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I. SIMPLIFIED MODELS OF THE ANNULAR
SUSPENSION AND POINTING SYSTEM (ASPS)
1.1 Introduction [1}

The Annular Suspension and Pointing System (ASPS) is a payload auxiliary
pointing device of the Space Shuttle. The ASPS is comprised of two major
subassembl}es, a vernier and a coarse pointing subsystem.

The experiment is attached to a mounting plate/rim combination which is
suspended on magnetic bearing/sctuators (MBA's) strategically located about the
rim. Fine pointing is achieved by ”gimBaIIing“ the plate/rim within the MBA gaps.
Control about the experiment line-of~sight is obtained through the use of a non-
contacting-rim drive and positioning torquer. All sensors used to close the servo
loops on the vernier system are noncontacting elements. Therefore, the experiment
is a free-flyer constrained only by the magnetic forces generated by the control
loops.

The configuration of the ASPS is shown in Fig. i-1. The payload/plate/rim
combination is mounted on a set of coarse gimbals; an eleﬁation and a lateral
coarse gimbal, which provide the slewing and coarse pointing capability of the
system. The pointing system concept is unique in that the vernier and coarse
pointing subsystem are separate entities.‘ This approach'allows for sub-~arcsecond
pointing of the payload at any coarse gimbal position.

The three functions provided by the ASPS are: (1) pointing the payload,

(2) centering the payload in the magnetic actuator assembly, and (3) tracking
the payload mounting plate and shuttle motions by the coarse gimbals. Rate and
position errors sensed by gyros and celestial sensors located on the payload are
processed by a.controiler which subsequentiy commands appropriate actuator force
to point the pa?]oad. Proximeter sensors associated with the actuator clusters

detect the payload translation errors which are subsequently processed by the
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controller and used to ascertain the appropriate centering forces.

Figure 1-2 shows the payload and its mounting surface which is controlled
by the magnetic actuator assembly (MAA). The cables shown are for the purpose
of connecting electric power from the shuttle to the payload and the MAA on the

patlet.

1.2 The Planar Model of the ASPS {2]

In this section the equations of motion of a simplified planar model of the
ASPS are derived.

The small-angle, small-displacement model shown in Fig. 1-3 is planar with
four degrees of freedom and is composed of a mount, a gimbal assembly (elevation),
a pallet with magnetic actuators, and a payload. The pallet has one rotational
degree of freedom relative tq ;he mount, and the payload has two translational
and one rotational degrees of freedom relative to the pallet.

Let the four degrees of freedom be

¢] = attitude degree of freedom of the pailet relative to the mount

¢2 = attitude degree of freedom of the payload relative to the pallet

X, = translation degree of freedom of the payload relative to the pallet
z, = translation degree of freedom of the pay]oaﬂ relative to the pallet

The following coordinates are defined:
(xo,zo) = [nertial axes
(xG,zG) = inertial axes rotated through an angle of ¢M relative to the

(xo,zo) axés, (¢M is defined as the gimbal angle).

(xm,zm) axes fixed at the pallet center of gravity (CG)
(XI’Z[) = static axes of the payload
(xi,zi) = axes fixed at the payload center of gravity (CG)

(xj,zj) = axes fixed at the center of the base of the payload.
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The following system parameters are defined:

M, = mass of the payioad = 600 Kg

Mm = mass of the pallet ; 82 Kg

Jm = inertia of the pallet about its mass center = 3,1 Kg-m2
J. = inertia of the payload-about its mass center = 503 Kg-m2

L = radius of the payload = 0.406 m
L_ = distance from the gimbal to the pallet (G = 0.2064 m

Lb = distance from the pallet center to the payload CG = 1.486 m

ry = distance from the gimbal assembly to the pallet center = 0.47 m
ry, = distance from the gimbal assembly to the payload CG = 1.956 m
o = distance from the mount base to the gimbal assembly = 0.75 m

Since the payload is suspended with respect to the pallet, there are many
ways of fixing its coordinates for the motion of rotation. In other words, the
angle ¢2 can be defined in a number of ways. Figure 1-4 illustrates the small-
angle rotation of the pallet and the payload with ¢2 measured as the angle between

the coordinate axes of (x ’ZI) and (xj,zj). This configuration is defined as

i
Model 1 of the ASPS. Figure 1-5 illustrates the model of the ASPS with ¢2

measured at the CG of the paylecad; i.e., between the axes of (x!,zl) and (xi,zi).
The following coordinate transformations are identified:

Transformation from the static pallet axes to the mount axes:
T. = (1-1)

Transformation from the dynamic pallet axes to the static pallet axis:

coscpi —sin¢] . 1 _¢L

-]
i
i

(1-2)
sin¢] cos¢] ¢] i



Figure 1-4,

Planar ASPS Model 1.
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Figure 1-5.

Planar ASPS Model 2.



Transformation from the dynamic payload axes to the dynamic psllet axes:

cosg -sind 1 -
2 2= 2—[ (1-3)

sin¢2 cos¢2 ¢2 ]_l

The force vectors applied to the payload by the magnetic actuator assembly

are defined as:

FI = B magnetic force applied at the positive X displacement (1-4)
.F
3
._f]_
F2 = | = magnetic force applied at the negative X displacement (1-5)
.F
2z

The forces Fi and F2 are illustrated as shown in Fig. T-5.
The torque applied by the gimbal assembly is designated as Tc’ as shown in
Fig. -5.

The following vector distances are defined for the pallet and the payload.

=
I

! vector distance from the gimbal assembly to the payload point of
application of F}

R2 = vector distance from the gimbal assembly to the payload point of

application of F2

R3 = vector distance from the gimbal assembly to the pallet point of
application of F]

Rh = vector distance from the gimbal assembly to the pallet point of

application of FZ'

Equatibns of Motion of Model 1

Using the degrees of freedom defined in the preceding sections, the kinetic
energy of the system in Fig. 1-h is
. N FYIr Tes, & oo 10 t 12 _
T=KE = gRMR + ZRMR, + 20 07 + 20, (0) + 9)) (1-6)

where the primes denote the transpose of a matrix, and



R o= 5, (1-7)

F‘{i = . + (.bz + é)l (1_8)

Substitution of Eqs. (1-7) and (1-8) into Eq. (1-6) gives

+2 1 * M )2

- 1 2.2 ] _ _ . 2
T= KEo= g L] + M2y + M (% - vy - Lo, )

1., <2 1 - .
a8 T (0 e,
(1-9)

Let the spring force applied to the system payload due to the cable be

designated as

f = {1-10)

and the spring torque applied to the payload due to the cabie be Ts(¢2). The
spring torque applied to the pallet due to the cable is denoted as Tp(¢i)'

The relation between the force F and the potential of the system, U, is

F=-w (1-11)

Thus, U=y, - J’F‘-d? (1-12)

where UO = constant.

The potential energy of Model 1 is

U=y - {(f = f)x, + (F, + |=3)zl + r:z T, (9)d¢ + E' f (2)dz + r: f (%) dx
9 2
sy Ry [T @ [T @0 (1-13)
The Lagrangian is defined as
&L =K.E. - U (1-14)

Then from Egs. (1-9) and (1-13), we get
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Sl 252 1, s2 b e e a2 a2 T e 2
K= L9 + M2+ g Gy - gy = 160"+ 06T+ 50,6+ 4y
' ¢ z X
+ (f] - fh)xl + (fz + FB)Z! + JO TS(¢)d¢ + Jo f_ _(z)dz + Io fsx(x)dx
] ) ¢4 o1 ' )
CREAIRY R ACE R fo T (9)d - U, (1-15
The Lzgrange equation of motion is
ad _ d (5 . .
BXE dt[g;(-i_]!: 0 i 1,2,3,4 (1-16)
where X1 = Xy Xy = 2y, x3 = ¢1 and Xy =.¢2.
For i = 1, we have
ak _ _ _
ax; i T+ Oy (1-17)
a_g__ . : .
x " Milxy = rgy - Lydy)
Thus
] ax _ d 8 . e ae . - _
3x, | dt aii} = Mpx) My ML, + (Fy - F) R ) =0
(1-18)
For i = 2, we have
2k _ .
a—zi—— 'Fz + f3 + |SZ(.-|)
aél-= M.z,
z| i
Then
’ od _ dfs ) _ . _ _
5z, EE[ai,J = Mizi + (f2 + 1’-'3) + fsz(zi) 0 (1=19)
For i = 3, we have
ot _
ST Tele) + T L6y
3 2



’g’&a']' } "&C'IE[%%} = T8 + T (0) + Miryx,
~ dde F oy # Mng + Miri)a - ML rb)¢ 0 (1-20)
For i = L4, we have
%-i-"-‘; (Fy = FIL + T (d,)
'gaﬁ;_d M‘be +r LM, q>I + M, quaz .6, @2
%’; - %[;Tz] = T (9,) + (F5 = F L + ML,
- (M Lyry, + 9, - (M L + J, )¢2 (1-21)

The Lagrange equations in Egs. (1-18), (1~19), (1-20) and (1-21) are written

in matrix form as follows:

M. 0 M.y ML X, fI - (X )i ]

¢ Mi 2 . ;t _ f2+f3+fsx(zi) (1-22)
Mirg 0 J o+ i+MmL§+Mi ri JiHML 51 T, (¢])+Tp (9;)
_:MiLb 0 JMLory Ji+MiL§ | _6%_ _(F3-f2)L+TS(¢21

Equations of Motion of Model 2

For the ASPS system Model 2, the kinetic energy of the system is still

given by Eq. (1-6), and Rm is as defined in Eq. (1-7), except that

- X[ -rb -
Ry =1 . |+ R (1-23)
- 0
Z] _l
.Substitution of Egs. (1-7) and (1-23) into Eq. (1-6) gives
1, . 2:2 1, :2 1., c 02 1,22 Y e 02
L= - — — =90
K.E.o= oM Loy + gtizy + 9 (=m0 )+ 007 + 53,(6 + 9,) (1 -24)

The potential.energy of the Model 2 is

11



U =

-
Uy - ((F) - f)x, + J

0

f (xddx + (f, + f

3)2

z, +

’ ¢, by
+ fo Tc(¢)d¢ + Io Tp(¢)d¢ + (f3 - fz)Ltb2 + (f1 - fh)Lb¢2

The Lagrangian

_ ]
d=KE. -Uus= L

2.2 1
a¢l + M

2

& is given by

X

0

+ (f - x +
¢
+ J 2 $)dp +-
0
- fA)Lb}‘pz )

The Lagrange equation of motion is given by Eqg.

—Mi(kl

x)dx + (f + f )z + J

Yo

- r

¢
T .(9)d¢ + f !

b?1

0

.)2

1, =2
+ Edm¢] +

1

z
]

0

Tp(¢)d¢ + {(f3

Following the same procedure as for Model 1,

Model 2 are derived by use of Egs.

M. 0 -M.r
i i
0 Mi §]
-Mirb §]
5 0 0 Ji

b

J M L2+M.r2
m I mn a 1

(1-16).

}

fsz(z)dz

. . 2
Edi(¢] + ¢2)

FL

2

Z) 7}
, JO F_(2)dz + fo T (0)dg

(1-25)

(1-26)

the lLagrange equations of

+f

f2+f3

(1-16) and {1-26), and the result is

(x,)
,{z, )

TC(¢T)+TP(¢I)
| (Fy L (F=F) LT (0,))

(1=27)

In the analysis conducted in the ensuing sections the equations of motions

of Model 2 will be used.

of Eq.

One reason for this seledétion is that the mass matrix

(1-27) is simpler than that of Model 1 in Eq.

(1-22}.

Another reason for

using Model 2 is that the model uses the center of gravity of the payload as

the reference point of rotation,

Substitution of the system parameters into Eq.

which is mere logical.

(1-27), we have

12



600 . 0 -1173.6 0 X, F-fyrf (x))

0 600 0 0 z, f2+F3+fSZ(zl)

-1173.6 0 2805.15 503 1} ¢ T (0T (8))
0 0 503 503 |} 9, (Fymf L (F = ) L +T ()

{1-28)

1:3 Control of the Z, Dynamics of the Payload

Equation (1-28) indicates that the z, dynamics of the ASPS are not coupled

to the other three degrees of freedom. The z dynamics are described by

Mi‘z'I = f, + f3 + fsz(zl) (1-29)

The magnetic actuator forces fz + f3‘are controlled by feeding back the

variables z| and il. The control equation is

f, + f_,=-K =z
P

5 3 - Ker {1-30)

)
wheére Kp = 37.861 N/m and Kr = 211.0! N/m/sec.

Substitution of Eq. (1-30) into Eq. (1-29), we have

Miz! = —szl - Krz! + fsz(zi) (1-31)

Figure %—6 shows the state diagram of the z, dynamics of the ASPS with the

!
continuous-data position-plus~rate controller. The notation st(zl) in the
state diagram represents the functional relation of the wire cable which is
attached to the center of the payload mounting surface.

if the wire cable is modelling by a ilinear spring, st(z ) is simply a

]
constant, -K_ (N/m); that is,

f(z)) = Kz (1-32)

A nonlinear spring characteristic for st(z!) is shown in Fig. 1-7.

However, since the mass of the payload is 600 Kg, and the spring constant is
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only 0.35 N/m, the effect of the wire cable on the paylcoad dynamics is not
going to be substantial.

The characteristic equation of the continucus-data ASPS z, dynamic system

with the linear wire cable spring characteristic is

2 _ .
Ms™ + Ks + Kp +K =0 (1-33)
or .
600s% + 211.01s + 38.211 = 0 (1-34)
The damping ratico of the system is
z = 0.6968 (1-35)
and the. undamped natural frequency is
w = 0.2524 rad/sec (1-36)

Analysis of the Digital ASPS z, Dynamics

When the z dynamics of the ASPS are controlled by a digital position-plus-

rate controiler, the dynamic equation is

M2+ Koz = Fy(8) + fa(t) (1-37)
where

fz(t) + f3(t) = fz(kT) + f3(kT) KT < t < (k+1)T (1-38)
Then the control equation is

fz(kT) + fB(kt) = —szi(kT) - Krzi(kT) (1-39)

Figure 1-8 shows the block diagram of the linear digital ASPS payload (z[ dynamics) .
Since all the system parameters are given, except the sampling period T, we
shall study the maximum value of T for asymptotic stability.

The characteristic equation of the digital system in Fig. -8 is

Alz) = 1 + —%?(1 . z")ﬁ L T + —FP =0 (1-40)

® 1+r5 i'i"}rS
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The z-transforms in the last equation are evaluated as follows:

Mi KS
. . E;—ann ﬁ? T
B 2 Ks i 2 s (1-40)
s +—;T— z -~ 2zcosi— T + 1
i

M.

i
.
] . fi. z z{z - cos}KS/Mi T)
K TOK Iz -1 2 -
3 s(sz + EEJ 5 z ZZCOS‘KS/Hi T+ 1

(1-42)

L

Substitution of the last two equations into Eq. {1-40)} and simplifying, we have

2 Kr KS Kp KS Kp Ks Kp EE_ Ks
z + MK sin HT-T - Er—cos HT-T + K- 2cos ET-T z+ 1 4 X X cos 0 T
i's i 5 i s i 5 s i
: Kr Ks
" MK sin ﬁ_'T = 0 (1-43)
is i

Substituting the system parameters inito the last equation, yielding,

z2 + (14.55975in0.02415T - 110.1688cos0.02415T + 108.1688)z + 1 - 14.5597sin0.024157
~108.1688c0s0.02415T + 108.1688 = 0 (1-44)

The roots of the last equation as a function of T are tabulated below and the root

locus diagram with T as a variable parameter is shown in Fig. 1-9. The critical

value of T for asymptotic stability is approximately 5.7 sec.

Sampling period

T (sec) Characteristic Equation Roots

0.1 2% - 1.96z + 0.965 = 0 0.98 + j0.069
0.5 22 - 1.816z + 0.832 = 0 0.908 + j0.086k
1.0 22 - 1.6163z + 0.680 = 0 0.808 + jO.164
2.0 2% - 1.1686z + 0.4232 = 0 0.584 + j0.286
3.0 22 - 0.657z + 0.2298 = 0 0.328 + j0.349



16

Kr
o+
Z, i Z, +
g.? pr — 2.0.h
T
__}S_S__‘a——-
Mj
A g

Figure 1-8. Block diagram of the linear digital ASPS
payload z, dynamics) .

Ajlmz

z - plane

T = 1sec
=T = 0.5 sec

> Rez

Figure 1-9. Root loci of z, dynamics of the digital
ASPS payload as the sampling period T varies.
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4.0 2% - 0.0821z + 0.1 = 0 0.041 + j 0.3135
5.0 2% + 0.556z + 0.0338 = 0 ~0.4865, ~0.0695
5.7 z% + 1.0hz + 0.02533 = 0 -1.01, -0.025
6.0 22 + 1.2572 + 0.03124 = 0 -1.23, -0.0254

The time responses of the digital system in Fig. 1-8 for various sampling
periods are shown in Fig. 1-10. The initial value of z](t) is chosen to be 0.002
m, since the static bearing gap of z, is only 0.0076 m, so that the maximum
constraints on the magnitude of z) are 39.0038 m. The time responses in Fig. 110
substantiates the root locus findings; when T = 6 sec, the closed-loop system
is unstable. The time responses are quite good for T less than or equal to 3
seconds.,

Effects of Quantization

The block diagram of the digital ASPS payload z; dynamics with the quantization
effect is shown in Fig. 1-11. The input-output characteristics of the quantizer
are illustrated in Fig. 1~12. The quantization level is denoted by h in meter.

The effects of quantization can be classified into three catagories: (1)
stable system with steady-state error, (2) unstable system with sustained oscilla-
tion, and (3) unstable system with unbounded responses. The last case is possible
since no saturation is assumed in the system model.

The steady-state error due to quatization can be determined by using the
least-upper bound method [31 and the condition of sustained oscillations is
found by use of the discrete describing function.

The ''characteristic equation' of the system shown in Fig. 1-11 is written
as

I
Z
Mis 1

K.+ K /s ] Y 1 -4s)
Rs 5-2}

Az) =1+ o(2)(1 - z-])a
i

where Q{z) denotes the discrete describing function of the quantizer.
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Figure 1-13. G_ (z) plots and critical region bounds of quantizer discrete describing
function of ASqupaonad z, dynamics; KS = 0.35 N/m.
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Figure 1-14. G (z} plots and critical region bounds of quantizer discrete describing
function of ASqupayload z] dynamics; KS = 3.5 N/m.
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Figure 1-~15. G, {z) plots for N = 6 and Ky = 0.35, 3.5 and 35 N/m and critical region
bounds of quantlger discrete describing function of ASPS payload z, dynamics.
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The z-transform of the last equation is evaluated using the results in Eqs. (1-41).

and (1-42). Equation (1-45) becomes
A(z) = 1 +Q(z)6 (2) ( 1-46)
where Kr Ks Kp '22 Kp
L[——— 27 - ——cos m—-T + -—-z - 11Ks snn-ﬁ? T - R;coijﬁ;-T + E; ( )
1-47
22 - choi/g;-T + 1

For K = 37.861, kr = 211.01, M, = 600, and K_ = 0.35, the last equation is

simplified to

¢ (z) = 14.55975in0.024157-108.1688¢0s0.02415T+108.1688)z - 14.5597sin0.02415T
€q - 22 - 2zcos0.02415T + 1

(1 -48)
-108.1688cos0.02415T + 108.1688

Figure 1~13 shows the plots of Gequ) for various periods of sustained
oscillations Tc = NT, N = 2,3,k,... . The sampling period T varies along the
curves., The square block in the figure which is centered at -1 represents the
bounds on the critical regions of ~1/Q{(z) [4] . Theoretically, the intersects
hbetween the critical regions of -l/g(zj and Geq(z) represent conditjons of
self-sustained oscillations. 1t is clear from Fig. 1-13 that the system should
be free from sustained oscillations for all sampling periods less than 2 seconds.

Figure I-14 illustrates the Geq(z) plots for K, = 3.5 N/m, 10 times the
nominal value. As bointed out earlier, since the mass of the payload is so large,
the light spring effect of the wire cahle does not materially affect the performance
of the system. Figure 1-15 further illustrates that even with KS = 35 N/m, 100
times the nominal value, the characteristics of the system for sampling periods
less than 2 seconds are not significantly affected.

The least-upper bound error analysis of the quantization effect is performed

by referring to the system block diagram shown in Fig. [~16. The quantizer is
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Figure 1-16. Block diagram of the digital ASPS payload 2 dynamics
for the least-upper bound analysis of quantization effects.
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Figure 1-17. Computer program of the simulation of the ASPS payload z

dynamics with quantization. !
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Figure 1-17. Computer program of the simulation of the ASPS payload z
dynamics with quantization.
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replaced by the noise input with an amplitude of +h/2.

The z-transform of the displacement 24 due to the noise input is

Z

) ] Y,
A(z) 3[Misi(1 + K s 2/MT) (+ W2y (1-49)

where A(z) is as given in Eq. (1-40).

In Eq. (1-49),.

1 )

-1 1
(1-2z7) . -
i 3[Mis3{] + KSS Z/ME)J

il

-1
(1-2z7)
’ 5'[Mis(sz + KS/Hi)J

L@ - cos [K_ /N T)

= (1-50)
Ks z:Z - ZZcostS/MI T+ 1
Thus, 1 h 2
R:(z + 1) (1 - c:os’l(s/Mi T) (-‘_-—2-) (;_—]-)
Z)(z) = ; K_ . K N < - K
z- + ﬂﬁ;KQ-Sln ﬁ;’T - E;—cos E?'T +'E; - 2¢cos FG-T]Z + 1 + E;
(1-51)
Kp . Kr Ks
-K—COSK*T" MK smﬂ—.——T
s i i's i
The final steady-state value of z](kT) is given by
lim 2, (k7) = Tim (1 - 2
oo z=]
K
2 S i . h
Ks {1 - cos Mi T)(i_EJ t3
= K K "X *K (1-52)
2(1 +-KP—)(1 -cos-M—S-T) s P

s i

This result shows that the least-upper bound on the steady-state value of z, (kT)

1
due to quantization is inversely proportional to KS and Kp.

For the given values of KS and Kp’ we have



N

+
Vim z, (kT) = BE————- = + 0.013085237h (1-53)

o 11
4

Thus, for a quantization level of 2 ', the final error in z, is +0.000817827 m,

whereas it is +0.000051114 m for a quantization level of 2-8.
1.4 Computer Simulation of the ASPS Payload éi Dynamics with Quantization

In this section the z; dynamics of the ASPS payload are simulated to study
the effects of quantization. The computer program is given in Fig. 1-17.

Figure 1-18 illustrates the time responses of z](t) of the ASPS payload with
and without quantization, for the sampling period of T = 1 second. The initial
value of z](t) was chosen to be 0.002 m. As predicted by the discrete describing
function analysis, the system does not exhibit any sustained oscillations when
T =1 sec.. HoﬁeVer, the nonzero quantization levels did produce steady-state
errors in z](t). The computer simulated results and the results obtained by
the least-upper bound method are tabulated-.-below for comparison. It is expected
that the errors predicted by the least-upper bound method will be greater, since
it is a worst-case study,

Sampling Period T = 1 sec

Quantization level h (m) 54(m) least-upper bound (m) 54(m) simutation {m)
27 + 0.0008178 ~0.0004k44
278 + 0.000051114 0.000036

Figure 1-18 also shows that with the quantization level of 2_8 (8 bits), the

time response of z](t) is very close to that of z](t) without- quantization, so
that a larger word length seems unnecessary unless a smaller steady-state error
is required.

Figure 1-19 i1lustrates the time responses of z](t) for T = 2 sec. For

h=2 ", the error is -0.0003 at t = 50 sec and still increasing. For h = 2_8,
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the response actually exhibited a sustained oscillation with a peak-to-peak
amplitude of 0.000066 m. As shown in Fig. |-13, when T = 2 sec, the system is
marginal in generating sustained_osci]lations. it should be noted that the
digital computer is not the most suitable for simulating digital systems with
quantizers, since the computer itself is a digital system with-its own guanti- -
zation levels. However, the results obtained here are conclusive enough to
indicate the quantization effects in the ASPS payload, and are useful in the
selection of the sampling peri;d and the quantization level.

For sampling periods greater than 2 seconds, the computer simulation

results showed that sustained oscilliations always existed.
1.5 MNonlinear Spring Effect of Wire Cable on the ASPS Payload Z Dynamics

In the precediné sections the wire cable attached tc the ASPS payload
was modelled as a linear spring with a spring constant of KS. fn the Z
direction the spring constant.KS is given as 0.35 H/m. |t was shown in the
last section that since the mass of the payload is so large (600 Kg), the
light spring effect of the wire cable will not have a significant effect on
the dynamics of the payload. This would be true whether the wire cable is
modelled as a linear spring or a nonlinear spring.
| The block diagram of the digital ASPS payload z, dynamics with. the
nonlinear wire cable spring characteristic is shown in Fig. 1-20. As shown
in Fig. 1-20, the nonlinear spring characteristic is defined by the parameters
KS and hwf'

The simulation program for the system is given in Fig. I:-21. Figures
1-22 through 1-24 show the time responses of z, with the Initial consition
21(0) = 0.002 m and under the following three conditions:

(a) linear spring, K, = 0.35 N/m
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Ke -
.t . +
Z, 1 Z 1 Zi, Kp |—— e
1t NONUINEAR
Mi SPRING |-
i .
Mi
4 SLOPE= Kg= U.35 N/m
T
hwf
1

vd -z
o~

Figure 1-20. Block diagram of the digital ASPS payloéd z; dynamics
with nonlinear wire cable characteristic.

0.00014 N

il

{b) nonlinear spring, Ky 0.35 N/m, hwf

0.00028 N.

(c) nonlinear spring, Ks 0.35 N/m, hwf
Figure 1-22 shows that for the scale chosen for z in that figure, the

time responses of all the three cases are nearly identical. Figure -23

shows the three responses between t = 10 sec and t = 100 sec with the z, scale

expanded. Figure j-24 shows the three responses between t = 25 sec and t =

100 sec with an even more expanded scale for z;. Note that the use of the

nonlinear spring model for the wire cable creates a nonzero steady-state
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Figure 7-21. Computer simulation program of the ASPS paylead z, dynamics
with nonlinear wire cable characteristic.
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Figure 1-22. Time responses of the digital ASPS payload Z dynamics with nonlinear wire

cable characteristic.

109

£e



R.P5— linear spring model
-] === ~=~-nonlinear spring model with hwf = 0.00014 N
n ~——-— —= nonlinear spring model with h . = 0.00028 N
z, n
B . B@"““" mﬁ“hwmmmmmmw“
-8, 85—
-2, 18—
-
0 20 40 s <) go (00

Figure 1-23. Time responses of the digital ASPS payload Zy dynamics with nonlinear wire
cable characteristic. ‘
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5

error for z;. With h ¢ =.0.00014 N the steady-state error is 0.18x10 ° m, and

Sm.

with hwf = 0.00028 N the steady-state error is 0.12x10" Since these
errors are extremely small, it may be concluded again that the wire cable

effect on the ASPS payload may be neglected whether a linear or a nonlinear

spring model is used.
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I1. CONTROLLER DESiGN FOR THE ANNULAR SUSPENS]ON
AND POINTING SYSTEM (ASPS)

2.1 Introduction

In the preceding chapter the equations of motion of the ASPS with respect
to the planar models of Figs. 1-4 and 1-5 have been derived. The Lagrange
equations of the planar ASPS model 2 shown in Fig. -5 have been selected for

analysis and design of the system. These equations are repeated as follows:

M 0 M.y 0 ;1 fyo- Fy  f (x))
0 M, 0 0 EI ’ f, + 5+ {z))
Mo 0 Jm+Ji+MmL§+Mirt Ji | |e, - Tody) + T (4))
0 0 J 3|1, (Fy = F L+ (F) = £ L+ T (9,)

(2-1)

The last equation shows that the z. dynamics of the payload are decoupled

1
from the other three degrees of freedom. The Z dynamics have been thoroughly
studied in Chapter 1, and both the analog and the digital controllers have been
designed. The main cbjective of this chapter is to study the dynamics related
to the SE ¢] and ¢2 axes which are coupled.

In the ensueing sections an analog controlier for the control of the Xy

¢I and ¢2 dynamics is designed by pole-placement techniques.

2.2 Analytical Model of the SE ¢] and ¢2 Axes

After eliminating the z, dynamics, Eq. (2-1) is reduced to the following

form:
Ry = afy + b{(F) - )+ £ ()]
&1 = c;] - déz + e(TC(¢]) + Tp(¢]))‘ (2-2)
by = -by + £((Fy - FIL+ (F) - FhLy + T (4,)]

where



a=r = 1.956
b = UMi = (0.00167
Mirb

CS ¥ I NIl F Rz = 0.hi8k

m i ma i b
Ji

4= FJ +RZ+nrz " 0.1793

m i m a i b
- 1 -

¢ = T IEIUUFHIZE R sz = 0.000356
m i m a i b

f= I/Ji = 0.0G61988

In Eq. (2-2) fsx(x]) denotes the linear spring force due to the wire
cabie attached to the payload.
For linear analysis, fsx(xl) is assumed to be directly proportional to

Xy3 i.e.,
fsx(xl) = -stl (2-3)

where KS = 1.057 N/m.

Similariy, TS(¢2) denotes the equivalent spring torque due to the wire
cable attached to the payload, and Tp(¢]) denotes the spring torgue due to the
wire cable attached to the pallet. Thus,

T {(9,) = =K_,0, (2-4)
T(6)) = K 0, (2-5)
where Ksl = K52 = 0.005 N/m.

Figure 2-1 shows a block diagram of the ASPS dynamics of the Xy ¢} and
¢2 axes as modelled by Eq. (2-2). Note that the linear system is of the sixth
order with three inputs. The input eTC denotes the torgue which Is applied
to the pallet by the gimbal assembly. The input FI - fh represents the net

magnetic forces applied at the base of the payload by the magnetic actuator

assembly, and the input fL(f3 - fz) denotes similar magnetic forces due to the

38
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Figure 2-1. Block diagram of Lhe Xy (bl s ¢2 dynamics of the ASPS.
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magnetic actuator assembly.

2.3 Design of An Analag Controller For the ASPS By Pole Placement

In this section we shall design an analog controller for the ASPS to
control the dynamics of the X315 ¢], and @2 axes. As shown in Fig. 2-1 there
are three inputs that can be used through the magnetic actuator assembly forces
and the gimbal torque to control the attitudes of X1 ¢] and ¢2.

Let us assume that the controis of the X1 ¢] and ¢2 dynamics of the ASPS
can be achieved fhrough state feedback. Specifically, we construct the three

inputs as follows:

fl - = ~Kp§l - K%, (2-6)
TC = -K]j¢]dt - K2¢2'— K39, (2-7)
(F3 = FL + (f - FL = =K [o,dt - Kedy - Kb, (2-8)

whare K , K_, K
P

r 1 KZ’ K3, qu K5 and K6 are constant gains whose values are to

be determined.

The block diagram of the ASPS with state-variable feedbacks as defined in
Egs. (2-6), (2-7) and (2-8) is shown in Fig. 2-2.

In order to evaluate the characteristic equation of the closed-loop ASPS
we represent the block diagram of Fig. 2—2-by the simplified signal flow graph
in Fig., 2-3.

The branch gains a, c and d in Fig. 2-3 have been defined previocusly.

The loop gains used in Fig. 2~3 are defined as

-1 -2

ay = -blKs "+ (K, + K)sT) (2-9)
A, = -e[K3s'I + (K, + Ksl)s-z + K]sF§), (2-10)
by = -F(Kes |+ (Ko + K)s 2+ KusT3) (2-11)
3 6 5 7Kgz A

(e



Figure 2-2. Block diagram of the ASPS dynamics with state-variable
feedback controls.

C

Fiaure 2-3. A simplified signal flow graph of the system shown
in Figure 2-2.

Ly
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The design objective is to determine the feedback gain constants Kp, Kr’

K], KZ’ K3, Kq, K5 and K6 such that the eigenvalues of the closed-loop ASPS are

at certain specified locations.

The first step of the design problem is concerned with the determination of

the characteristic equation of the closed-loop system. This is accomplished by

applying the Mason'’s gain formula to the signal flow graph in Fig. 2-3. The

result is

A=

1 - A] -4, - A3 -~ ca-d+ A](A-2 + A3 +d) + acl_\3 + A2A3 - A]A2A3 = 0

(2-12)

Substitution of the relations for A Az and A3 into the last equation, and

I’

rearranging, we get

where

ag

8 + a7s7 + a656 + 3555 + aus4 + 3353 + azs2 +a;s+ag= 0 (2-13)
=1-ac - d
= b(} - d)Kr + eK3 + f(1 - ac)K6

= b{1 - d)Kp + b(1 - d)KS + e(K2 + Ksl) + f(K5 + KSZ) + beKrK3 + efKBK6

+ bFK K - acf(KS + Ksz)
= eK] + f(1 - ac)Kq + beK3(Kp + KS) + beKr(K?_ + Ksl) + efK6(K2 + Ksl)

+ efK3(K5 + Ksz) + beé(Kp + Ks) + ber(Ks + Ksz) + befK3K6Kr

= be(Kp + Ks)(K2 + Ksl) + K K be + efk K, + ef(K2 + KS])(K5 + Ksz)

+ efKgK, + bf(Kp + Ks)(K5 +K_,) + bFK K, + bef((k%-'r KS)K3K6 + K K (K, + K ;)

+ K Ko (K + )



o
|

+

* (Kp * KS)K3(Ks * KSZ)}

il
|

+

KKy (Kg + Kop) + KKy (K, + K )

ay = bef (KK K+ Ky (K + KO (Ky + K ) + Ky (K, + KQ) (Ks

<1}
I

= befK]Kh(Kp + KS)

in these nine coefficients, the values of a, b, ¢, d, e, f, KS

K], KZ’ K3,

determined for a given set of roots of Eq. (2-13).

Kh’ K

KS are knowri, and the values of KP’ Kr’

Let the desired roots of Eq. (2-13) be k], AZ’

5

A3, AM’ AS, A

3 = ber(Kp + Ks) + efK](KS + KSZ) + eFKq(K2 + KS]) + beh(Kp + KS)

bef (K K Ky + K. (K, * Kop) (Kg + K o) + KKKy + (K + KK (K, + K ))

+ Ksz)]

1° Ks2 and

and K6 are to be

6 A7 and ks.

The condition for these roots to be solutions of Eq. (2-13) is

8
88 II (5 - }\i) =
i=1 i

i
a.s
0

I o~1 co

(2-1k)

Expanding the left-hand side of Egq. (2-14), we have the equation,

8

ags” + 97(5)57 + 96(3)56 + 95(2955

8 .
+ ge(z\‘) = EZO aiSI

where
- 1
i"'()\]s KZ’ }\33 A]_}’ AS’ )\63 179 ?\8)
denotes the vector of eigenvalues, and g;(ﬁ) (i =0, 1, 2,
once A-is given. In fact, it is simple to see that

ai(Kp’ Kr.: K'i; Kz: KBJ KL}: KS’ Ks) = gi(z\_)

for i=0,1,2, ..., 7.

+ 91*(2\_)51} + 93(£)53 + QZ(A)SZ + 9 (?.‘.)s-

(2-15)

. , 7} are known

(2~-16)
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Define
u, = TC {2-18)
uz = (f3 - F L+ (FL- )L, (2-19)

Equations (2-17), (2-18) and (2-19) specify the three inputs to the ASPS which

is an eighth-order system with the state equation

x) | [0 1 0 0’0 0o o olfx|]o o o
%2 a1 0O 0 a5 0 0 az7 0 Xy bZT b22 b23
>'<3 000]0000x3000—u-
] o 0 0o 0o 1 0 0o offx||o o o ||
= + |y, (2-20}
x5 _aSI 0 0 a5h 0 0 a57 0 xs b51 b52 b53 .
x| |0 0 0 0 0o o 1 ofix||0o o o [[7
>'<700000001x7000
Xg ag; 0 0 ag 0 0 ag 0| xg bgy bg, b83’
where

XI=X

X2=X

x3 = f¢1dt

Xy = 9

5 = 9

Xg = f¢2dt

x7 = @2

xg = &,

and the entries of the matrices of the state equation are determined by the
open-loop ASPS. The numerical values of these elements are:

a,, = -0.6120962971

21
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A,y = -0.0014345271
ay, = 0.00148L4271
8y = ~0.312026593

agy, = -0.0007589096
a__ = 0.0007589096
agy = 0.312026593
agy = 0.00075839096
agy = -0.0007688499
bZ] = (.5823745791
b = 0.2968854358

22
b23 = -0.2968854358
b51 = 0.2968854358
P52 = 0.1517813201
b53 = -0.1517819201
bSI = -0.2968854358
b82 = -0.1517819201
b83 = 0.1703268144

Equation (2-20) describes the system part of the block diagram of Fig. 2-&.
[n order to use the state fegdback to realize a controlier, it is necessary that
the system is completely controllable, The controlliability of the ASPS is
determined as follows:

Let Eq. (2-20) be written as
x(t) = Ax(t) + Bu(t)

The necessary and sufficient conditions for the system_to be controllable are

that the matrix

u={(8 a8 A% ... AB) (2-21)
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Figure 2-4. Block diagram of the ASPS dynamics and the design of the analog controller.
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be of rank eight. In the matrix B, as shown in Eq. (2-20), there are three

non-zero rows. The determinant of these three rows is

21 22 %23

det b5] b52 ) b53

bgy bgy bgg

Thus, we have

Rank(B) = 3
" Also, the matrix . _
oy bByp  byg
0 0 0
0 0 0
bsy  bBgy  bgs
AB =1 4 0 0
0 0 0
- bgy  bgy  bgs
0 0 0

= 0.0000046913 # 0

(2-22)

(2-23)

(2-24)

has three independent columns. These columns are linearly independent on the

columns of B. Therefore,

Rank(AB) = 3

and
Rank(B AB) =6

Furthermore, in the matrix AZB, we have
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0 0 0 7]
ag1bytaguboytagsbgy @y bgytagba tay be, aybyata,bestaySbag
bgy by b3
0 0 0
#2p =
a51b2]+351}b5]+a57b81 35]b22+354b52+a57b82 a51b23+a54b53+357b83
bg; bgy bg
0 0 0

agiby *agybs tagsbey  ag byytagubo,tag be, ag b, stag,bostag b,

if the rank of AZB is greater than or egual to two, the matrix U in Eq.

(2-21) will have full rank. Consider the two Tollowing rows of AB:

(bsy;  bgy b53] and (bgy by, b83]
It is obvious that these are linearly independent. Therefore,

Rank(AzB) > 2

Also notice that the third and sixth rows of the matrices B and AB have all
zero elements. Therefore, there are at least two linearly independent columns

in matrix AZB which is also linearly independent of the columns of the matrix

[B AB]. Thus, we have the conclusion that

Rank(U) = 8
and the full rank of matrix U implies the compliete controllability of the ASPS.
With the controllability of the system estabilished, it is now possible

to select the eigenvalues of the closed-loop ASPS by using state feedback

described in Eqs. {2-6), (2-7) and (2-8); i.e.,
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1 -%Xl—Kﬁl

~K, [ dt - Kb, - K3é1 (2-26)

3 = “Kfo dt - Kedy - Koo,

[
t

The closed-loop control system can be described by

x(t) = (A + BG)x(t) = Ax(t) (2-27)
where the matrices A and B are as in Eq. (2-20), and G is the feedback gain

matrix and is given by

-K -K 0 0 0 0 0 )
p "
G = 0 0 -K} -KZ -K3 0 0 0 (2-28)
0 0 0 0 0 ~K, —KS -Kg

It is the objective of the design problem to choose a set of feedback
gains such that the roots of the characteristic equation are as specified.

The roots must satisfy the following equation:

™~

det(sl ~ A) =0

If a closed~Toop system is to be designed such that it has a bandwidth of

one Hertz, then the eigenvalues are chosen as

As A, = =7.16 + j8.75

| 2

Ags Ay = -h2.16 + j72.67

ks = =11.41
A = -109.15
A7 = -24 .21
Ag = -6.54

In this case, the eigenvalues must satisfy the following equation:

L9
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det(sl - A) =
i

= oo

(s =) (2-30)

where A (i=1,2, ..., 8) are specified in Eq. (2-29).

After expansion of both sides of Eq. (2-30}, the coefficients corresponding
to the same powers of s must be equal. Thus, eight nonlinear algebraic
equations are formed which must be solved to give the eight unknown parameters
in the feedback matrix G in Eq. (2-28).

Given the eigenvalues specified in Eq. (2-29), the coefficients of the

right-hand side of Eq. (2-20) can be computed. We have

8
I (s - Ai) = s
i=]

8 L 6 6.5

+ 2.49936x10%s7 + 2.84334x10"s® + 1.9438x10%

0

+ 6.6625x107sY + 1.2103x10%s3 + 1.2699x10'%s2 + 7.3946x10' s

+ l.78289x]0]] (2-31)
After algebraic manipulation, we have

a a a a a a a a
det(sl - A) = O+ Ls7 4 66,755 Thh 33,722 71,0
where ag, &, . . . , ag are defined in Eq. (2-13).

Therefore, a system of equations is obtained,

2y = 2.59936x10% % 0.2349x10°2 = 0.5871
a6 = 2.84331-!' ]OI}XO.23L}9X]O-2 = 0.6679X]02
6 2 4

a. = 1.95438x10° x 0.2349%x10 ° = 0.4566x%10

6624107 x 0.2349x10"2 = 0.1565x10°

Y
£
{i
o~

= 1.2103x10% x 0.2349x1072 = 0.2843x107

a. = 1.2699x10'%% 0.2349x10"2 = 0.2983x10°

a = 7.3946%10' %% 0.2349x107% = 0.1737x107

a. = 1.7829x10" 'x 0.2349x107% = 0.4188x10°



A computer program was written to solve the set of equations involving
ags s v v a7; using the Brown's method. The feedback gains are sclved

and are tabulated as follows:

K, = 91338
Kr = 10081
K, = 6460200
K, = 569930
K3 = -48943
Kh = 600900
K5 = 129920
K6 = 11756

The computer program is tabulated in Table 2-1.
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Table 2-1. Computer Program For the Computation of The Feedback
Gains of the Closed-Loop ASPS By Means of the Brown's Method

LMPLICEY REARB(A-Hs U=27
UTMEMBTON RAGTAE{Z S0

ﬁﬂﬁﬁﬂﬂ'Hh9£9HKSPvHKS$yﬁﬂaﬁHIyﬁﬁévﬁdrﬁrﬁeG=ﬂvEyFk§HﬂQ1J

|

TYFE 5
FORMATIZ2X: " THE OEBREE GOF Po¥) = b
AlGCERT &
FORMATLIRS

CTYRE P

FORMATL, Y SPECIFY THE RUUTS OF POXY IN

SRk ALl COMPLEX ROOTS 1iUST BE TH CURAPLEX COONJUBATE PATRS
Fedd I SO BE

TAND THE' /72Xy < ONE WITH WEBATLIVE TnnuTaky

THFECIFTED FIRST. kg0

U 4 I=1sH

TYPE 251

FORMAT (A2  REAL LRI s T ") = ‘)
AUCERT 2:RO0TS(1yT7 )

TYFE F4 ,
FORMAT(2X " THAGBC(ROOT 512,71 = Tk
ACCEFT $yROOTS(2y 1)

LONTIMUE

TYFE 8

FORMAT (/3Xy LEATING COEFFICIENT = T
AGCEPT wounind

FORMAT(FL2,.5:

Call, RECONMCRUOTS COELs 00 i

TYRE L0

FINGAT /2Ky CQORFEICTENTS OF 030 STARTING IMROM THNT i Ln

IR0/
TYPE 4e(GUCTrwTalyNt L)
FORRAT(2A» 012 .53

TEM CUNSTANTS

ARSX=1.051
AREE =0, 005
ARES=0 . 005
RG] P50
AME=GG0 .
AII=2H805.15
AJ=503,
ARl
B=1./,0M1
C=AMIAREANSS
LUECT I PP T
E=l,/Rn33
F=lerad

Call SOLVIIR N

sTOR
F L

THE FULLOWIAGY - 272Xy

Ky
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Table 2-1. {Continued)

DAMENG LN RUOTEC2» 30T 0058

i L T=l,N

L dealy

LORTINUE

DOWER] el oD

M-l |

{0 1D F=lei

MiTmNE-T -

IF (ROOIS(Es LYy S el
TROOTS Ly T2 RAGIROGTE 2 [ o2
Uss, ORRDDTS(L + T3

U5 57 U=~

FEROWIER D ECR W S EON E IS AR I RO B3 § F N L A
COMTIMUNE

Dopdd=TRUON ) ~UBL (N4 L)

G TO v

Te=-RUDTHL LI

a8 JeNleN

DOl rs=TRO{AI FOLIFLY

CONTIMUE

RN p=TRONEHL)

CUNTIMUE

G0 11 Fi=i.M%

T TLy=0[Y %4

ONT ENUE

ARETURM

BN

SUBRQUT [HE SULVEINCL)

REALERS XoS50y s GUMNT (50535
INTEGER S OUML (8081 3 » ONNHE (50,

Deeee INTTEAL GUERSBED OF THIE BOLUTION

f

™

0---SPECIFY NARES FOR EACH COEFFICIENTS

C

)'({ 1 )“U# jﬁE
WDy =0 915505
K(Z3=-0,. 4805
Al4)=0,571s
AT =0, 564507
Xidrm), LI7FE0S
X(7r=0. 1306
R(BI=0.404

CNaME(L =703
CHAME(2)="H~
CHRME(E =/
DNaMECY)="03"°
CoarE(S ) ="R7
CHNaME{&)= "W
CMNaMi{/y=T"
CrmiiE(8r="1"

VUL TIME RCEON (ADOTSsx oyl

REOLAE RODTS vy JieToud

ORIGINAL PAGE IS
OF POOR QUALITY

FOR PFRINTQUT
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Table 2-1. (Continued)}

G- -=WTHIER PORGHMETERS TO BE SPECLFIERD

-
"l

)

F0O000

TQ00l

Lowvo4

ke

Ta

o
1

-2
%

Nule=12 POTHE NUMBER ur BIGNIFICANT

bbe=0) POPRINT SR Mus ally LPROWEG w0 s e DU
NET =000 DoMad T WdiiGeER 0F [VERATIMME

LEST RN

G

Lol RGN (N b 2 HE TG THG e e bl v Ulipint s e300

FFEOLNG 2@ .07 URITE(S [udug)y

FORFAT A7 XA IR IAN RELATEY (I8TRLX

INMIUATIVE OF THE PRACLSES
WRITECH 10001y NET
FORMaT KAMUMBER OF TTEKATIOMNS
WHRITE (S 10004) :
FUhMaT e KAFEEDLALK COCFFICIENTS; /)
WRITE(Sy 10002 CONAME (JY s X I v d=] v M)
FURMATOLOX e i3Z3e o= /L2 80
RETURN
B0
BUBROUTIME VRTHF (XY oKD
IMFLICTT REALEB{A~H0~-7)
QIMENSTON X{(1renRS8R{LO2 12

i

o) At

LEsh

b

I

PRI T
R

§

SGaMiH AR .

# B NG -

R TR b

a1, P
#E

CUMMON AREXy AKSF s ARBEy AT AT v 83y Adosis 3o Cr Te S o 7w A0S 2

G=X{1?}
He=X 002y
TFEATIT
(=% 1A
R (55
W=X (&)
R S
e (43
e R e b
Glme b (FEANS A 2
G
(Gademmmif K
=R QANSE )
Db mmfn &R
G7=0
(gh=—{ ki
G -FR{T+AKSS )
GlO=-F¥lU

e THE VECTOR ARSR(I L) CONTATHE THE COEFFICIENTS OF THE
O uF X

Crm=eDEGREE POLYMOMIAL ORDERED FROM FUWER N
C-=-ARGR{L 1) [8 THE COEFFICLEMT (7 JOkUNe ARSRO3y L)

Gre=CTENT QF XRR(IN-~IYy ETC.

&

ARER(Ly 1 )=1 . -G3~G7

GO TO (Le2e3v3s8eb27930 K7

ARGRY 2y 1y =—GL-G4-GB+G I NGE7H0RRER
Y=ARBR{2« 1) 7AARGR ALy L - 0002270000
RETURN

0 FONER

Ts

THIZ

ﬁﬁﬁH(Byl)=“UE“65WU?+GA$B4+61$GS+UE$G?+BE$U?}ﬁqﬁﬁﬁ

Y=ARBR{3 13 /7ARGRUL - 12003 /001
FIETLUIRN

ARERC Y5 Ly = -34~G1 0+G1MEEFELRAES FOR2AG MHFU2RBHEAOERG LY

FEGELEY FOERGE-GLEGARGD
YaRER (A 3 D ARERCLs L) ~-D0{4) /UG LY
RKETURN

ARGR Gy LY=01 200G LG T QFE2R05 ) 020600 LG L5
FEGRES-GIROERGE-BLRUEXGE-G L 4G4EGT

Y=ARBR(Ir LI /ARBR Ly L2 ~0NLE) 70NICE)
RETURM

M=-TH

BERY

i1

7 J‘ .
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Table 2~1. (Continued)

5 ARERCS 1) =E2RGSHE2%0)] O FOEXELOHGSHBY~ IR 05%B3-G L B4 408 -
~GAAGERET- 3L AL EEY -G L RGARE G
TeARORIS LY /BRERA) ¢+ 1-TR{A - 0001
GETHRN

& ARSI P e 1 0=050010 - SoY B RER-GNEEN0Y 31 1.0A%NY ~ B2 SnE LG
“LREENGLO
Y=ARGRIZs I b /nRBRCL s L —-L{ 7y TN
RE TN
ORBIOEr )= - B2RSaY =3 TR B LO - Ml ABa gi L0
YeaRSR{Be L) AARER L v 3y ~00 Y 7TIu 1 3
s TLRG
LY ARSI vl s -2 00sYEED
Y=ARGR (Y L) CARBROL » L0 ~E1 P2 /004 1
RIZTURN ’
END
BUERTIUTINE BROWNZ (N NIToNSIGy InNGy Xe INTERSCOEy IF e L2
REALFEG XL vROECL s L) s KELE vy HOL U s F e F e FRPLUS » UMaXy TES T 07
UIMENSLON INTERCLsT)
CESERR THE PARAMETERS NIT N8I IMGy IHTER ARE MAXTT: NUMSIO«STHNGUL AR FOTMT--
Uhad® BEROQF THE ALBORITHM 14 RESFECTIVELY AND IMTERCLeNT1Y s U oM+ s
CRbig COELT»iN3) ARE TSUBTIY v FARTCL  » TMPCLY RESPDCTTOELY .
MUFERG= T

L]

RELC=10 .k { -1IS LG
Cil=0.EQ
=1, Fa0
UG 91 H=1«NIT
a0 10 J=isN ORIGINAL PAGE IS
10 INTER L s J3=d UALITY,
i) 50 RKelsN OF POCR Q
IRy T AL BESUBTIR e Mo XN p GO FNTE R L ¥
Gl URTHI Ry F o)
Frile-=0. 001
11 LLT=0
Q0 20 ls=KksN
ITEMP=LNTER(N T
MOLD=X T TIEMP)
H=FTREHOLE
TFOMGCR. 0 00 1H=0.00100
XCITEMP ) =HOLDHH
IFORLET. 1) CALL BRSUBT(N s MeNoCOE FHIERL)
CAall, URTI (X e FRLLS K
COECITEME » N4+2) = (FFPLUS-F ) /H
LLTTEMP Y =HULD
C3=0ARS(COECITREMP y N+2) 2
IF(C3.EQ.C1)Y 60 TO 18
Ca=UnRsS(F/03y 70
IF(Ca.LE.C2) BO TO 20
i8 LLY=ILLY+]
20 CONTINUE
TFOLLY JLES (N=RY)Y GO TO 21
FTR=FTR%10
IF(ETR.GT-0.5) B0 T Lo
G TO 11 .
21 IF(RLET.NY B0 TOo 22
IF(CZEQ.CL)Y GO D 100
CUECK ek L) =0, 1O
ML= TERR
GO T 3l
92 KMAX=IRTERWNSK)D
OMAX=UAGS{COE (KMAX s NF2))
KPLUS=K+1 '
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30

40
41
Ly

58
59
40

PR

&80
20

—00

21

100

L1131

10

Fid

Table 2-1. (Continued) 56

B 30 T=RPLUSsN

JoliG=INTER(KN T

TEET=RARS (DO ISUL . 1IF2) 2
FFEOTEST VLT OMHaKr GO T 23

UMAX=TEST

INTERORPLUS, D y=iiay

RMm=a8lE

GI TO B0

INTERORPL LSy Ly=J8UE

CONTINUE

TRFOOABSCCOE CRMAY NP2 ) VEQ.BL GO TO §00
INTER (R e ol 1 ) =KiaX

COE (e 1 0 =0, 10

DO 90 J=iRLUSse

SBUE=INTER(RFLUGSy J2

COE CRK s JBURD =~COE (JBUR s N2 /00K (RN PIF2D
COEC(R e pl1 0 =CO0E (R o M1 3 FUOE (JBURy M2 280 (IBUED
COE R s N+L 3= (COER s NF 12 -FY/CORKMAXE s r 23X CHMAX DY
CONTINUE

A(RMAXI=COE(MoM+1 Y

ITFONGET Ly Call. BREURTNyMy Xy COL» THTER L
IF(HM.EQ. 1 GO T3 8¢

0 AG I=1yN

IF (XD EQR.C1LY GO .TD 58

CR=UATS C(COECT v MN4+3)~X (L2 2/ XD )

G0 To 59

CR=ENABE(COE (T« N+32 2

ITFOCR.GT RELCY GO 1) 70

COMTIMUE

PIMLRG=MVERG +1

IFCRVERBLGEL S G0 Ty 111

LOoTa g0

RVERGET

) wo re=1ei

COELIyMESI=X{TD

IFCTF Q.G G T 91
WRITE(&:200) My {(X{I)rI=len)
FORMATLIO»BR20,. 10700y 5UR0, 100
LONTINUE

RETURN

InG=0

RETURH

pLI Tompfe- 4

AETURNM

ENG
SURRDUTINE BRESUBT (R Xy COE» INTER L)
REALEE {17 L0EL ¢35
DINEMOTUN INTER{Ly1)

KN=K-1

D 20 f=i1yKN

RM=K~-{+1
RUAX=INTER{KM-1eM+1 )
AINMAX I =0.00

ng 10 J=KMeN

SO THTER (KM
XONMAX = (RMAX ) PO R ~ L J8U & {IBUHE S

ACKRMAX ) =X (KHAY I FCOE CRK—L i1 3
RETURN
ENTT
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2.4 Time Responses of the Analog ASPS Pesigned by Pole Placement

The time responses of the closed-loop ASPS with the analog contreoller
designed by the pole-placement design conducted in the last section are
studied by computer simulation.

The listings of the computer simulation program are given in Table 2-2.

The initial values of x](t), ¢](t), and ¢2(t) are:

x; (0) = 2 x 1073
¢1(°) = 0,013
$,(0) = 0.013

it should be noted that no nonlinear characteristics are considered in the
system model and the simulations.

Figure 2-5 shows the time response of xl(t) with the indicated initial
condition. As indicated, the time response of x](t) decays to zero very
rapidiy, and the vertical axis of Fig. 2~-5 is in & logarithmic scale.

Figure 2-6 shows the time response of ¢](t) with the given initial condition.
Again, the response decays to zero so rapidly over the 4-second interval that
the vertical axis is in logarithmic.

The response of ¢2(t) is the fastest of the three, and a time response
plot could not be made realistically over a 4~second time interval. Thus,

the values of the response of ¢2(t) are tabulated in Table 2-3.



Table 2-2.

with Controller Designed by Pole Placement
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UPHCUN T T =G U e P OGR p F L = FIIRIO U0 T 7 ol RS

L RlE =0
H=0.
TEND=100 .
TPRT=0.29
TIMNT=G,5E-3
FRET PLal, CONTITTIONS

X=2, 03

ATT 0.

FH1I=0.013
B r=0,
FHILIN=G,
PHIZ2=0 . 013
FHTZ20T=0,.
PHLIIM=Y,

Pl =a00 .
ARSE=] 051
ARSF=0 005
ARNES=0 003

S0 =%505 .

TR C ISR I
RUE=] 2G4
al=RR
#o=1 . Al
CO=AaMIRRREA AA33
=01/ Aa3

el s A3
F=d . .
DELTé=1 o ~ARRN0-00
N

NFRT=G
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FRATOL =T
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Table 2-2 (continued). 59

SLUMRDHIITINE FUTOX oY« OIFRY 2 -
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VheWlre Ve Ad s AT e BN s ARSI 3l 0B v 0y T ET e GELYA
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COFMON X XBUT oIl o PHLIIOT s PHILINPHEZ2-FHT20T7 s FHIZIN T
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FOWAT AN e L2« X AMEL Gy 0 8IZL L 57

R=YOl)

ANOF=7032

FHEL TM=Y {3}

FHLLI=Y14)

PEHILOT=Y (50

PHI2IN= (A

FIIT 2wy (73

FHID2UT=Y (8>

NFRT=NPRT

WRITE(SGel00) THLF X% {Y{[3sl=1+8)

o L)

RIE TIRN

BRI


http:IF(AX.GT

ORIGINAL PAGE IS-

il -] TN Y ] o] ..
b T L mR ARy HEN - T MyEuuN o O i i W dfazzykan
- ). » ENEE i
T EENNgNENN pERRA AR A TE T we T
; ax 1t
L H RRE
d -FE N nas R
i b U e et 11 - B R R Rn - EUReE
g f- ke HawH
.n__, LA H CEL Rh
SR T ST Nu :L o EH
] EWN -4 L1y e -] L RaEs
§ LT - R KN - o] 3 : CHA A L
I | R 1 CHH L
R T kR
AN s IS RAR RN RN AR ERHnaANR AR - - & cHAEHE e
- BN o 11 43 = un " I ExPy]
. PO HH 1 h ]
o 4o -3 1= =3 ri=1~ =g - l%
8- 1= ma e N
T Sk manndanusBAAn Tl A - b1y
- o é T -
L R : A [ i 3 -
- e - o “l Ll
bre T +
R EEE L L =
RN fnfa LL o fef i BENE EREy N -] o
bt at e fefain Agnknguunn y - u - %4 | -
1
s pex T AESEpEREmgE=myaagy
EERRREARE Wi LAY REx
=g { = - =] foi={ Lt g L o BN b= Y -]
T anl IRSSEYRRN Aay
e . ferd -] N L F
I LR R A Ry JRR¥G
R B 1 11
NERREE -} - Aefego padedad L i 4 - afeda] ~f
W akpny e | FE T e Ry A L] T ) |- = 4 il e
I bR 1] 3 : < Lipe N ¥ % e T AT 6 A UNNMN AN Ry
NERARTAL AN AR R A N ER R A GH RN ER R AN ANw==TuN
U B B b et L L R NEngnmn A e n bk - RRBEREN
T T aun WENN N mEn
HRAN N nu AR Rand IEasdl=Ex A S HEH RN
W - W N Y NE- 311 | t-1-f-| -1 |- . ke o3 44 -] {~1=-

HONI IRL 01 SROISIAID

fzxnd 0 sy

HOA Ry ORING NOUVMHDABOD 8 IOLENDT Qikdvus (B35

v 8 Nuwpduy

S v Es 5
A




T o AN uu Anan e I HERE
N )] [Ei] NENN W Ax man i
. " o T EEFENEEENN XTI AT
MR ma. HN | -4 I My i e e ENNy HHM LR - E _@m I
4 LT I 7| SE mMEN AN -
WERM RNy . R T A | [EET - R If- 1 Ml 3
wi e gl el bl £ nRaN r -
mER L o5 mESEREEN A MEENANE N # wFlin {4
- L1 13- L Ll o Y - 4 el
S - AR EnE A : s Npon
A A 1 NENN NN et ] Fihald
rx')
EEEN MEYRAP EupN N LT
S A I L ] L amol s
d={-l~1=} |=f-4-4 ] e 'l(‘ F X
S AR Y 8 D [ 4 TEETT . i £
[~ f =5 -4 - L1 44 et beded bt d L -1 Ll ENNA -
AT K ¥ - ]
L1 o R ANNA ey
Lelels mle || o et A | ol -t A
Y R gL AE - |
T s SR M ] (n]
M T T ENN" 4 T u
pubef=syily RasdBuuns Euwn Pl lms o
T GEERRSe! : Biten
i e d W o o i " M
i \F
-] J- | . AEm iy dil-l &
EEAR NN . . o NMNE EN »
AL B W
Mt o e LI d -] "I1HD
i | W S TR k= FoORdNY
TR N T x TEn
ST L me FH e N o
i) N 1 by SENN I [o]e REN KA ami,
SRR - 4 o [ uﬂ: WK (1
e T FED 3 ! el P Tt ZSRRRENRLY 5
. R Y- - [-EN ] k] F -
. 4 4 BESS L b et 2] [ofo] shend burleg e =
T | mullluy
b 11 ot =t~} {={~}~{~ = 1|

HIHT TBL OF SHOISEAIR

0z %o

49~ DIELSY

¥ 5 N patirg
WOAMAN TEINE  NOLMYODHOD STICRIINGD DIHdvH [BEdve Haves 3




Table 2-3. Time Response of ¢, of .The ASPS With The Analog
. Controller Designed by Pole Plicement

Time (sec) ¢2(t) {rad)
0 1.3 x 1072
0.25 4342 x 1073
0.50 -3.43  x o7t
0.75 1.626 x 107
1.00 ~1.30 x 107°
1.25 5.361 x 1077
1.50 7.984 x 1077
1.75 -6.162 x 1078
2.00 3.7h2 x 1079
2.25 ~2.212 % 10710
2.5 9.579 x 107!
2.75. 1.834 x 10711
3.00 -2.312 x 10713
3.25 7.007 x 10713

3.75 9.80k x 10
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111. SAMPLED-DATA CONTROL OF THE ANNULAR
SUSPENSION AND POINTING SYSTEM (ASPS)

3.1 The Sampled-Data Controller

The samplied-data controller for the ASPS is obtained by incorporating
sample-and-hold devicas in the control inputs for the dynamics of Xps g and

9 using the same feedback géins as designed in the analog controller. The

design objective is to select an appropriate sampling period T for the sampled-
data ASPS.

The sampled-data ASPS is represented by the block diagram of Fig. 3-1.
The Q@ blocks represent the effect of quantization which will not be considered

at present.

3.2 Stability Analysis of the Sampled-Data ASPS by the z-Transform
The signal flow graph representation of Fig. 3-1 is shown in Fig. 3-2.

The following equations are written directly from the signal flow graph.

T K K _ ) ) * K K _ %
uy = |:th[_%+_[‘}[1 G5 - G rss-u;.jeg]u1 eaGh[_;_+ __r][] 55] u,
s S
5 . S
+ adth( Kp + Kr ]u*:]/A {(3-1)
-7 =%
2 5
s
wo= b M3+ X s 8 sl - S+ K s "1 -6, -6+ el
2 "N Z 3 2 I o J 1 | R I
S S S s
+ dft, K3 1 K o K 1 -6 ur| /A (3-2)
2757 — 3
s 2 3
S S
u, = thch KB + KS + K4 ui + eG, | 6+ KS + Kh 1 -G u*
3 N T 3| O MNs F 3 2
5 s s SJ

K, . K., 6 K ]
-feh{_6+ 5+__1£][1—G] =-62+G]G3} Uy /A (3-3)
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Figure 3-1. Block diagram of the ASPS with the sampled-data controller.
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Fignre 3-2.

Digital signal flow graph of the ASPS.



where

A

=1 - G]

Z
-bKS/s
ac

2
—eKS]/s
= d

2
-stZ/s
“TS)/

]

(1 - e s

-G - G + GG, + G,G

w B3 = Gy - Gg ¥ GGy + G,

2 3

i

+ GTGS + 6385 + GZGS - G,6.G

Taking the z-transform on both sides of Eqs. (3-1) through (3-3), we have.

’GA\ rG 3 Gcw
U](z) = 3 _A"J U](z) + 3;&_) Uz(z) + %‘—L\_J
be'\ fG_E\ GF\
U(2) =3z Wi +Big) Y2+ gl
fGI'\ ‘ FGJ\ GK\
U3(z) = éL—A— U](z) + 3!\ , Uz(z) + 3 T
where K [
G, = =-bG [—p+—'l} 1 -G, -G
A 2 WA 3 74
Kp Krﬂ
G, = -eaf, |— + [1 -G ]
B hlg2 " 5 ) 5
Kp Kr’
Gc = adfeh[-s_Z—*'S_:
K K K
e e IUREY
G, = -bch [-—+-_+—- 1 -6
D hls 2 3 5
X K K
3 2
G. = -eG, |—+ —= + —[[] - G; ~
E his s2 s3 1
4 K2 K]
G_ = dfG [—+__~+—][I - G]
F h s s2 S3 1
K K K
G, = chh[-£+-—g+ —gJ
5 5 5
K K K
_ 6 .5, &I,
GJ = eGh - 4 5 + ][1 G]]

Us(z) (3-4)
U3(Z) (3-5)
Uy (2) (3-6)
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K K K
6.5 u][ ]
G, = ~fG {——-+ =+ —=||t -G, -G, - G, + 6.6
K his S2 s3 i 2 3 173
Substitution of G], GZ’ 63, G5 and Gh into the last nine equations, we can show
by partial fraction expansion that the functions GA/A, GB/A, GC/A, GD/A, GE/A,

GF/A, Gl/ﬂ, GJ/A, and GK/A are of the following form:

8i08) g1 - T[S F by 3ps Fhypwy ags v by 3y )
- . : : P8 ()
s l 4 2 2, 2 2 2 5
S ﬁ)] 5 (1)2 s + U.)3
where i = A, B, C, D, E, F, I, J and K.

1.31014x10"3

w'i =
w, = 3.55991x10
0y = 3.77726x107%
_ -6 _ -2
a5 = 7.6593k01x10 bA] = 5,2968403x10
_ . -4 -
a,, = ~5.2124686x10 by, = ~1.3266373
_ ' _ 3
ap; = 6-894976 bpg = 1-653877x10
agy = -3.177573x10'3 bB] = -2.1974837><IoI
_ -3 - = 1
g, = 7.8558545x%10 sz 1.999412x10
_ _ 2
agy = 3.5257182 by = 8-4570434x10
_ -4 _
ag; = -6.6321553x10 be; = -4.5865363
_ -2 B !
ag, = 3-6k327k5%10 bep = 9-272583x10
agy = -3.5504543 bes = -8.5163773x10"
ag; = 1.1863223x10° byy = -1.3711851x10%
_ 5 _ 2
ap, = 3-9724468x10 by, = ~1.2475924x10
. 6 _ 3
apg = ~1-5835810 bpg = 5-2770228x10
2, = -6.1833492x10° be, = 7.1468909x10"
ag, = -2.7868194x107 b . = 8.7523256x10°

E2
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. : 5 . 2
agg = 1.8435832x10 by = ~6.1434254x10
- 9
agy = 1.2920375x10
ag; = -1.2905753x10° b, = 1.59168L45x10"
a 8 _ L
a, = 1.2924317x10 be, = -4.0590328x10
- . 5 _ 2
apq = -1.8564023x10 bpg = 6.1865076x10
a, = 2.3031281x10" by, = -6.5239325
_ 5 ) 2
a, = -1.7136123x10 by, = 1.318941x10
a5 = 1.4832586x10° by = -1.2113775x10°
aj = -1.2004364x107 by = 3.4004041x10°
_ 7 _ 3
a, = 1.202163x10 by, = -9.2528628x10
_ . 4 _ 2
aJ3 = ~]1.7267858x%10 bJ3 = 1.4102663x%10
_ 7 _ L
ag; = -5.80131x10 by = 4-4651788x10
2, = -2.5188685x10° by, = 7-1350445x102
_ 5 o 3
aygg = 4-4225387x10 bz = ~3-6118882x10
_ 8
ag, = 1.2017944x10
apy = 8y T Ay = Ay, A, =a,=a; =0

Equations (3-4), (3-5) and (3-6) are represented by the digital flow
graph of Fig. 3-3. The characteristic equation of the sampled-data ASPS is

determined by evaluating the A of the signa! flow graph of Fig. 3-3. We have

G G ) G G
1o - 3D - (—-—)-y( )3( )-3(%(‘)-3 ()

A(z)

—3(—)3(—)3( )—a( )3( )%( 3—{—‘)3({) +3(TA>3(-§)

G G G
+ %(—’5—>3<-—F-)3(-J> . 3<~'?->3;<-5> + JDHRHP

+=d(—--)% )3( By 5( )3( >3(—) (3-8)
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Since w,, w, and w, are small, and b, .w. << a.. for | = A, B, C, D, E, F,
| 3 17 1]

2
I, J, K, and j = 1, 2, 3, the z-transform of GI/A can be approximated and

simplified. This is justified as follows:

G 5 + b w a,.s+ b s + b
A 1 2
s(s +w) s(s +w) s(s +w3)
Then
a aps * bmm] ) aAIzsinm]T . bAl z z(z - cosm]T) ‘
s(s2 + m]) o (z2 - chosw]T +1) Y |27 ] 22 - chosw]T + 1

For small w]T,

sinw]T = w]T
cosm]T ]
Equation {(3-10) becgmes
(3515 + bA]w] aAzT
1 T = 5 (3-11)
s(s® + wi) (z - 1)
Thus, Eq. (3<9) becomes
%G—A = Al _ @ 4 + )=--——~-13_"?E‘;85"T (3-12)
AT zZ =1 AL T %2 T %3 z - 1
Similarly,
rG 3
B 27 . _ 7.029369T
%\A, T o1 Gyt ot agy) = T (3-13)
G ot 7.029369T
%\A_) = o ey A tagg) =S (3-14)
3’59-‘ = 2L _(a wa +a )= 204 (3-15)
A7) % z-71 Y1 T %27 %3y T T
G | T T
Ola] = 707 (agy * 23, + 2055+ o) = Ty (3-16)

(3-10)



™
-

G

FI . _2T _ -0.46T )
A ]z -1 (apy + apy + apy) = -7 (3-17)
oL = (ay, + 3, +a,) = 18 (3-18)
A ) "z -1 71 12 (3" 7z -1
’..G_‘}..‘ o2 27 (a + a + a ) = :-.3.-.'_7_1....'6..1-. (3—]9)
A7) Tz -7 T %2 T A3 z - 1
G . 1 (2a,.+ 2a,, + 2a,, +a,,) = 01T (3-20)
R I M kK3 T ke’ T Z <1

Substituting these terms into Eq. (3-8) and simplifying, we have the

characteristic equation as
3 2 2 2
z7 - (3 +13.49T)z" + (3 + 26.978T + 361.59T )z - (1 + 13.49T + 361.59T

+687T2) =0 (3-21)
It should be noted that the digital ASPS is originally a twelveth-order

system. Because Wy, W, and w, are very small, the analysis conducted here

3
results in a third-order approximation with the characteristic equation given
in Eq. (3-21). When we neglected Wy, Wy and w3, in essence we have made a
variation on the unit circle in the z-plane. Thus, the stability criterion
should be modified to |z| < 1#e where € depends on the value of Wy, W, and
w3. As a matter of fact, for small sampling periods, the characteristic roots
of the system are all very close to the z = ] peint in the z-plane.

The roots of Eq. (3-21) for T = 0.001, 0.01 and 0.1 sec are tabulated

as folilows:

T = 0.001 sec z = 0.9372, 1.038 = jO.0604
T = 0.01 sec z = 1.0192, 1.0578 £j0.175
T=20.1 sec oz =1.203, 1.573 +j1.7478

Although in a strict sense these roots are all outside the unit circle,
and the corresponding system are all unstable, as discussed above, the roots

for T = 0.001 sec are so close to the unit circle that if enough accuracy
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were carried out in the analysis without approximation, these roots could
actually be inside the unit circle. In any case, for T = 0.1 sec or greater
 the digital system is definitely unstable. As will be verified by computer
simulation results in the next chapter, the digital ASPS is stable for T = 0.00]
sec and unstable for T = 0.1 sec, Qith the stability boundary being somewhere
around T = 0.0075 sec.

. Therefore, the approximation condicted on the z-transform analysis still
gave useful results on the stability condition of the digital ASPS with respect
to thé sampling period T. Because the characteristic roots of the system are
all very close to the z = 1 point for stable values of T, an accurate analysis
using the exact model is almost impossible even with the aide of a digital

computer,



iv. COMPUTER SIMULATION OF THE DIGITAL ASPS

4.1 The Digital ASPS With The Sampled-Data Controller
it was discussed in the preceding chapter that the digital ASPS was

obtained by placing sample-and-hold units in the control inputs of the Xys

¢I and ¢2 components, using the same feedback gains as designed for the conti-

nucus-data system. The z~transform analysis conducted in the last chapter
showed that the digital ASPS is unstable for sampling periods greater than
0.01 seconds approximately.

The computer listing of the simulation program for the digital ASPS
without guantization effects is given in Table 4~1.

The simulation results verified that the digital ASPS neglecting
quantization is unstable for éamp]ing periods greater than 0.01 second.
When the sampling period is less than or equal to 0.075 seconds, the
simulated responses remained stable.

Figure 4-1 illustrates the time response of the Xy dynamics when T =

3

0.005 seconds. The initial conditions are: x}(O) = 2x10 ° and il(O) = 0,
Figure 4-2 shows the same response of X for t greater than 6 seconds.
The vertical scale is changed to show the oscillatory characteristics as the
response decays to zero.

Figures 4-3 and 4-4 iTlustrate the time responses of'¢] and ¢2,
respectively, when T = 0.005 seconds.

Al though the overshoots of the time responses of the digital ASPS are

quite large for T = 0.005 sec., it can be shown that these overshoots are

substantially reduced by reducing the sampling period T.

4,2 The Digital ASPS With Quantization
In this section the effect of quantization in the sample-and-hold

channels of X1 ¢3 and ¢2 is investigated by means of computer simulation.

7.'3 -



Table 4-1. Computer Simulation Program of the Digital ASPS.

ATMRMG LOM PRMTOS7 73 MERY IS pUM i)

EXTERAAL ST » 0L

COMPOM NeXOD Fy ML Lo PHLLOT oML L T e PHT 20T 20T o (IR T e
20OV LyRR U A AN T nAER -ARSF » ARNSS r A3 TRRT v RB-LBEL THy

B O a0ylurT0eiLe e THENU
S ORI e (VL LR TV LINE

OFENCURIT=6 s DEV IUE="08K 7 « FILE= "FOR2%, DAY " » aCCESL=" 100U 7 2

LENEG- v
THRF=0 N05
H=0,
TENO=100.
TRRT=G05
TINT=0.3E-3
Ge—==8ET INITIsC CONUDTIONS
A= Q-3
2D0T=0
ML =0, 013
PHILOT =0,
FibL L TN=0.
PRHIZ2=0.0L3
FHT2OT=0.
FHIZ2IN=0,
At =H00 .
AREY=1.051
ARSF=G, 0035
AREE=0,003
M J=503.
Ad3=2805,. 1t
=l 756
AO=RA
#20=1 . Al
CO=AMINREA R3S
UO=AJ a53
E=i /033
Feel s A N
OELTA=T  —ADRCO-TIO
T=0
TR T =03
PRETCI 2=TIMT
FRMT{(47=0,014X
oo 99 1+1.8
79 OERY (T r=0,.125
‘Wl
10 IF(T.BE.TENDD CALL EXTT
Y9=0 2133805810« 10081 05RXTOT
Ym0, AGA0207KF HI L INS0  SAVe30uEFHI L -0 489430001 0T
U3=0 . &00700SKFHIZIH+0, 12992 UNFHI 240, 11708 05N HIZOT

FRMT (1) =T
PRMT (2 =T+TER
YLy=X%
Y(RY=X00T

Y (331 IN

Y (4)=FHI1

Y5 =PHILOT
Y@ )=FHIZIN
Y (73 =RHIR

Y8 =FHL20T
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Ll REGE (FRAT» Y e DERY 2 HOLM = THALF » FUT o OWTR e 0N
G T Lo
Emn

TBILNUETENET FUTOXER Y SRR

LIMEMSIOrN T8 JERY (3

COMiuN Xe XOOTFHLL o PHITOT o PHIL IW e MLy T 2T« PHER NS T

Yl Us WS e de Ty ARER e aEF e ab BB e AN e VPR T e R0 -l 1A

SOy ROy O iG ey F e TENDy

MERT »TUL  TV2» IVS o LLINE

GERY (L 1=Y (2

DERY {2 = -VI0ER0~ARNESXHEOAY (L Y )% (L « =DO Y FAVEL{ ~W2-ARKG R {32 )R

YR ARSERY (Z Y i3 FRD0 s Y 7L TA

OERY (S I=Y o)

WLRY (43=Y{5)

HFERY (S~ (U2 KERFEY (33 JHE~ (o LrNBXKRY 5 2 YRGS
FIVAFARSENRY (7 oI F 2 AOELTA

MERY (S 7=Y (7))

TERTES =Y ()

BERYVISI=({-V3-aR88RY (7 FFH0L o ~AQKCH I+ (VSHAREIE M 4 1 3 RE
FOULFAKSXRY (L) Y BO¥CO /00L TS

RETLHN

M

SUBROUTINE QUTF XY o DERY s ITHLF s NOTHy PRMT)

NIMENSTON Y(8) yTERY{S) o PRMT (S}

COMMON XeXDOT s PHYL b FHILG T o PHIAINYPHEIZ s PHEZOT s FHIZIN Ty

UlaV2, U3 rAde AML s ARSK r ARSF s ARSE v ASI» PR RO 01 1

A G e DO D0y Es¥ o TNy

Wi o DV v NS L US W L THE

(RN OTTENTY PRATIO =1,

Tee X ¥ ) -

TFLAX LY S TPRTHRFILONTONFRY Y Y RETURN

LIME=LINESL :

WRITE(S1Q0) THLFeXXs (Yo ldei=leld) g?leggg; Sﬂgﬁl-]!s

FIMRMATOL X L2 9 S IFELQ G2 8HEL11 . 30 )

A=Y (1)

KLOT=Y(2)

FHILIN=Y (3

FRE L =Y (43

PHTILIOT=Y (5

PHEZIN=Y{5)

FHIZ=Y(7)

PHIZOT=Y (3)

NFRT=NPRTEL

IFULTNELLTLE0Y 6O TO 200

WRITESST00) THLFe XA (Y (Lo Lm]ad)

LINE=Q

RETURN
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The computer program listing is given in Table 4-2.

When 8-bit quantizers are placed in any or all of the input channels
of the digital ASPS the system is still stable, and no sustained oscillations
were observed. Figure 4-5 shows the phase plane trajectories Ef X versus il
of the digital ASPS with and without an 8-bit quantiZer. The quantizer is
placed only in the Xy channel.

Figures b4-6 and 4-7 illustrate the time responses of ¢] and ¢2, respectively,
with the 8-bit quantizer for Xy, and T = 0.005 seconds.

Figure 4-8 gives the phase plane trajectory of X, versus i] when a 16-
bit quantizer is placad in the X1 channel only. The trajectory of X3 with
the 8-bit quantizer is also shown in the same figure for comparison. Note
that for the same time instanfs the response of X with the 8~bit quantizer
is greater than that of the response with the 16-bit quantizer. The phase
plane representation of X is chosen because of the high oscillations in the .
responses which make the time response difficult to plot.

Figures 4-9 and 4-10 illustrate the time responses of ¢] and ¢2,
respectively, for T = 0.005 sec and a 16-bit quantizer in ‘the Xy channel.

The overshoots in these responses are smaller than the corresponding ones
in Figs. 4-6 and L4-7 which are for the 8-bit quantizer.

Figures 4-11, 4-12 and 4-13 show that results on the responses of X5
¢i and ¢2, respectively, when an 8-bit quantizer is placed in the ¢] channel
only. .The sampling period is 0.005 seconds.

Figures 4-14, 4-15 and 4-16 show the time responses of SE ¢] and ¢2,
respectively, when an 8-bit quantizer is placed in the ¢2 channel only. The
sampling period is (.005 seconds.

Figures 4-17, 4-18 and 4-19 give the time responses of X s ¢] and ¢2,



8}

respectively, when an 8-bit quantizer is placed in each of the three control
input channels, and the sampling period is 0.002 seconds. As mentioned earlier

the oscillations and overshoots are substantially reduced when the sampling

period is smaller.
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Table 4-2. Computer Simulation Program of the Digital ASPS with
Quantization.

DIMEHLIOYN FRET IS« Y RY s TERY LTI @i (S e 2
ERTERNnL FLT-GUTR

FantnN K-RZ00TeFHT LeFHITLOT BT
VLo e en el s TG X e m O p SIS
P e W T Q0 v s Py TN H
NERT»TUL IV e LUE v L INE

PEn e IR PHTIZ2UT o FHI 2UN=T e
SefinSe THFR s RO 5 0 e

WFENOUNT Toe s BEVICE= T8 o F ILE=" FOR2UAT s aliliiwid= 7 SEWNIT -

LINE=0

ToHP =0, 007
M= -8
TEND=100.,
TRRT =0 05
TIMT=0. 54

(F-===8ET INITIAL CONDITIONS
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10

Kl OE-3

RELAN IV
FHIL=0.002
FHELDT =0,
FHELIN=0,
FHT2=0,002

B L2TT=0.
FPHIRIM=0.

GBI =800 .
ARBX—=1 051
AKSP=0  00F
ARNBR=0 L0
Ad=503.,
13SE=2105. 15
R=1.95s

AD=RE
RO=1./8MI

DO =AMIERRE/ B33
00=AJd A53
Fald e £33
F=1./80.
RELTA=L, -A0kCO-RO
T=s

NFRT=0
FRETCI)=TIHT
FRET ¢4 =0, 05X
o 9% I=1+8
DERY(L)=0.125
NI =8

:{F ( f # UE ¥ TEMU) L:'I':'iLL Ln.x. i

=09 LI38NEREH0, LOOBLOSRXDOT

U2=0, S4S02U7RFHILINGO S0 93NSF T L -0« 1P 3USKFHTLTT
V30, o GOROUSHFHIZINTO . LODI206RMHIZ4 O LL7BA0ERPHIZNT

Cri.in WUANTETYT)”
Akl GUANTI(UE
Gl BUANTZVR)
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Yol =R

TRy =Au0r
Yidiamithy I
e rmrH L L
Foas=HI Lo
Yia)=HHI21N
TS Y=L
FOE PR

Call REGSPRMY » Y2 DERY » NULM THLF»FOT vy DUTF » ALIXD
&G0 10 10
EME

SUBROUTIHE QUARTZ (X)) .

COMMUN ®oXOO T2 PHIL « FHTLRT o T LT BHL 2 s FHT R T s PHT 2 TN T s
T S UV e A T T AR S AT ANEE s BT S I TR R e Ly L TRy

Ay B0 CO D0y e F e TENI s My

HFRT = IVE 2TV TMB L THE

IF{XK1LT.0,0 G0 TO 20

T (WA H 0 &

G TO 30

I (XX AHI -0 5

XX=LOAT IV RH

RE TURN

AT E

e %ok

ORICINAL PAGE 18
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V. DESIGN OF THE ANALOG ASPS THROUGH DECOUPLING

AND POLE PLACEMENT

5.1 Introduction

In Chapter || the anaiog controiiers orT tThne APy are designed tor the control
of the x, ¢I and @2 dynamics. The eight eigenvalues of the system are assigned
so that the overall system has an equivalent bandwidth of 2 Hz. We shall see
later that this is not an accurate description of the bandwidth requirements of
the system.

The analog controllers consist of eight state-feedback gains with no coupling
between X, ¢] and ¢2. in other words, the input u, of the x component is affected
only by feedbacks from x and é,_the input u, of the ¢] component is affected only
by feedbacks from f¢1, ¢] and é! . Similarly, the input Ug of the ¢2 component
is realized by feedback from the states f¢2, ¢2 and éz. Therefore, the three
independent controllers are essentially PiD controllers.

" The values of the eight feedback gains are determined by using the Brown's
method for pole-placement. The sampled-data version of the x, ¢] and ¢2 dynamics
of the ASPS was obtaingd by inserting sample-and-hold devices in the three input
channels. It was shown in Chapter |11 that using the feedbéck gains designed
for the analog system, the sampled-data system is stable for sampling periods
less than or equal to 0.0075 seconds. However, this sampling period is still

considered to be too smal]l to be economical and practical for the ASPS.
5.2 Design of the Analog ASPS Through Decoupling And Pole Placement

As it turns out the desired bandwidths requirement of the ASPS is as
follows:
X dynamics 0.04 Hz

¢] dynamics 10 Hz



t0n

¢2 dynamics 1 Hz

Since the ¢I dynamics is 250 times faster than the x dynamics, it Is
virtually impossible to find an equivalent bandwidth of the overall system and
establish a general eigenvalue requirement for the system. Therefore, it is
necessary to decouple the x, ¢I and ¢2 dynamics through state feedback and
simultaneously place the poles to realize the desired bandwidths for all three
system components. The problem is stated as:

Given the system

x(t) = Ax(t) + Bu(t) (5-1)
where - - -
X X]
x X,
/o, *3
f_(t) = 5 = Xl} (5-2)
'] :X5
# %6
/¢, *7
X
s, L8]
¢
- uy ()]
u(t) = uz(t) (5-3)
u3(t)

A is the 88 coefficient matrix and B is the 8x3 input matrix. The state feedback

is defined by
ult) = -Gx(t) (5-4)

where G is the 3x8 feedback matrix. The elements of G are to be selected so that

the coefficient matrix of the closed-loop system, A - BG, has tﬁe folltowing form:



where

A - BG =

ﬂ] is a 2x2 matrix for x

2

A is a 3x3 matrix for @I

A . .
3 15 a 3x3 matrix for ¢2.

F0 1

(5-5)

The eigenvalues of A], AZ and A3 are so selected that the bandwidths requirements

are satisfied.

Referring to Fig. 2-1 the A matrix of the ASPS has the following form:

0 1
aZ] 0
0 0
v 0
A =
aSI 0
0 ¢
0 ]
88] 0

G

0

0

824

0

0

0

0

0
g9
0

0

57

0

0

(5-6)



where the a.,
]

41

294
a

27
51

a

's

and bij's in the A and B matrices are given as

-D.61207568
-1.4844272 x 1073

-3_-
1.4844272 x 10 7 = a, ),

-0.31202659

~7.583096 x 107"

-4
7.589096 x107" = -ag,
0.31202659

7.589096 x 10~

-7.6884396 x 1072

0.58237458
0.29688544
-0.296885k44
0.2968854%
0.15178192
~0.15178192 = -b52
-0.29688544
-0.15178192

0.15376999

It is simple to show that B has full rank (rank = 3).

Let the feedback matrix be represented by

992 %13 %91y %5 Y96 Y17 Y3
920 923 954 95 95 997 Ypg

932 933 334 935 936 937 Ysg

Then BG becomes

(5-8)
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0 0 0 0 "D 0 0 0
(BG)Zt (BG)22 (BG)23 (BG)Zh (Be)25 (33)26- (BG)27 (BG)28
0 0 0 0 0 0 0 0
8 = 0 0 0 0 0 0 0 0 (5-9)
(BG)EI (BG)52 (BG)53 (BG)SA (BG)55 (BG)56 (BG)57 (BG)58
0 0 0 0 0 0 0 0
0 0 0 0 ) 0 0 0
—EBG)S] (BG)82 (86)83 (BG)Sh (BG)85 (BG)86- (BG)87 (BG)88“
whe}e 3
(BG)ij = 3 b1 9y; i=1,2,...,8, j=1,2,...,8
k=1
in order for A - BG to be a diagonal matrix, the following relations must
hold:
(B&) )3 = a,3 =0
(BG),, = 3,y
(BG)25 = a,; = 0
(BE) yg = ayg = 0
(BG)27 = 3,5
(BE) g = a,g = 0
(B6) 5y = ag,
(BG)52 = ag, = 0
(BG)gg = agg = 0
(B6) ;= a5,
(BG)g, = ag,

(BG)g, = ag, = 0
(BE)gy = agy = 0

(B&) g, =
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(BG)gs = @gg = 0
These equations represent 16 equations with 24 variables in the feedback gains
gij (i=1,2,3; j=1,2,...,8).
For the present design, the x dynamics is specified to_have a bandwidth of

0.04 Hz. Since the x dynamics are represented by a second-order system, the

bandwidth of the system is given by

BW = mn[ 1 - 207 +-44;4 - kg% s 2 )% (5-11)

If we choose the damping ratio ¢ to be 0.707, then

BW = W (5-12)

where W, is the natural undamped frequency.

Therefore, for the x dynamics, the eigenvalues are selected to be at

Pis Py = 3y j_ja] (5-13)
where
a! = - 949&.5.2E.= _0_]78 (5_14)
VZ

The ¢I and ¢2 dynamics are ot the third order. However, we can use second-
order approximations by placing the real root far to the left on the real axis

in the s-plane. For this case we let the real root of the ¢1 dynamics be placed

at

= b, = -200 (5-15)

Then, the complex roots are:

Pys Pg = 3, * Ja, (5-186)
where ay = - 2m x 10 _ -4k h3g (5-17)
vZ

Similarly, for the ¢2 dynamics, we let

pg = by = -20 (5-18)
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Then,
P7s» Pg = 83 ¥ Jag (5-19)
where 2 = - Zgié_l.= -k k436 (5-20)

The characteristic equations of the three decoupled subsystems are as
follows:
x component: (s - ay - ja])(s tay ja])

=3 -Za]s + Za? = 0 (5-21)

¢, component: (s - b,)(s - a, ~ja,) (s - a, + ja,)

= (s - by) (s” - 2a,5 + 2a2)

- s3 - (2a, + bz)sz + (2a§ + 2a,b,)s - 2a§b2 =0 (5-22)
¢, componwnt: (s - b3)(s - ag - jaB)(S -agt ja3)

_ _ 2 _ 2

= (s b3)(s 2335 + 233)

N 2 2 - 2a%b. = -

=5 (2a3 + bg)s + (2a3 + 233b3)s 2a3b3 =0 {5-23)

If there exists a set of feedback gains such that the decoupling of the
subsystems X, ¢] and db can be accomplished, then the decoupled closed-loop
system will have the independent characteristic equations of Egs. (5-21), (5-22)
and (5-23).

Let the matrix A of Eq. {5-6) be written as

] !
fUJf_Lf_
= ' ! -
A X | Ay, | X (5-24}
S -
}
XX A

where AH denotes a 2x2 matrix, A22 and A.. are 3x3 matrices. The submatrices

33
denoted by X contain elements which are unimportant for the immediate development.

in view of Eqs. (5-5) and (5-9}, the decoupled x dynamics with state feedback

can be expressed as
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x X
{- Ho- 1, ]_l (5-25)

| % %2 ]
where
0 0 0 1
Ay = Ay - = (5-26)
_ (BG)21 (BG)22 a,; - (BG)Zt -(BG)22

The characteristic equation of A] is

s -1

it

[st - ]
gy " (BG)ZI s + (BG)22

2 — -
s° + (BG)zzs - Ayt (BG)ZI = 0 (5-27)

Similarly, the decoupled ¢, dynamics with state feedback is described by

%3 3

;4 = A, | x4 (5-28)
| %5 ] 5 ]

where
: [~ o 0 0
Ay = Ay, - 0 0 0
_EBG)53 (BG)SQ (BG)55
0 I 0

L:—(BG)53 agy - (BG)Sh —(BG)55

The characteristic equation of A2 is

| s -1 0
sl -A,| = 0 5
I 5|

(86}  -ag, + (BG)g, s + (BB)g,
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=53+ (BG)5552 + ((BG)SA - 354)5 + (BG)53 =0 (5-30)

For the ¢2 component, the decoupled closed-loop state eguations are

*g Xe_
X7 | = A5l %9 (5-31)
where
0 0 0
Ay =hgy - 0 0 0

|(BGgg  (BO)g;  (BG)gg
0 1 0

0 0 ] (5-32)

“(BG)gg  2g7 - (BGlg; -(BG)gq
The characteristic equation of A3 is

s -1 0

0 [ -1

]

[st - ABI
(BG)86 magy * (BG)87 s + (BG)BS[

s3 + (55)8852 + ((35)87 - a87)s + (BG)g, = 0 (5~33)

For pole placement, in order tc meet the bandwidth requirements, the corresponding
coefficients of the characteristic equations in Egs. (5-27), (5-30) and (5-33)
must match those of Egs. (5-21), (5-22) and (5-23), respectively. -

Thus, for pole-placement,

2 2 2

s” - 2a]s + 2a] = s + (BG)ZZS + (BG)2] - a,, (5-34)
3 2 2 .2
s” - (2a2 + bz}s + (2a2 + 2a2b2)s 2a2b2

53 + (86)5552 + ((BG)Eh - 354)5 + (BG)53 (5-35)



53 - {2a, + b3)52 + (2a2

3 + 2a3b3)s

3
3

= 5

+ (39)8852 + [(BG)87 - 387]5 + (B8) g,

2
- 2a3b3

(5-36)

Equating the like coefficients in the above three equations, we have

(B6) 5y = byy91y *+ Byylyy + bys8s, = -23,
(BE),; = byy0y) + by, + byy8yy = 237 + 3y,
(B&)gg = bg1915 * boylas * 953935 = (22, + b))
(B6) 5y, = bysy9y, + b8y, + begsyy = 2a2 + 2a,b, + ag, .
(B6) g3 = bg19)3 + bgy9ys + b9y = “2azp,
(BG)gg = bgy9yg + bg,dyg * bg3asg = ~(2a; + by)
(BG)87 = b81917 + b82927 + b83937 = 2a§ + 2a3b3 + agy
(BG) gy = bgy9yg * bgydpg + bgasg = ‘za§b3
NMotice that the 16 constraint equations on the feedbgck gains in Egq. (5-10)

are conditions on decoupling of the three subsystems, whereas the 8 constraint

equations in Eq. (5-37) are the conditions for pole placement.

The 24 constraint

equations contain 24 unknowns in the elements -of the feedback matrix G, gij’ i=1,

2,3, j=1,2,...,8.

The 24 constraint equations in Eqgs.

WG =C
where —
b)1 Y
W= b53 b52
 Ba °82

(5-10) and {5-37) can be written as

(5-38)

bgs3

G is the feedback matrix given in Eg. (5-8), and C is a 3x8 matrix whose elements

are composed of aj, a,, 33, b], b2, b3,

and aij’ i=1,2,...,8, j=1,2,...,8.

The feedback gain matrix G can be sotved form Eq. (5-38) if W is nonsingular.
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to be nonsingular, it is necessary and sufficient for B to have full rank.

or the system parameters given for the ASPS, the feedback matrix is solved

g. (5-39), and the results are given as follows:

9
92
93
i
815
916
917
918

36.449

212.4

9.256981248 x 10°

-2.5471626624 x 107

-3.3892568 x 10°
0
0

0

-73.35

-415 . 454L
2.2126125552 x 10°

6.0882526771 x 107

8.1012732 x 10°

3.96750304 x 105

1.091703152 x 105

1.452664 x IOA

0

0

3.9675030k x 10°

1.091703152 % 10/
1.45266h x 10°

3.96750304 x 10°
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9.998x10""  1.999x10

2

.224x107°  9.998x10"

.160x10°7 -2.080x10"

.2540x10™° -k.160x10"

$(0.02)=

.240x10™3 -6.240x10"

5.160x10~7 2.080x10"
6.240x10™°  4.160x10"

6.240x107>  6.240%10"

1.164x10""

1.164x10™2

| 3.958x1077

5.937x107°

5(0.02) =

5.937x10°>

.958;(10-7

.937x107°

.937x10'3

2

1

9

7

5

9

7

5

FRECEDING Pﬂcﬂéggjﬂik:pagr FILAEED) 113
-2.968x1077  -1.979x1070 0 2.968x10°7 1.979x10
~2.968x10™°  -2.968x1077 0 2.968x107> 2.968x10"
1.999x107%  1.999x10™" o 1.011x102 5.059%10
9.9%9x107  1.999x10™2 0 1.517x1077 1.011xI0
-1.517x107°  9.999x107 0 1.517x107° 1.517x10"
1.011x10™°  5.059x107'2 1 1.999x10™% 1.999x10"
0o 1.5:17x107  1.0tixi0™? o0 9.999x107 1.999x10”
0 1.517x107°  1.517x1077 0 -1.537x107> .9.999x10"
(6-12)
5.937x10°  -5.937x107°
5.937x107°  -5.937x107>
2.023x107/ ~2.023x1077
3.035x10™° ~3.035x10°
(6-13)
3.035%107° -3.035x107>
-2.023x10”7 2.050x10™/
-3.035x107° 3.075x107°
-3.035x1073 3.075x1073

For the same bandwidth requirements described in Chapter 5, the following

eigenvalues are selected in the s-plane:

x component: {(0.04 Hz bandwidth)

p]: P2 = -0.178 130.178

¢, componentft(lo Hz bandwidth)

P3 = -200

7
12
9
7-
h.
2

1
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pys Ps = -bh.436 + jb.436

¢, component: (1 Hz bandwidth)
p6 = "'20
Py Pg = -4 4436 + jh. L4436

Ts

JUsing the transformation z = e ~, these eigenvalues are transformed into

the z-plane. The corresponding z-plane eigenvalues are:

X 2y, 2, =-0.9964457 + j0.0035417
9y z, = 0.01831564

z), 2g = 0.2592945 + j0.3191948
by zg = 0.67032

z,, 2g = 0911366 + j0.096987

The condition of decoupling of the closed-loop digital system given in Eqg.
(6-8) results in 42 constraint equations. This is due to the fact that Eq. (6-8)
represents 64 scaiar equations, but there are 42 zero elements in the matrix.

The pole blacements of the eighth-order system would produce 8 more constraint
equations, so there are oniy'Zh unknowns in the feedback matrix G. Therefore, in
general, there would not be a éet of solutions with more equations than unkncwns.
However, a closer look at the elements of &(T) and 6(T) reveals that some of the
elements are extremely small so that a good approximation can be obtained by
assuming that these small elements are zeros. ]n other words, the state transition

matrix 9(0.02) given in Eq. (6-12) can be approximated by the following matrix.



¢(0.02)=.

3.998x10”!

~1.224x10"2

0

0

i 6.250x10"3

1.999x10°

9.998x10

0
0

6.240x10°

-6.240x10™° -4.160x10"7

—— — —— Sy —— — — t—

5

1.517x10°

————————————————————— '—.

0 0 | 0
]
? -2.968x1077 |0
1.999x1072  1.999x10 " 1 0
-1 Y
9.999x10 1.999x10 10
1
5 9.999x10™! o
]
0 4] |}
|
0 .0 | 0
5 -7I
1.517x10° 7 1 0

2.968x10

1.999x10"

9.999x10”"

-1.537x10'5
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0

2.968x10°

1.999x10"

1.999x10"2

9.999x10"

(6-14)

Similarly, we can approximate 0(0.02) by the following matrix:

Then, the matrix 8(0.02)6 becomes

8(0.02)=

-5.937x10"

G

3

1.164x10°% 5.937x10"

-3.035x10°

0

-5.937x10°

3.075x10°

3

3

(6-15)



8(0.02)G =

0 0 { 0
]
(ee)21 (eG)22 |(es)23
“““““ 1
0 o, 0
I
0 o , 0
|
(66) g, (86),, :(95)53
0 o |1 0
I
0 0 : 0
|
|

0

(86),, (86),,,

(86)84 (eG)85 (86)86 (ea)s7 (96)88_—

0 0 0

(BG)26 (86)27 (66)28

0 ; 0 0 0

0 : 0 0 0
| .

0 | 0 0 0

0 0 0 0

Based on Eqs. (6-14), (6-15) and (6-16), the following 16 equations are

obtained for decoupling the ¢ - 8G matrix:

il

(8G)23

]

(86) 4
(86) 5 =
(686) ¢ =
(66), =

(8e) ;g =

fl

(86) g,

(eG)52
(ee)57 =

(6G)58.=

(86) g;

921913 * 839953

091975 T 892994

8 8

21915 T 922995

921916 * 822926

8

951917 * 959957

921918 * 992928

+

0

851997 52921

8

B

951919 * 8599y,

+

951916 * 952996

o

951917 * 952927

+

051918 * 95,958

+

981911 * 98799

-+

-+

+

-+

+

+

t U5393y 7

-+

KR

+

+

®53933

893934 =
953935 =

953956 =

923937

094938 =

85393, =
853936 =
O53837 =
953938 =

0g3935 =

I

0
~2.968x10™°
-2.968)(]‘3_7

0

2.968x10™°

2.968x10'7
~6.250x10"°
-4, 1601077

0

1.517x10'5

1.517x10'7

6.240x10 7>
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(6-16)



(66)82 = 0 + 6

81911 T Ygp92p *

(86) g3 = 841973 + Og9p5 *

(08) gy = Bg197y *+ 88,9y, + Bg39syy, =

(68)

983937

993933

85 = 981915 * 92925 * 9g3935

= g, = 6.240x107
bgy = 1.517x107°

= dg5 = 1.517x1077

The eight additional constraint equations for the solution of the 24

nr

elements of the feedbdck gain matrix G come from the pole placement requirements

on the submatrices, A], A2 and A3.

After the matrix ¢ - 6G has been decoupled, it can be written as
A, 10 1 0 7]
SN S
$(0.02) - 8{(0.02)6 = o |l A, | O
S g A
| |
_o]o IAa
where _ -—¢]] ¢}2 0 0
A = -
21 ¢go (ee),,  (e6)
1t 12
__¢21 {66) ¢,, - (86)
(%33 03 b5 ] [0 0 o ]
By =103  buy b5 | - 0 0 0
%3 d5y g5 (66) g5 (08) 5, (0G) 4
933 P31 %35
= | %43 uy Py5
53 7 (08)55 bgy - (88)5, ¢y - (80) g5 |

(6-18)

(6-19)

{6-20)}



A3=l¢76 ez o |7 | © ° °
L?86 g7 ¢88__ _feG)86 (86) g, (96)88_
Y66 %67 T
= | %76 ‘ 977 478

¢gs = (6B)gs og; - (86) g, dgg - (8G)gg

The characteristic equétion of the decoupled x dynamics is
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(6-21)

(6322)

Z 7o " 92
|zt - A]I =
’ - ¢2] * (66)21 z = ¢22 + (GG)ZZ
- 2 _ ) )
=20+ (865, = @)y = $yp)Z T Gp09p = 614 (0G),, + 6y, ((66),,
= (Z + a'l + jb])(Z + a] = jb])
where a; = ~0.9964457  and b, = -0.0035417.

Now solving for the unknowns in Eq. (6-22}, we have
(8651 = 81971 * 822951 * 85393,

1
P12

(a?

2 2
¥ b * 4y + 2310y + 9yp0p))
(66) gy = 81912 ¥ 029925 * B3935 = &y *+ ¢y, + 23
For the ¢ dynamics, the characteristic equation of AZ is

Z 7 933 Y T ¢35

" b3 27 by " 5

il

|ES oY

953 * (88)g3 = ggy * (8G)gy, oz - ggp + (86)

il

(6-23)

(6~-24)

2
2+ ((86) g5 = b5 = By - bg) 2+ ((oyy * ) (86) 5 + 0y (08)

- ¢2]J
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+

035(80) 53 = O5udup * O350 + baadyy - Bysbsy - dighoy * 80,502

+

(o330, = 395 (88) g + (83003 = 0330,5) (00)

-+

(3945 = 03500 (08 55 = 03301055 + b3305,815 + 0303,055
T tu3P3505y 93045053 93504453 (6-25)

The desired characteristic equation is written as

(z + a, + jbz)(z +a, - jbz)(z + cz) =0 (6~26)
where c, = ~0.01831564
a, = ~0.2592945
b2 = ~0,3191948
Equating Egs. {6-25) and (6-26), we get
(6G)55 = 851915 + 852925 + 653935 = ¢55 + ¢44 + 1+ 2a2 + e, | (6-27)

(86) ¢y, = 85,97 * 85,9, + 85395,

) - ¢35(] + 2a2 + ag - bg)(l + c2)

5935 T d3ubyp = O550y,)

1
" g (L * 1 (g5 + by

’ 2 2
1+ 2, +c,) - bpubys * Gu5dsy = G55 - by t 23,0, + Ay + sz (6-28)

(8G) g3 = 057975 + B559y5 + 653933

2 2

_ (1 + zjz + ) +—b2)(1 + c2) (6-29)
O35 * 34045 ~ G350,

For the ¢4 dynamics, the characteristic equation of A3'is
27 % " %67 R
|21 = A5l = |- mdg " 477 " 78

T ge * (06)gg = 0gy ¥ (88)g; = - 0gg + (B)gg
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]

) .
23 + [(GG)SB - ¢88 - ¢77 - ¢66)Z + (_(¢77 + ¢66){GG)88 + ¢78(BG)87

+

¢68(GG)86 - ¢87¢78 T PegPag + ¢ée¢77 - ¢76¢67 " Pogge * ¢77¢78)z

((¢66¢77.- ¢76¢67)(8G)88 + (¢68¢76 - ¢66¢78)(8G)87

+

+

(957078 = BgPy7) (BG) gy = dgpdssdgs + bgpbg Psg *+ Prpdg 088
- ¢76¢68¢87 - ¢67¢78¢86 + ¢68¢77¢86J (6-30)

The desired characteristic equation is written as

(z + a3 + jb3)(z + ag ~jb3)(z + c3) =0 (6-31)
where ¢z = -0.67032
a3 = -0.911366
b3 = -0.096987

Equating Egs. (6-30} and (6-31), we get

(86)gg = 85,914 * Bgy926 + Og393¢

2
(1 + 2a3 + ay

beg * P57P78 " Pesty7

2
+ b)) (1 + ¢,)
3 3 (6-32)

(68)gy = 8g19)7 + Bgy9yy + 853937
- @68(1 + 233 + a§ + b%)(l + c3) 1

&
788968 * 967978 ~ %6577

[
¢’78\(4377 + 1)(¢88 + ¢77 + 1 +2a3+c3)

2 .2 )
T by7078 + Ggghyy - gg = gy + 2agcy + ay ¥ by (6-33)
88)gg = 031915 * Bgy955 * g3Usg
= ¢88 + ¢77 + 1+ 233 + cs (6-34)
Equations (6-23), (6-24), (6-27), (6-28), (6-29), (6-32), (6-33) and (6-3k)
form the additional eight constraint equations, together with the 16 equations

in Eq. (6~17) are adequate for the solution of the 24 unknown feedback gains ir



The solution of the 24 constraint equations gives the following results:

91
912
913
Ny
95
916

35.432513595904985
209.57461847387285
-9.368484250209332x107
-8.11397701621271032x10°
-1.4453443216549823x10°
957 = 915 = C
-71.361744259885901
~409.94846384061196

5.2392641102247482x10°

1:9394105849068884x107
3.454675889387745x10°
3.578272520216161x10°
1.3239693135355619x10°
1.2749737170875715x10"
939 = 0
4.015292755500438x107
3.4776162570406019x10°
6.194684677849835x10"
3.578272527392904x10°

].323969309&]2944x]06

1.2749737129324844x10"

(6~35)

121



122

Vil. COMPUTER SIMULATION AND DESIGN OF THE DIGITAL ASPS
7.1 Introduction

in the preceding chapter the digital ASPS was designed through decoupling
and pole placement. In general, the decoupling problem does not have a uniqﬁe
solution. However, in the ASPS it turns out that some of the elements of
the matrices ¢{T) and 8(T) are very small so that the matrix 6G can be approxi-
mated by a matrix which has only one nonzero row. We recall that the design
objective fs to realize simultaneously the following bandwidth requirements

for the x, ¢] and ¢2 components of the system:

X3 bandwidth = 0.04 Hz
o bandwidth = 10 Hz
By : bandwidth = 1 Hz

However, the "partial' decoupling of these components means that the desired
bandwidths cannot be realized directly by the design method outlined in Chapter
VI. A trial-and-error method is used toldetermine the feedback gains to meet
the design requirements. The method Invoives first assuming a desired bandwidth
for x, BW = 0.04 Hz, then we compute the required feedback gains, simulate
the digital system, and observe the time responses to see if the individual
bandwidth requiremgnt is satisfied. |f any one of the bandwidth is not
satisfied, we adjust the bandwidth of x again, and repeat the process until
we come close to the desired bandwidths. Only the bandwidth of.x is varied
in this case, since the bandwidths of ¢] and ¢2 are not so sensitive to
parameter variations.

In Chapter VI the digital ASPS was designed using the sampling period
of 0.02 seconds. In this chapter larger sampling periods are considered.

[t is shown that the digital ASPS with state feedback can be stabilized for
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a sampling period as large as 0.1 second.
7.2 Computer Simulation Results, T = 0.02 sec

In Chapter V1, we set the sampling period.at T = 0.02 sec, and required
that the bandwidths are 0.04 Hz, 10 Hz and 1 Hz,.respectIVeIY for the x, ¢]
and ¢2 components. These bandwidth requirements correspond to a set of z-
plane eigenvalues which the closed-loop system must realize. The corresponding
feedback gains are obtained as in Eq. (6-35). The computer program listing
for the design and simulation of the digital ASPS is given in Table 7-1. Figure
7-1 shows the time response of x(t) when the feedback gains are as given in
Eq. (7-35). Notice that the response is very slow which corresponds to a
system with a very narrow bandwidth, certainly much smaller than the desired
value of 0.04 Hz. By reassigning the bandwidth of x, it is possible to fine
tune the dynamics of x, ¢] and ¢2. However, due to the coupling of the three
components, it is extremely difficult to obtain the exact responses desired,
depending on how the bandwidth is defined. In any case, the closed-loop
eigenvalues of the system are placed at the desired location by the state

feedback design. The desired eigenvalues are now specified as follows:

X 2y, 2, = 0.96k471639922 + jO.00342947
¢]; zy = 0.01831564
ok Zp» z5 = 0.2592945_i j0.3191948

zp = 0.67032

24, 2g = 0.911366 + j0.096987
Note that only z and z, are changed, but the other six roots are still the
same as those specified in Chapter VI. The pole-placement design now yields

the following feedback gains:

9y7 = 3643.66148126889



Note that except for

for these feedback gains are shown in Figs. 7-2,- 7-3 and 7-4, respectively.

These responses are very close to having the desired bandwidths.

9112 9127 Y93
identical to those given in Eq. (6-35). The time responses of x, ¢, and ¢,

2128.0189640019839

-9.3684842502093316 x 107

-8.11397701621271032 x 10°

-1.4453443216549823 x 10°
917 = 913 = 0
-42330.651505108181

-10394. 903057183335

2.2392641102267582 x 10°

1.9394105859068884 x 107
3. 454675889387745 x 107

3.5782725250216161 x 10°

1.3239693135355619 x 10°

1.2749737170875715 x 10°

839 = 0

4.0152927555004380 x 107

3.4776162570406019 x 106

6.194684677849835 x 10"

3.5782725273929039 x 107

1.32396930941294L x 106

1;27497371293248ﬁ4 X 104

(7-1)

and 959 all the other feedback gains are
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Table 7-1.

Digital ASPS
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X, T =0.02 sec, with feedback

gains given in Eq. (6-35).
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7.3 Computer Simulation Results, T = 0.04 sec
N

It is of interest to investigate if the sampiing period can be increased
and still be able to realize state feedback contreol to achieve the desired
bandwidths for the three system components. The sampling period is now increased

to 0.04 sec. The matrices $(T) and 8(T) for T = 0.04 sec are given as follows:

ORIGINAL PAGE is

${0.0L) = OF POOR QUALITY
9.995x107! 3.999x1072 0 -1.187x107% -1.583x1078 0 1.187x107° 1.583x1078
2. 447x1072 9.995x107! 0 ~5.936x1075 -1.187x10™6 0 5.936x107> 1.187x107°
-3.328x10°° -3.33x107% 1 3.99ax1072 7.999x10™" 0 8.094x10"2 8.094x10” !
-2.496x10™% =3.33x107° 0 9.999x10”" 3.999x1072 0 6.070x10™7 8.09kx10™2 (7-2)
“1.247x1072 -2.49x10"% 0 ~3.035x10"° 9.999x10”" 0 3.035x107° 6.070x10”/
3.328x107% 3.328x107% 0 8.094x1079 8.094x16 ' 1 3.999x1072 7.999x10™ "
2.596x10" 3.328x107% 0 6.070x1077 8.094x107% 0 9.999x107" 3.999x10"2
1.247x1072 2.496x107% 0 3.035x107> 8.094x107/ 0-3.074x107> 9.999x10™
i 4.658x10”" 2.37hx10™" ~2.37hx10™ " )
2.329x10" 2 1.187x107%  -1.187x107 %
3.166x107° 1.618x107% ~1.618x107°
2.374x10" " 1.21kx10"" “1.21kx10”"
2008 = 1.187x1072 6.070x10"> ~6.070x10"°> (7-3)
-3.166x107¢  -1.618x1078 1.6h0x107®
~2.37hx107%  <1.214x107" 1.230x10" "
S1.187x10°2  -6.070x1073 6.149x107 3




The desired eigenvalues of the closed-lToop ASPS are set at:

X3 21y 25 = 0.976901072005 + j0.00225733531031

¢1: 23

¢2: Iy Zg = 0.0028068097799 + j0.003939345

6

Zgs Zg = 0.8587194942988 + j0.16334107966

The feedback gains are

il

9

92
913
91y
95
916 =

= 0.0003354626270

= 0.44932839641172

determined and are tabulated as follows:

3.8178805894610170x10°
6.8560283114373904x102

~1.8228873974050188x107

-2.531372]087607277x]06

-8.7845436116937588x10™

917 = 918 = O

-7.4488328494704121 3x102

-1.3410796296921878x10°>

4.3570829799433742x107

6.0505099423975705x10°

2.0996900572869749x10°

2.0185680288217810x10°

3.6134117793464126x10°

1.0L477885260603344x 10"

93p = 0
2.8128183443659252x10°

1.0849353874460890x10°

3.7650182657481631x10"

2.0185680341725262x10°

3.613&117389247]05x}05
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(7-4)



938 = ].0477885188377713x104

The time responses of x(t), ¢](t) and ¢2(t) for T = 0.04 and the feedback

gains as listed above are shown in Figs. 7-5, 7-6 and 7-7, respectively.
7.4 Computer Simulation Results, T = 0.1 sec

Since the on-board computer has a limited capacity and processing speed,
it is important that the sampling period of the ASPS should be kept as large
as possible. It is well known that in general large sampling periods are
detrimental to the stability of digital control systems. In the preceeding
sections we have shown the design of the feedback gains for the ASPS to realize
the bandwidth requirements with sampling periods of 0.02 and 0.04 seconds.
In this section we shall show that the ASPS can be operated with a sampling
period as large as 0.1 second.

For T = 0.1 second, the ¢(T) and 6(T) matrices are,

$(0.1) =
9.969x10"" 9.999x1072 0 ~7.418x1078 ~2.473x1077 0 7.418x107% 2.173x1077
~6.114x102 9.969x107 " 0 -1.483x10" ~7.418x1078 0 1.483x107" 7. 41841070

6

-1.299x10 ° 1 9.999x10" 2

5 .999x10°3 0 1.264x1077 3.161x10™7

29 3.792x107° 1.264x1077
5

~5.199x10°

-1.559x1073 -5.198x107° 0 9.999x10"

~3.117x10" 2 ~1.559%10" 3
6

1

.999x10 ' 0 7.581x10°

4
9.999x10"
> g

0 -7.581x10 3.792x10°

5.199x107° 1.299x10" 3

3

0 1.264x10°7 3.161x1072 1 9.999x10™ 2 k.999x10"

5.198x10 > 0 3.792x10"6 1.264x1077 o 9.999x10_] 9. 999x10"2

3.117x1072 1.559x10°3 0 7.581x107° 3.793x10°C 0 -7.681x107° 9.999x10”

1.559x10°
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8(0.1) =

2.910x107>  1.484x1073  -1.48hx1073
5.818x10 2 2.966x102 -2.966x10" 2
4. 9h7x107° 2.529x10" 2 -2.529xto'5
1. 48kx 10> 7.585x10°%  =7.585x107"
2.966x107%  1.516x10°2  -1.516x10 2
4. 947x107°  -2.529x107° 2.562x1072
-1.484x1073  -7.585x10 " 7.685x107"
-2,966x10°2  -1.516x10"2 1.536x10_2J

ue
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(7-6)

Corresponding to the desired bandwidths of the three system components,

the eigenvalues of the closed-icop digital ASPS are set at:

X
‘b]:
6,:

The feedback

Zys 25 = 0.9423049137666 + j 0.05448575545211

z. = 2.06x10

3

9

2, Zg = 0.5790229524118 + j0.2756322267541

zg = 0.1353352832366

27, 28

gains are determined and are tabulated as follows:

St
912
913
S
95
916

= 0.6570647872999 + j0.4965162436514

356.5439119086725k
673.937543782499

-2.971496035004556x10°
5

L

~2.1929182981938171x10
~2.1617128726694806x10
917913 =70
-699.45360421649164
-1318., 3208254459652
7.102498504377198x10°

5.2415343590564353%10

(7-7)
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0,5 = 5.1669468758013832x10"
g, = 1-5837111307008396x10°
Gyq = 8.5#97097649640713x{6“
a,g = 7799.1724382365824

931 = 935 =0

953 = 1.2735706421362781x10°
G4y, = 9.3987551465092623x10°"
935 = 9265.0100115225987

956 = 1-583711156938645kx10°
g5, = 8.5497094066096154x10"
93 = 7799.1723174475365

The time responses of x, ¢1 and ¢2 of the digital ASPS with T = 0.1 and
the feedback gains in Eq. (7-7) are shown in Figs. 7-8, 7-9, and 7-10, respectively.
These time responses show that with the proper design, the digital ASPS cam

operate with a relatively large sampling time without any difficuities.
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Viil. OQUANTIZATION EFFECTS IN THE DIGITAL ASPS

8.1 Introduction

In the preceding chapters the digital ASPS was designed through decoupling
and pole-placement techniques, and the designed system was simulated on the
digital computer. It was shown that the bandwidth requirements were approxi-
mately satisfied by digital feedback, and the computer simulation resuits
showed that the responses of the x, ¢] and ¢2 dynamics were guite good. With
proper design, the digital ASPS can operate with a relatively large sampling
period of T = 0.1 sec without any difficulty.

In reality, because of the finite bit length used in a digital computer,
the state-feedback gains designed for the decoupled digital ASPS must be
quantized. !t should also be Aotéd that the quantization effect due to
operations in the digital computer is not the same as that introduced by the
A/D converter.

In this chapter we shall investigate the effects of amplitude quantization
in the digital ASPS with state feedback. |In general, it is well-known that
quantization can lead to two possible difficulties in system performance.

One form of difficulty is sustained oscillations or instability due to amplitude
quantization. The second type of performance degradation due to quantization
is in the form of steady-state errors.

Although closed-form analytical methods are available for the studies of
sustained oscillations and steady~-state error due to quantization in digital
control systems, the complexity and high-order nature of the closed-loop
digital ASPS precludes the effective use of these methods. The discrete

describing function method can be applied to the study of sustained oscillations

in digital control systems due to one quantizer. However, the closed-loop



digital ASPS has many A/D converters and many quantizers representing the
digital computer operation of the Teedback gains. The complexity of the
system also does not allow an analytical solution to the steady-state error
by the maximum-upper-bound method, treating all quantizers as noise sources.
The method adobted in this chapter is computer simulation. It seems
that considering all difficulties, computer simulation still resulted in

useful "conclusions to the problem of quantization.

8.2 Quantization Considerations in the ASPS

In a digital computer a real number is usually represented by two parts:

the mantessa and the exponent. Figure 8-1 illustrates the floating-point
representation of the number X by an N-bit mantessa M and an exponent part.

Thus, X can be expressed as

X =M x B® (8-1).

where M is the mantessa, B is the base number, 2 in general, and e is an

integer which represents the order of the exponent. The N-bit floating-point

J
number M is generally scaled to be

B <M< 1 {8-2)

and two's complement arithmatic is used for denoting negative pumbers.

In numerical computation, amplitude quantization is introduced by thé
finite length of the mantessa. However, the truncation error introduced by
the quantization effect is not a fixed value; it depends on the exponential
scaling; t.e., it is proportional to B®. Therefore, if the bit length of
the mantessa is N, the quantization level is Z_N x B®. The quantization of

a given number should begin with the calculation of the mantessa M and the

exponent e. The flow chart given in Fig. 8-2 shows how the quantization

150
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operation is implemented.

N bits

X: mantessa exponhent

Figure 8-1. -Representation of a real number

Table 8-1 shows the subroutine FUNCTION QT (X) which is used for the
simulation of the 16~bit quantization of the feedback gains for the digital

ASPS.

Table 8-1

FUNCTION QT(X)
H=2.k%-16 . . ,
IF(XMEL0.) 6O TO |
RT=0. ‘
RETURM
1 AX=ARE ()
SIGN=AX/X
IF(AX=1.) 253y 4
QT=X
RETURN
K= ) ,
IF (AKX GT 10 0k(K~1) ) GO TO 21
N )
GO TO 22
R&=1 - . i
IFCAX LT LORER) GO TO 241
K=K+
- GO TO 42
21 BX=AX/ 10 kXK
IV=CBEXAH I+ o
AT=GIENKFLOAT IV KHX10 . kK
RETURN
ENIy

I3 R td

3

i3

-



START WITH
REAL NUMBER

QT=X

!

RETURN

K=K-1

Quantization level on mentessa

[~ RETURN

Mantessa

Figure 8-2.

QT = M%B

7
¥

RETURN

Quantization operation.

Quantized value
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8.3 Scaling Effects on the A/D Converters

The block diagram of the closed~loop digital ASPS with state feedback
is shown in Fig. 8-3. The digital computer which implements the digital
controller is interfaced with the ASPS through the A/D and D/A converters.

The A/D converters serve as sample-and-held devices and quantizers
because of their finite bit lengths. [If the A/D converter has N bits in
the output and is biased with voltage V, then the full-scale input V volts
will result in a digital number 1 - Z-N, which when taken by the digital
controlier will be interpreted as V(1 - Z_N) which is the quantized value of
V. Therefore, the A/D converter, together with the necessary [/0 port in
the computer, can be considered as an A/D converter with normalized 1 voit
bias, 1.e., simply a quantizer. The functional block diagram is shown in
Fig. 8-4.

Since the steady-state error due to quantization is directly related to
the quantization level, the acchracy in the responses of the ASPS will depend
on the quantization of the A/D converters. The most straightforward method
of increasing the accuracy of the system is to increase the bit length of
the A/D converter. However, this is an expensive proposition, and the cost
can be saved by making use of the scaling technique in the A/D converter.

In the ASPS controller designed in the preceding chapters, the sensor
gains were assumed to be unity. For example, if the error in the x component
is X meter, we assume that the sensor sensed X volts, and the controller
received QN(X) as a number for data processing. Because of the quantization
effect in the controller, the steady-state error will be confined to be within

2 N meteé, where N is the number of bits in the A/D output. In general, N can
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be 8 or 12 { N =12 is used here), and the error is apparently not satisfactory.
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N-bit

SAMPLE-~

SYSTEM :
SENSOR AND-HOLD Q(N) output

Figure 8-4. Block diagram of A/D conversion.

it a sensor gain of 1000 is introduced before the sample-and-hold, as shown

in Fig., 8-4, then the X meter error in the system will be‘sensed as 1000X

mm. After the quantization; the error will be confined to be within Z_N mm.

The digital computer takes Qn(1ooox) as an input ntmber, and performs a division-
by-1000 te convert it back to the number QN(]OOOX)/IOOO = X which is of the
appropriate dimension. Since there are reciprocal gain factors at both &sides

of the gquantizer, as shown in Fig. 8-5, the transfer function between points

A and B as seen from the quantizer Q is the same as that between points € -and

D. Therefore, the control scheme thus far designed will not be affected by

the application of z sensor gain.

For the eight state variables in the ASPS, it can be seen that the scaling
factors for each of these variables will not be the same for best system
performance. As a matter of fact, the sensor gain should not be too low so as
to have larger quantization error. On the other hand, the sensor gain
should not be too high so as to cause saturétion in the system.

In actual implementation it is suggested that the possible maximum error
be sensed (with a certain sensor gain) as the bias vdltage of the A/D converte
and the quantized value be divided by that certain sensor gain before it is

stored in the certain memory location in the computer. A1l the feedback gains

are retained to be the same as they are designed without the scaling factor.
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Figure 8-5. Block diagram showing the effect of scaling.

8.4 Computer Simulation of the ASPS With Quantization

In this section the reponses of the digital closed~loop ASPS with
quantization are obtained through computer simulation. The block diagram of
the gystem is shown in Fig. 8~3. The sampling period of the system was chosen
to be 0.1 sec. The feedback gains of the system are tabulated in Eq. (7-7)
and are not repeated here. Eight-bit and 12-bit A/D and D/A converters were
used. Since the 16-bit wordlength used in the digital computer is longer
than the bit length of the A/D and D/A converters, quantization should be
considered when computing the control signals of the ASPS. This process is

represented by the subroutine program iisted-in Table 8-2.
Table 8-2
mmmmmm DATA . SAMFLING AND A/ CONVERSION

=R HEE RS BEE2IABTEENKR (Y44 . P3PEAP B E0F I3 7SERR{XOOT)

& - ~RPT7IA96H01GS2BEERA(PHIIINI -2, 1939931 6404 23E5XQ(PHIL)
& =2 FO17124646A343VEE4RQPHIIDT ) -

UE=m6.?944?63183593?5E3$G(X)~1+31835?3?§E3$Q(XHDT)

& 47, 10250851546 25E5KA CPHILIN) +5, 2315466 40425E 50 (FHI1)
§ 45, TE49311503ATVIEARA (FHI LT Y41 58370972556 25E5RACFHERTH)
& - +B,5494521484375E4R0 (FHIR) 47 . 7992248535 1 56255340 (FHIAUT)
U3=l, 2734968535156 2SESKR (FHI LIND +9 . 3988037 LOPITUE SO CRHIL)
§ 49.2449841 308593 7EEIRCFHILDT + L 5BITOPPRAES2GESRA (MHIRTHD
% +B.5494521484375E4ER (FHIR) +7, 79902 4BE35 158 DEFEZRA CFHIZ0T)
VITTIUED
YR=0 (U32) _ ~
YARR(YE) ORIGINAL PAGE 18

©F POOR QUALITY
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NIRT s EUL« TUR5 TV L INE
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M= (XM 40,5
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Figure 8-6 shows the responses of the x-dynamics of the ASPS with an
initial condition of 2x10-3 for the first‘60 seconds, with and without
quantization. The A/D and D/A converters have 12 bits. HNotice that the
quantization effect on the transient response is to cause an overshoot in
x at the beginning. Figure 8-7 illustrates the response of the x-dynamics
beyond 100 seconds (near steady state). Notice that the response cannot be
classified as '"sustained osciliation", since it is not periodic. However,
it does appear that the amplitude of the response has reached a maximum
saturated level. In this case, the maximum error due to quantization is

less than 1.5 times 2_]2.

Figure 8-8 illustrates the response of the ¢1—dynamics with the same
quantization level as described above. In this.case it is seen that the
quantization effect was to cause high overshoots in the transient response,
but the response quickly reached a bounded steady-state. Figure 8-9 shows
the same ¢I response beyond 140 seconds. We ses that the maximum steady-

I

state error due to the 12-bit quantization is less than 1.5x10° . Again,

the steady-state response cannot be described as a sustalned oscillation.
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Figure 8-6. Responses of the x dynamics with and without
guantization; 12-bit A/D and D/A converters
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|45 o

Figure 8-7. Response of the x dynamics near the steady-state
with 12-bit A/D and D/A converters.
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Figure 8-8. Time response of ¢] dynamics with
12~bit A/D and D/A converters.
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Figure 8-9. Time response near steady state of cb] dynamics with
12-bit A/D and D/A converters.
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Figure 8-10. Time response of d)z dynamics with 12-bit
A/D and D/A converters.
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In a similar fashion the time response of the ¢2 dynamics with- the 12~
bit A/D and D/A converters in the ASPS system was obtzined and plotted as
shown in Fig. 8-10. Again, the steady-state error of ¢2 due to quantization
is very close to that of ¢].

Figure 8-11 illustrates the time response near-the steady state of
x with 8-bit A/D and D/A conve;ters. Figure 8-12 illustrates, the time
response of ¢3 under the same condition. In these cases, the steady-state
errors due to quantization are all less than one quantization level, 2-8.

As expected, the steady-state error due to quantization is directly related
to the quantization level. In general, large quantization levels will

result in large steady-state errors.
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1X. NONLINEAR SPRING EFFECTS ON THE DIGITAL ASPS
9.1 Introduction

The analysis and design of the digital ASPS conducted in the preceding
chapters were based on the system model that the spring characteristics of
the wire-cable torque were linear. On the ASPS a wire cable is attached to
the center of the payload moﬁnting surface with the other end of the cable
attached to the shuttlie frame. Similarly, there is another cable attached
between the pallet and the shuttle {see Figure 1-2.).

For the linear analysis and design, the spring constant of the payload
is designated by the constant K_ (z and x dynamics), and the spring constant
of the ¢1 and ¢, dynamics are designated by Ks} and K52’ respectively.

The nonlinear spring characteristic of the wire-cabie torque ig shown in
Fig. 9-1. The spring parameters are given by HWF and KS, as shown in the
figure. The abscissa is shown as z,, but the same characteristics are assumed
for x, P and Gy

The objective of this chapter is to investigate the effects of the non-
linear spring characteristics on the performance of the digital ASPS with
quantization. Since the overall ASPS with the nonlinear spring and quantizers
is a high-order digital control system with multiple nonlinearities, no
analytical methods are available to cénduct a closed-form study of the system.
Thus, computer simulations are conducted for the studies. The listings of the

simulation program are given in Table 9-1.
9,2 Effects of the Nonlinear Spring on the X-Dynamics

Since the nonlinear spring characteristic shown in Fig. 9-1 can be inter-

preted as the superposition of a velocity-dependent force (or torque) to the
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Table 9-1. Computer listings of Digital ASPS with Wire-Cable
Nonlinearity and Quantization.
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Figure 9~1. Nonlinear spring characteristic for the
wire~cable torque of the digital ASPS.

linear characteristic of the ideal linear spring, it is expected that the
gross effect is some damping effects on the system dynamics. The éomputer
simulation results show that there are no sustained oscillations as a result
of the nonlinear spring characteristics.

Figure 9-2 shows the transient responses of the x-dynamics of the digital
ASPS with feedback control as designed in the preceding chapters. A 12-bit
quantization is used. The initial value of x is 2x10-3, and HwF is varied
from 0 to 0.008. Motice that when ﬁ = 0, the springs are ideal, and the
response of x is oscillatory. The initial overshoot of the x-dynamics responses
is due to the quantization effects. The final steady-state error of x when
HWF =0 is small with a non-zero mean, but the response is‘re]atively slow.
As shown in Fig. 9-2, when the value of HWF is increased, the time response
becomes faster in reaching its stéady state. In fact, when HWF = 0.0028, the
response of x resembies that of a deadbeat response, and the steady-state is
nearly zero. However, as the value of HWF increases further, the steady-
state error increases. When H = 0.008, the steady-state error is very

WF

large, and the response-is also very slow. Thus, the transient responses in
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Figure 9-2 clearly show that the nonlinear spring parameter HWF can be used

to improve the x~dynamic response if the value of HwF can be controlled to

some extent.
9.3 Effects of the Nonlinear Spring on the ¢] and ¢2 Dynamics

The computer simulation results show that the nonlinear spring has
little effects on the responses of the ¢1 and ¢2 dynamics. Since these two
response components are relatively fast, the above-mentioned results were

expected. However, different values of H . did give slight difference on the

WF
steady-state error of the responses. These error trajectories tend to have
zero mean as expected due to the effect of the integral feedback in the system.
Figureé 9-3 and 9-4 show: the transient responses of ¢} and ¢2, respectively
when HWF = 0. Figures 9-6 and 9-7 illustrate the steady-state responses
of ¢] and ¢2, respectively, as compared with the steady-state response of x
shown in Figure 9-5.

Figures 9-8, 9-9 and 9-10 illustrate the time responses of x, ¢1 and ¢2
for Huc = 0.001. .When H - = 0.0028 it was shown in Figure 9-2 that the x-

component has a deadbeat response. However, this value of H e did not improve

W

the b and ¢, responses, as shown in Figures 9-11 and 9-12.
The conciusions on the investigations in this chapter is that the

nonlinear spring effect due to the wire-cables on the ASPS does not appreciabily

harm the responses of the system. Except for the steady-state error when

the value of HwF is large, the transient responses are not much affected,

There would be no sustained oscillations generated due to the nonlinear

spring characteristic.
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