical “weak links” include :

o Saturating amplifiers
o Diode overload pro tection circuits
o Peak torquer output
o Maximum actuator rate and stroke
o Struc tural limits
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SECTION 8 (Continued )

1. (Continued)

After the designer has converted system requirements into preliminary
des igns of the plant , established control force requirements , and
made a few cuts at a compensator design , he should have an estimate
of the closed loop plant dynamics and t h e  “weak links ” in his
control system . This still leaves the noise spectrum and the
compensator gain characteristics to be determined before Questions a .,
b ., and c. can be answered . There are two ways of proceeding :
(1) Front—to—Back, and (2) Back—to—Front . The Front—to—Back approach
is applicable to new systems in which the plant itself is under
design . It proceeds as follows :

1) Estimate the noise spectrum using experience and test data
from similar hardware . This estimate may be as crude as a
flat “white noise” value . Discre te  “spikes ” can be super-
imposed for known physical sources such as gyro spin
frequencies , 60 Hz bum , and li ghtl y damped closed loop
system resonances.

2)  C o m p u t e  the comp ensa to r ou tpu t  versus frequency required
to use 100% of the available control authorit y in
r e s p o n d i n g  to noise  alone . This r e q u i r e s  an e s t i m a t e
of the  ‘ weak l i n k s ” in the subsys tem tha t  wi l l  imp l e m e n t
the control command (torquer and electronics , actuator
and power supply, support stru- -ture).

3) Compute a “design limit ” compensasar gain versus frequency.
This is the gain required to amplif y the noise from S t e p  ( 1)
to ill of the o u t p u t  levels from Step (2).

4) Lvaluate whethe r tkme DA~ compensa tor can m e e t  design require-
ments without exceeding this target “design ~imIt ” gain . The
des i gner can us e s  t h i e ’  f o l l o w i n g  g u i d e l i n e - c ’  to he l p ~- s t a b i i s h
gain requirements :

o Poles of the composite state constructor should lie
3—10 times deeper into the LHP than the poles of the
plant and disturbance states being reconstructed
(see Guideline 115 , SectIon 7).

o The plant state constructor poles should be real ,
or nearly critically damped (Reference 6).

o Assume a Q = 50 notch filter to compensate for each
di scre te “sinuso id” incl uded in the disturbance
model.

The 107. rule of Step #3 has been chosen somewhat arbitrarily.
It may be violated successfully in some designs provided
proper precautions are exercised . These precautions are
developed at the end of the Back—to—Fron t approach which
follows.

The Back—to—Front approach is the logical choice if plant hardware
has alr eady been built. It starts with a preliminary compensator
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SECT ION 8 (Continued)

1. (Continued)

design based on a knowledge of both the plant and disturbance
characteristics. Using an estimate of the “weak links” in the
system , p lus the closed loop system response characteristics ,
compute the compensator input versus frequency required to use all
of the available control authority, or produce unacceptable perfor-
mance (whichever occurs first). Then take 10% of this spectrum as
the target maximum noise level. If this noise level falls well
within state—of—the—art hardware performance , the designer can proceed
with conf idence. If not , he can still proceed under the precautions
outlined next .

After making the calculations required to answer Questions a throug h
c , what if one or more answers are yes? The designer may still
elect to use a DAC design if the added precision is worth the extra
effort he must expend to:

o Develop an accurate math model proven via a rigorous test
•.-~ rifica t ion program .

o Perform extensive desi gn tradeoffs to evaluate the
sensitivity of system stabilit y and perfor mance to

parameter changes.

o Impose tight specifications on the ha rdware  noise and
performance characteristics.

o Require careful maintenance and configuration control of
the operational sy stem to prevent an accumulati on of small
changes from erod ing performance.

2. D evel~ p Accurate - M a t h  Model  and V e r i f y_ via  Test

The 1)AC Theory has m a t u r e d  to  where it -an be cipplied to operational
precision systems . Since’ mode-Is of the plan t and disturbance are
t h e  princ ipal )AC design t o o ls , such app lications must be supported
by ,i sound program of math model development and test verification .
These programs must be imp lemented in any precision control
app lication — regardless of the design approach — to assure that
the actual system will perform as predicted .

A successful analytical design program depends on alert technical
management as much as on good engineering. It is the manager who
must layout and control the step—by--step program plan which will
assure that his engineering team arrives at the right answers.
A successful plan should include the following elements :

1) Continuing systems analyses to pinpoint features of the
plant , disturbance , and compensation that drive per-
formance; use of this inf~” ~ion to guide the entire
program

7) Development of a noise model to establish realistic
limits on compensator gain
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SECTION 8 (Continued)

2. (Continued)

3) Use of analysis and test as a check and balance to dHS -,’e out
errors that occur in either technique if used alone.

4) Regular technical reviews between the plant and compensator
design/analysis teams to assure that configuration changes
do not slip by unnoticed .

5) Use of sensitivity analyses to determine how much stability
and performance are affected by the “tolerances” on the
math model parameters . These “tolerances ” are comservative
estimates of how much each math model parameter value
could be in error because of modeling uncertainties . This
approach mininizes the chance of unp leasant surprises whe n
hardware is finally available to test and verify the m at h
model.

6) Final verification of the math model and the system dc -si gn
by testing each plant and compensator component as soon as
hardware is available (repeated measurements of t h e  no i se
spectrum of each component should be a part of this test
verification program) .

Whenever analysis and test results disagree significantly - t h e
manager should have the analysis and test teams each make: a list of
possible error sources that could cause t h e  d i s a g re e m e n t .  He then
assigns actions to each team (specific analyses and tests) to
systematically evaluate each candidate -r -o r s-ujrce until the

physical causes of t h e  disagreement ire- identif ied , These can
then be eliminated by rational changes in th e rs :h :--~ dc-~ and/-~r
test setup . This test verification process is -cre - i tl y simplified
if the math model elements represent block— of hordware whose
input/output characteristics can he readily t e - -~t ’ -~ .

At each step of the program , the compensator desi gners and systems
analysts should be operating with the best plant , disturbance ,
noise , and tolerance models available . The manager must make sure
that these models are based on the latest confi guration and test
data. Whenever a model Is simp lified to facilitate the design
computations , It is up to the manager to se-c’ that ~vstem level
analyses are performed to verify that the neglected terms do not
affect overall stability and performance .

3. a. Design and Evaluate Closed Loop Plant/b. l)eslgn and Evaluate
Composi te Constructor

In theory, the closed loop p lan t de sign can be carried out independent
of the design of the composite constructor. To do this , designer
assumes that the composite constructor can provide him with an
accurate estimate of the true (undisturbed) state vector ~~~( t ) .  Using
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SECTION 8 (Continued)

3. (Continued)

a linear control law proportional to the state vector , he then selects
f eedback gain constants which place the closed loop poles in the
desired locations (assuming the system is completely controllable) -
In practice , there should be cross talk between the two designs , since
the poles of the composite cpn~ tructor should not be placed close
to the poles of the closed loop plant . Otherwise , when the loop is
closed on the total system , any poles that are close together can

-
. interac t and move away from the ir intended location (see Reference 6).

This can destroy system stability and performance.

As a result of the Preliminary Design Evaluation , the designe r should
know where some of his composite state constructor poles will have to
be placed . For example , each sinusoid in his disturbance model will
require a hi gh Q filter. He has no flexibility to select the center
frequency of this filter — it must be equal to the c~’rresponding
disturbance frequency . However , he does have flexibilit y in where
he p l ices at l e - ist some of the d osed loop p in ut pol e-u . On ‘ i  he r
hand , there ma’,’ he- some closed loop p lan t pole (or ,‘e ’i  o) l e e c i t  ions
t h a t  are die t a t  - - I  by c l o s ed  le ’op st a h l  l i t ~’ or  per  f o r m ia - iee- r - q u i  r e —
ments , or by L u  s - c u  r d w i r e  i t s e l f  . i h e  in t u r n  i m p os e  i e:o ss t r , i  i nt
on where the -ompscs i te construe : or po i~ ’s c 1n he l o c a t e d . These
‘‘fixed ’ locations should he cl e f m e d  f jr—c t ,ind p lo tted on a goad

pol e—zero map, which will rave i v e ry  u s e f u l  t o o l  f o r  m ak i n g  t h e
r e n a m ing pole p l a cem e ’n t  -

lie des i gn p r o ce e d s  t h r o u g h  t h e  use  ot  e x p e r ie nc e  t o  locate t h e
r e m a i n i n g  c lu s c ’ el  l o op  p o l e s  - er  v i a  op t ima l  c o n t  r o l  :ne ’t r s oels . i - S i  tlier
technique r e a d i l y  cene ’r a tes  so l i t  ions w i t h  such I t i c h  g a i n s  t hat
t hey  can n o t  b0 r e a l i z e d  in , t c t u u , u l  h a r d w a r e .  e : e ~n~~e - e~u en t  lv , t h e
des ign  is an I t e r a t i ve  p r o c e s s .  I l a c h i  d e s i gn t r ii l  w i l l  p r ’ c h i c o
a set  of  g a i n  con s t a n t s  t h a t  a l l o w  the  closed io op  p lan t and
composite constructor equations to be w r i t t e n  in st i l e  variable ’
form . The designer has to convert this Inform ation into actual
hardware designs. He must then use his practical e xperience to
answer t h e  q u e s t i o n s . “Can the  des ign be r ea l i zed  in h a r d w a r e ?”
and “Are the gains within the noise imposed limits ? ” The iterations
proceed until realizable designs start to emerge . At this point we
found it was easier to switch to conventional techniques to evaluate
and refine the designs , rather than continue with the pole p laceme n t
iterations .

4. Assess Sy~~~m_Stability arid Performance

Once viable design candidates start to emerge , conventional
analysis techniques must be used to evaluate system stability and
performance . The first step is r e  make sure that the design
satisfies stability and performance requirements when the math
model with “nominal” parameter values is used in the analysis.
Designs that pass this gate are then screened to see how well they
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hold up as the critical parameters are v a r i e d .  B o t h  s t a b i l i ty  and
performance should be evaluated as the key physical parameters
are varied through their full “tolerance ” limits. At t h i s  po in t ,
these “tolerance ” limits should include the  u n c e r t a i n ty  bounds
on the math model , plus estimates of how much the p lan t c o n f i g u r a t io n
i t s e l f  could change as the design n a t u r e s .  These t o l e rances  should
be conse rva t ive  to s t a r t  w i t h , and t i g h t e n e d  as the p r o g r a m  goes
along , and ha rdware  is b u i l t  and t e s t e d .

Root locus analys is  is very  e f f e c t i v e  f o r  e v a l u a t i n g  s e n s i t i v i t y
of a design to changes in system p irame - ters. It is particu larl\’
attractive for multi—loop systems where quantitative phy s i c a l
interpretation of the Nvquist results becomes difficult. While
root  locus is o f t e n  t h o u g h t  of as a s imple  loop gain v a r i a t i o n
t e c h n i q u e , modern c o m p u t e r  s o l u t i o n s  p e r m i t  rapid  e v a l u a t i o n
of the e f f e c t s  of chang ing i n d i v i d u a l  p a r a m e t e r s  a t  e i t h e r  the
state variable , or transfer function level. These changes can
involve either gain , or phase or both. These solutions readil\
display the eigenvector as well as the root locus information .
The eigenvector data provide powerful insight to 11 e physical
variables that are (and are not) sensitive to changes in
parameters.

The objective of these system analyses is to drive the compensator
design to where it achieves good performance and stabilit’,-
without being hypersensitive to changes in tS-i e physical parameter s .
Chances are good t h a t  t h i s  o b j e c t i v e  can  be met if  i t  is adop ted
at the program outset , and some potential p e r f o r m a n c e  is s a c r i f i c e d
to obtain a design more tolerant of change .

What if system requirements demand a design tuned for peak
per fo rmance?  Chances are such o ~iesign w i l l  be very  sens i t ive
to changes in the system itself or its operational environment .
System analyses can be used to define acceptable operationa l
limits on the p lant and compensator parameters. A comprehensive
maintenance and configurational control program may well have to
be implemented to keep the hardware within these limits.
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SECTION 9 , CONCLUSIONS AND RECO~NENDATIONS

CONCLUSIONS

DAC Theory has been developed and demonstrated as a viable design
t e c h n in u e  fo r  precis ion p o i n t i n g/ t r a c k i n g  c o n t r o l  systems . Si g n i f i c a n t
pe r f sr : : iance p a y o f f s  can be real ized t h r o u gh the  analy t i c a l  DAC des ign
a p p r o a c h  backed b y the  proven conven t iona l  design analyses and testing
suggested in this report.

Rl-CO~lMEN1)ATIONS

DAC Theory is recommended as a candidate design method for precision
p o i n t i n g / t r a c k i n g  a p p l i c a t i o n s. I n i t i a l  use of t h e  t e c h n i q u e  should
be l i m i t e d  to p l an t s  meeting the criteria of Section 8 .1. S u b s e q u e n t
app l i ca t ions  can be made to sys tems t h a t  v io l a t e  these  criteria as
actual DAC—designed hardware experience is accumulated . It is
recommended that the design guidelines and procedures contained
herein be revised periodically to include knowledge gained from future
applications of the technique .
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