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1. INTRODUCTION

This report presents the results of an investigation into the feasibility of using Disturhance
Accommodating Controller (DAC) design techniques, as developed by Dr.C. D. Johnson of
the University of Alabama in Huntsville, to cancel out disturbance inputs to a missile
autopilot channel. '

The DAC method of design uses a combination of waveform-mode disturbance modeling
and state-variable control techniques. As a tool for controller design, the DAC approach
_permits three primary modes of disturbance accommodation: (1) cancellation (absorption) of
disturbance effects, (2) minimization of disturbance effects, or (3) constructive utilization of
" the disturbances as an aid in accomplishing the primary control task.

The purpose of this report is to determine if these techniques, specifically the cancellation
and minimization modes, can be successfully applied to a missile system insuch a manner as to
cancel out the effects of disturbance inputs which would otherwise degrade system accuracy.

1t is not the intent of this report to thoroughly cover all the background theory involved in
the development of DAC design procedures. This theory can best be obtained by reading the
original papers; see, for instance, References I-4. For applications of DAC to several simple
systems see Reference 5.

2. SOME BACKGROUND

The plant considered in this report is one which can be described by state equations of the
form

where
X is the plant state vector,
A is the plant control input vector,
w is the vector of external disturbance acting on the plant,

y is the system output vector, and
A, B.F,C,E, G are appropriate size, known matrices which are not necessarily constant.
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Now, the external disturbances. w(t), for which DAC theory is intended are characterized
by the presence of “waveform structure,” i.e., the functions w(t) can be described by known
differential equations which the w(t) satisfy “almost everywhere.” For the cases considered in
this report, the disturbances will be assumed to be described by the following general set of
linear disturbance state equations:

W=Hz +Ix
z+De+Mx+g @)

where
z is the disturbance “state™ vector,
g is a sequence of randomly arriving vector impulses, and
D, H, L, M are known, time-invariant matrices.

In most practical apphcatnons, neither the complete set of plant state variables nor thc
various components w(t) of the disturbance are available for direct on-line measurement.
Therefore, the DAC is restricted to operate only on information in the available on-line
measurements of the system outputs and commands and any disturbance components which’
may actually be available for direct measurement. In the case at hand, it is assumed that none
of the disturbance components are measurable on-line and that the information available
from the plant consists of the input command, command to the actuators and the measured
pitch plane acceleration and rate components of the missile motion.

Since the idealized DAC control law is a function of the real-time system state, x, and
; disturbance state, z, the required on-line data for practical DAC implementation must be
i generated via use of state reconstructors (observers) operating on real-time system outputs y

; and control inputs u. Since the external disturbances w(t) are assumed to have waveform
‘ structure and to be modeled by known linear state models, a state reconstructor can be
designed to generate estimates £ of the instantaneous disturbance state Z. In addition, that
same state reconstructor can be designed to produce estimates & of the instantaneous system ?
state x.

Procedures have been developed to generate both “full-dimensional™ observers of
dimension (n+p), where n is the order of x and p the order of z, and “reduced-dimensional”
observers of dimension (n+p-m), where n, p are as above and m is the rank of C. The work
performed in this study is concerned with “full-dimensional” observers.

8




For the form of the state equations given by Equation (1), the full-dimensional observer is
expressed as

()- Parer s n @) - [2] o

+ [Bf—x%l%] u(t) &)

where K., K., are gain matrices to be designed,
A F. L.C.G, H D, M are as previously described.

Such a composite-type state reconstructor can be utilized to implement DAC control laws
in the form
A
u= f(?,z,t).

Of course, for acceptable performance the real-time estimation errors
A
&= XX

A
&=2Z
must settle to zero rapidly in comparison to system settling times where ¢, and ¢, are given by

EREAsE A () () o

3. PLANT

The plant utilized for the studies detailed in this report is the pitch plane acceleration
autopilot channel shown in block diagram form in Figure 1. An ideal accelerometer is
assumed in the acceleration feedback loop and an ideal rate gyro is assumed in the rate
feedback loop. Also, no actuator dynamics are considered. 4

o




Yra cn(uz)z + s xn(-2+u:) n
“'q. ?‘1 —— "
(s+p) l2+2(AuA‘l+u:

Celsva) |§] Kb(s+w)

o537 [ 1s%+2 ‘A"'A“'“:

Figure 1. Pitch acceleration autopilot channel.

The transfer functions indicated in Figure ! are:
a. Pitch rate per fin deflection in pitch:

é(s) K3 (s +v)

&s) B s2 + ZCA ws + wAz

b. Lateral acceleration per fin deflection in pitch:

2

n(s) ~ l(n(s2 +wn)

B cr—

&s) ss2 + ZCA wpS + wAz )

with the terms in the transfer functions being determined from the aerodynamic
characteristics of the missile at given points along a trajectory. 1

c. Autopilot compensation terms:

2 .
CR(:-Q-Q) and Cn (s+2) are compensation .terms ¥
sy (s4p)? g

which were designed into the autopilot to improve pecformance. Most of the terms are varied
over a trajectory according to dynamic pressure.
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Since the transfer function parameters and most of the autopilot compensation terms do
vary along the missile trajectory, several representative points along a nominal trajectory
where chosen as design points for use in this report. These points were chosen to cover as
nearly as possible the entire range of values of the parameters involved. Table / lists the time
points and parameter values.

For the initial investigation, it was decided to look at several different configurations
involving the plant, or some part of it, and a disturbance source. First, the entire loop was used
with a disturbance assumed to be acting at the input. Next, the rate loop alone was considered
with an assumed disturbance summed in with the & due to fin deflection. Third, the entire loop
‘was again used, this time with a disturbance summed into the output. As a final case, the entire
loop was used with disturbances at the input and the output. Each of these cases will be

detailed later in this report.

4. DISTURBANCE MODEL

The disturbances modeled here in all cases were taken to be composed of constants plus
ramps, i.c.,

L . e, e N Ve

w(t)=C, + C.t
(i | &)

where Co and C, are, in general, unknown a priori and can change value in a completely
unknown random-like manner. This disturbance model was chosen because it is easy to work
with but still illustrates the point.

s et ot s e

To put (5) into the form (2), proceed as follows. First, take the Laplace Transform of w(t),

C,8 + C
w(s)n—s—-.-?-_.o—_z___l

The characteristic polynomial associated with this is

3 =0. | (6)
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Therefore. choose

w = Hg
z2=Dz+g

(Note: no state dependence terms are included in this case) such that
i=Dz
has a characteristic polynomial _A’ = 0 and Hz ias the general form w = Co + Cit.

So, let

w=Hz= (1 0) (:;)

and
-8, 1]l/2
E=Dp+gm= [ 2 ](1)+g.
-81 0 2,
Then,
agot |[D-2x) = |7B2 1l 4 g 48,= 0,
-8, = 2

Comparing (7) with (6), one must have 8; = 8, = (.

Thus,

()2 3] (2) -
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Fron{ this one has, therefore,

H=(10) ‘

o
"

_ These two matrices are used throughout this report in the disturbance state model. {

In order to give a feel for just what “disturbance” as an entity is insofar as the applications
here are concerned, it could be any or all of: wind or wind gust, thrust misalignment, tipoff
rates, biases, instrument drifts, target motion and more. An influencing agent which has
waveform structure and which imposes an undesirable effect on the system may be considered
a disturbance.

5. ACCELERATION LOOP WITH DISTURBANCE AT INPUT

A. DAC MODEL DEVELOPMENT

A block diagram representation of the autopilot/disturbance combination used in the
development for this section is shown in Figure 2.

"1
“r u++ Nic ‘2 u, + 2
f BAC 1| ¢, (s+3° | Y2 s K, (s+a?) | g
(l_ﬂ))2 - 24.2;1\“ s+w

2
A

Cp(s+a) |3 Ky (847 ) _ i
(8+7) lz+2fAuAl+u -

Figure 2. Pitch acceleration channel with disturbance atinput.
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The ciosed loop transfer function for the rate loop is

sz +2cms+m2

S AN A ®
uys) :{ + (2cl,kmA + KécR)s + (ugr + Kécun)

Let.
3 = 24,0,
a) = 2,u + KgCq
= “’Az +KgCr -
Then

é(s) 32 + a8+ mAz
= 2 - -
s

“2(’) +a8+a,

With this, the product of the transfer function blocks between u, and 9 is

(10)

K Cnis + 2)2 (8?2 +0_?) K, Cn [s‘ + 228°

n N .
(s + p)z(al2 + as + az) a‘ + (2p + ‘1’:3

2).2 * 220 2. + w0 2'2]
n T'L 2“ 2 . (1)
+ (alp + 2pa2)l + a,p

+(zz+ w

+ (pz + 2pa1 + azh

R g AN S e e g s TS




3

4 2
KnCp [s® + bys” + bys® + bys + b,]

4 3 2 -
s 4+ hzs + bss + bss + b7

In order to represent the plant in the form (1), proceed as follows.

4 3 2
ux(:) = KnCp [8° + bys™ + b;s” + bys + by]
1 51+bs3+b87+bs+b
4 5 6 7

; Cross-multiplying gives

| .

“ 4 3 2 : 4 3

3 [s? + b,8” + bgs™ + bes + b7] y(s) = KnCp [s” + b,s ]

+ bls2 + bzs + b3] ul(s)

. 16




Solving for y(s).

y(s) = KnC u; + %<K“Cnbo“1(s) b,y(s) + %ixncnblul(s)
-bgy(s) + = [KC,b,u;(s) - bcy(s)

1

where % denotes an integration.

This can be represented diagrammatically as

ul( s)
] 1 | | |
Kncnb3 KnCnbz KnCnbl Kncnb o KnCn
+

Figure3. Plantstate representation.

aqd from tﬁk. the equations for the states can be wﬁtten directly as
’.‘1 = x, + K Cbju, - byy
iz = x3 + K .C bju) - bgy
*3 =x, + xncnbzu1 - bsy
*‘ = Kncnb3u1 - b.,y
y = x + l(ncﬂ'u1

17




However, for purposes of DAC design these equaiions need to be expressed as functions of x,
yand w. So, since uy; =u + w,,

Yy =x) + Kncn (u+wl)
*1' “bx, + x, + Kncn(u+w1) (by=b,)
:’:2== -bsxl + X5 + Kncn(u-i»wl) (bl-bs)
ka= -bgxy + x, + K Cplutw)) (by-bg) i
k= -box, + Kncn(u+w1) (by-b,) . (13)

or, in matrix form,

%] Tb, 10 0 [%] (by=b, | | i
%, by 0 1 0 X, b,-by é
%y ) -bg 0 0 1 Xy * %nn b,-bg =
A (b, 0 0 0| [x,] | by-b, |

by-by |
b, =bg
+ Kncn b,-b Yy .
P37 | (14)

18




Yy = [1 00 0] S | + [Kncn] u+ [xncn] LA ] (13)

Thus, Equations (14) and (15) define the remainder of the matrices needed for the DAC
design.

Before proceeding, it is necessary to first check for the existence of a control, u., which can
totally counteract all the disturbance effects.

This control will exist if and only if F = B I for some I. Here,

o-b4] [by-by
b,-b | - b,-b
ke, |PrPs| = ke, [PaPs| @ for T = 1.
b,=bg b,y-bg
P3=b, | | b37by |

Such a control does, therefore, exist and will be

A

Be=-Lw =-w =z.

Now, a full-dimensional composite state reconstructor in the form of Equation 3 must be
designed to provide 2. Starting with the error dynamics (Equation 4) in order to obtain K,
and K: we have (sincée L=M =0)

£y A+K C l(§+§1§)§ Ly Q9
- l H{—1]
2 K¢ D+ K, GH €2 g .

19




Substituting in the the appropriate matrix values:

b, 100 F‘kuooo
-b. 010 ky; 000
-b, 001 k3; 000

-b OOO_J _k4100(u

kll’ k21, k31, kl;l’ are the elements of 51,

k12’ k22’ are the elements of 52 and

f11’ f21, f31, fl'1 are the elements of F.

Performing the matrix addition and muitiplication indicated,

(kll-b4) 100 (fll + Kncnkll)

'(k21-b5) 0lo (f21 + Kncnk21)

n¥31)
(kgp=b7) 00 0 (£, + K C k,y)

(k31-b6) 001 (f31 + KnC

klz' 000 Kncnk12

k22 000 Kncnk22

20
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To sifnplify notation in the following development, lct Equation (16) be represented -as

e- A g+ [‘3‘] and let ?n_ be represented as

'eo 1 0 0 ¢ 07
. e 01 0 e, 0
A= ley0 01 e 0of
e, 0 0 O eg 0
e, 0 0 O €0 1l
| es 0 0 0 e, OJ

Now, to solve for the gain matrices K, and K, one must first find the cigenvalues of A,

det |A-AI] = O.

-~ eo-l 1l 0 0 e 0

det |A-AI] - e, A 1 0 e 0
e, 0 -2 1 eq oj= O

e, 0 0 - eq 0

e, 0 0 0 elo-k 1

ey 0 0 0 e -A

Expanding this determinant about the first column results in the expression

» 6 5 4
3

+

(eoeu + elelo-ez-e4e7-eses) A
2

+

(elel1 + ezelo—e3-e4e8-e5e7) A

+

+

(eje) -egeq) amn

21
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If the desired roots of Equation (17) are Ai. Az As, A, As, A, then the desired
characteristic equation is

(A=2;) (A=2,) (A-A3) (X-A4) (A=1g) (A-2g) =0 (18)

Expanding Equation(18) and equating coefficients of like powers of A between Equations(17)
and (18) we see that

(a)

(b)

(c)

(a)

(e)

(£)

e°+e10=>‘1+)\2+)\3+>‘4+15+k6 ==Ao

™MW,

e.e, -e,,~e,~e, e, =
0°10711717%% = I, |

€011 t ©1®107,7e4®y 5% =

[‘ S A ]ea
..z z z » k=-
i=1 =i+l k=j41 L 3 2

e;€11 * ©8307®37€4%g €58y =

3 4 5 6
I oz I T A AsALA, = A
i=1 §=i+l k=j+1 l=k+1 + 3 K71 73

€811 * ©38)0749 %5 =
+ Ad A (M) + )] = -A,

€38117€589 = AjAdjddgle = Ag .

22




Subsfituting the relations for es through ¢,, from Equation (16) into(a) through (f) and solving
for the elements of K, and K., we obtain

k - —l(ncnk12 + b‘ + Ao

kay = “K,Cp (bgkyp + k3p) + by - A

k = =K C (bokzz + b1k12) + b‘* 32

gy = =K, Cp (bykyy + bikoo) + by - Ay

Ky = (=K C kyy + Ay) / K C b

ka2 ™ “Rs / K, C.by (19)
It is desirable that &(t) — 0 rapidly, thus the characteristic roots Ai, Az, A3, A4, As, As can be
picked to best accomplish this depending on the problem at hand. Having picked the \’s, the

gain values (Equation 19) can then be calculated. The full-dimensional observer can now be
implemented, giving

r; r‘kll-bl) 1 0 o0 KnCn(kll'#bo-b‘) 0 l—xl

‘ 3 |xa1Bs) 0 1 0 Kco(ky4p-bg) o] X,
2 |x317bg) © 0 1 Kyc otk bp-b) o] %,
: -
l ‘;',‘ (kgy=by) 0 0 0 KnC (k, +by-by) of|%,
i; ky2 0 0 0 Kk, 1]z,
-iz k22 0 0 0 KCpky 0] t‘z.J
-‘ EN FKnCn(kui»bo-b‘)-
k21 KCn (ka1 *h)~bg)
. | Ky e KnCnlk3y*hy=bg) [ u .
k41 KnCn(Kq1*P37bg)
i "12 Kncnklz (20)
| %3] [ FnCnk22 J
23
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Figﬁre 4 is a diagram of the composite plant-DAC system. On the diagram, h, - hs are the
components of the last matrix on the right-hand side of (Equation 20). The remainder of the
symbols have been previously defined.

So now we have a disturbance cancelling control term, y. = —?., and we have a composite
. . A .
state reconstructor which gives z,. The questions now are:

e Can the A's be picked so that ¢ and e, settle to zero “rapidly™

o I so, does u; really cancel out the effects of w,? If both of these can be answered in the

_ affirmative, then

—How well does the DAC work if the plant parameters are varied from the design
point?

—How do the DAC characteristics vary over the trajectory?

Simulation results should provide answers to these questions.
B. SIMULATION AND RESULTS

The composite system shown in Figure 4 was simulated on a digital computer. The
simulation was written so that the plant parameters could be arbitrarily varied around the
point for which the DAC was designed. A listing of this simulation is given in Appendix A.

As a first cut at seeing how effective the DAC would be, several runs were made forthe t=
9.85 sec and t = 18 sec points. Figures 5 and 6 give the results. As can be seen, the DAC
effectively cancels out an input disturbance (w1 = 1.0) equal to the input command.

To check the sensitivity of the DAC to plant parameter variations, a series of runs were
made with parameters varied around the t = 18 sec values. Table 2 is a summary of the results
obtained and Figures 7 through 40 give the system output, y, and reconstructor state, )
(disturbance estimate), for each case. The table shows how the peak value of y varied and how
the peak value and settling time of 2\ varicd due to both individual and collective parameter
changes. In all cases, the input command is | and the settling time is defined to be the time at
which the response stays within £5% of steady-state.
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TABLE 3.

From these results, the first two questions previously posed can indeed be answered in the
affirmative. The answer to the third question would secem to be that the DAC works well with
at least up to 20% variation of plant parameters and possibly for larger variations. For a given
system, though, this should be thoroughly verified by checking at all critical times along a
trajectory, i.c., burnout, apogee, etc.

In order to answer the fourth question, three of the time points shown in Table / were used
in the simulation. The roots of Equation (18), which were used to settle out the state

E ROOT
s -

9.85
66.7
1114

ROOTS FOR DETERMINING DAC GAIN MATRICES

Ay A2 A3 W Ag g
-5. -6. -10. -10. 12, -15.
0.5 0.5 -1 - 1. -15 | -15
-3. -4 742 | -1 - 8. -10.

reconstructor in each case and to calculate the components of the DAC gain matrices, are

shown in Table 3. The components of Ki and K: are shown in Table 4.

9.85 667 | 1114
-45.77| -1.716 -30.38
-1237.14] -5.85 -660.19
kay |-15951.2 | -7.36 | -4197.9
kgy |-514886 | -8.16 |-137355
K92 -155.26] -1.935 | -588.51
ko2 -300.51] -0.271 | -640.07

TABLE 4. DAC GAIN MATRIX COMPONENTS
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Three simulation runs were made at each time point:
e with nominal airframe parameters, no disturbance,
o with nominal airframe parameters and a disturbance and

e with a 209 variation on airframe parameters in the direction of increasing flight time,
with a disturbance. The results are presented in Figures 41 through 58.

From these results and the DAC parameters shown in Tables 3 and 4, it is evident that a

: DAC designed at one point of a trajectory will not perform as well as needed over large

portions of the trajectory. Gain switching, similar to an autopilot gain switch program, wit! oe
required for DAC implementation.

C. CONCLUSIONS

For this case, with the disturbance at the input, it was possible to find a control y; which
could be implemented and which, theoretically, would totally cancel the disturbance. In a

practical application, it was found that the control did cancel the disturbance very well, that -

the DAC would continue to function well within a band about the design point and that, with
gain switching, the DAC should perform its function as the plant parameters vary over an
entire trajectory. As can be seen from Table 4 the DAC gains do have a wide range.

For the apogee case, since the system is so sluggish, the DAC did not offer much in the way
of disturbance cancellation, i.e., the estimation errors did not settle out rapidly enough. One
reason is due to the nearness of the eigenvalues of theZ\'_ matrix to zero. This allowed the large
overshoot. However, these eigenvalues had to be maintained in this region because moving
them to more negative positions caused an instability to develop. Overall, it might be
advantageous to zero out the DAC gains near apogee.

6. RATE LOOP WITH DISTURBANCE ON OUTPUT
A. DAC MODEL DEVELOPMENT

The missile from which this autopilot channel was taken uses an attitude control during
boost, so it was of interest to consider the rate loop alone, with a disturbance included, to see if
a DAC would be useful in taking out effects due to external rate perturbations.
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The rate loop shown in Figure 2 was rearranged and simplified as shown in Figure 59. The
compensation term was reduced to Cr since no actuator dynamics are considered. The
disturbance is shown as a rate imposed on the airframe in addition to that due to a given fin

deflection. Therefore, the total body rate,

—!:2 stul | -
8 ‘A‘“A NA ‘

Figure59. Rateloop block diagram.

assumed to be measured by an ideal rate gyro, would be

%% = fa/r * Y2
From Figure 59 one has

§,/p'8)  K(s+7)

§(s) sz+2 C.AwAs+w§ .

Therefore,

széA/F(s) + 2cAmAséA/F(s) + ui éA/F(s)

Késc(a) + Kéya(s)

and

Op/p(8) = 5 [KG8(8)=28,0,0, p(8) + £ (Rg76(8)-020, p(s)]
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This z;ppcars. along with the rest of the loop, as

K3
X x, .* x x i
211172 + 1{1]71 ‘
s ) ' 3
28w,

Writing the state space eqimtions directly from this and substituting for & gives:

o 2 —3 . - 2 . - L]
X, Kéyd- wy Xy = (KeYCR mA) S Ke'yUR Kechwz _

X; = Xy + Kés- ztA“’Axl = '(KécR + 2CANA) 3

+ x, + KéUR. - Kécsz
y = (xl + W2) CR .
6§ = Uup -y . @)

Expressing these in the form (1),

*) —(KgCp + 2¢0p) 1} /% Kg “K3Cpq
] + YR+ -2
2 -K:vC .
. =(KzyCp + wy) O . 8 'R
xz 8'"R A x2 Ke

Y= [Cqg 0] [x; |+ [0]Up+ [Cpl w, .

)




e

Now;in this case, E = B I for [ =[-Cg]. Therefore, the theoretical total absorption controller
would be yc =|Cn] w.. If this isimplemented, however, it does not remove w; from the output,
Y- But, the desired action in this case is to remove any disturbance rates imposed on the missile
so that it will maintain a given attitude during boost. On examining the plant, it can be seen
that the disturbance rate w; imposed on the body can be related to an “equivalent” fin
deflection &p, i.e., it can be considered as an additional body rate which would have resulted
from an additional fin deflection command 8p. In other words,

.. _ 8
bm = 6 p * Wy = (84 60) 5 .

" So, if the proper gain can be found, and if a state observer can be designed which will

reconstruct Zi, then uc = -Crg can perhaps be used as a partial absorption (minimization)
control on the effects of w2, where Cgg is the sought gain.

Again, Equation (4) is used to obtain the gain matrices K, K;. In this case,

=-(K:C,+2z,w,) 1] |k k,,-K:
6°R A"A +11[CRO] 11 "o

A [cg 0]
21 k

2
-(KeYcR+wA) 0

Ime
|
o
[
x
™
+
TN
fajo
S

k
121 1cg 01 + | 13 icg0
X o o |x
22 22 @2)
80,
kllcR-chwA-xécR 1 (kn‘Ké)CR 0
€x kzlcn'“’i'xé*cn 0 (ky =KgviCp O] /e,
- [o)
. € [of B
ez/ | *12% 0 k;,Cq 11 \": =)
k22CR 0 kyCq 0 @3)

1 ‘ -
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Let Equation (23) be written

. ~ o
€ = Be + (—)
= == g

and ‘E be written as

B, 1 B 0
- |8, o B 0
E =

By, 0 B, 1

B, 0 By O

Solve for the eigenvalues of B.

~det |B - AI] =0

B,-A 1 B 0
. B - B 0
det |B - Azr] =| 2 6 =0 .
B, 0 By -2
This can be expanded to give
a4 - (B,+B,)23+(B,B,~B.B,~B.B.-B,) 2
1*°3 1°37°1°47°3%57 "2
+ (ByB,~B B +B,B;~B,B.) A
+  (BgBymBgBy) =0 . Q)

If the desired roots of Equation (24) are A, Az, A3, A4, then the desired characteristic equation is

=2 (A=2) (A-23) (A=) =0 . : (25)
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Expat;ding Equation (25). cquating coefficients of like powers of A between Equations (24)
and (25), substituting back in for B, through By and solving for k;;, k21, ki2, k22 gives

kll = (2‘A“’A - klch + A1+12+J\3+)\4 + KGCR)/CR

2 2 2
21 = [22,0,Cp(kyo~ky5) + ky1ky,Cp —wy -KgkyoCp

k
+ A+ AAg+ A, + kg + A, 4+ Agh,] / (=Cp)
Ky, = (=25,0,Cckon + Ajhady + Apdad, + X0,

: 2
+ 111214) / (CR“'A)

2
kpa = = MAxr3h, / Cpuy
Again, the \’s are picked such that &(t) — 0 rapidly. With these, the gains can be determined.

The full-dimensional observer, in the form of Equation (3), for this case is

A _ e B r m )
&) k;1Cx 2taup 1 kyyCp O I%) k1 Ky !
i3

A _ 2 i ]
%21 [*21R ~ “a 0 XkpCp  Of % k21 Ky §
| | - ] |8
2 Ky ,C 0 k,,c. 1] |2 k.1~ |o
1 12°r 12€R 1 12

A A

. - (26)

So, the question posed here is: Can the proposed gain Cro be found so that, in conjunction ‘
with the state reconstructor, the effects of w: can be minimized?

For answers to these questions, a simulation is again used.
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B. SIMULATION AND RESULTS

Figure 60 is a diagram of the composite plant-DAC system which was simulated on a digital
computer. A listing of this simulation is shown in Appendix B.

The controller in this loop. with disturbance as shown, would probably be used only during
the attitude controlled boost phase of this missile. However, for illustrative purposes, two of
the time points shown in Table I (9.85 sec, 135.8 sec) will be used for this investigation.

Figures 61 through 72 present the results obtained for the time points above. For each point,
three runs are presented: (1) nominal run with no disturbance; (2) run with w; equal to the
plant steady state response (xi) due to the input command, from (1), but with Cgc = 0.; (3)
same as (2) except Crg is given an appropriate value. This value is determined from the ratio
(8/ x1)w from the undisturbed case, as would be expected.

For the 9.85 sec point, Cgg = -3.54, and it can be seen from comparison of Figures 63 and 65
that the effects of w: are largely removed. For the t = 135.8 sec point, Crg =-1.45, and similar
conclusions are reached (compare Figures 69 and 7]). ’

The gain matrix components for the DAC in the two cases above are givenin Table 5 where
the eigenvalues of matrix _E were taken to be Ay, = -3, A2 = -5, As =4, +jl,, A =4.-jl.

TABLES. DAC GAIN COMPONENTS

9.85 135.8
k11 101.18 29.55
k21 -726.94 725
k12 8.11 5.47
k22 7.62 4.59
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C. CONCLUSIONS

From the results obtained here, even though there was no total absorption control y. which
would exactly cancel w., by using a state reconstructor to estimate the value of the
disturbance an implementation was possible whereby the effects of w2 could be minimized.

7. ACCELERATION LOOP WITH DISTURBANCE ON OUTPUT'
A. DAC MODEL DEVELOPMENT

As with the rate loop development in Section 6, this section will consider again a
disturbance summed with the output, this time for the acceleration loop. This case is of much
interest since the acceleration autopilot is used in the control loop from burnout onwards. A
block diagram of this loop is shown in Figure 73.

4 3 2
Kncn[s +b0s +bls +bzs+b3

s4+b s3+b sz+b

48 b5 +hgsib,

Figure 73. Acceleration loop with disturbance on output.

The transfer function from u to u; can be represented identically as shown in Figure 3 with
the same states and parameters. However, in this case, the matrix representation in the form of
Equation (1) will be written as

[, ] 07 [*] [by=b, ]
X2

X3

[ *4




R

"y= {10001

I -—

*IKC) u+ 1) wy

Ny

]

x X
oW N

(28)

Using the same approach in this case as was used with the rate loopin the previous section, and i
for the same reason, a gain (Crav) is sought which can be used in conjunction with a
disturbance state reconstructor output to accomplish a minimization of the effects of ws on y.

Proceeding as before with the ¢ dynamics one has

§ *
b, 1 0 o] [k, N ] :
b, 0 1 of [ky kyy o :
- |1 + (100 0] (111 ol =
£ bg 0 0 1] }ky k3) e+ T i
-b, 0 0 0f |k, *e
k;, 0 1] [x,,
+ {1 o}
v |11 000 ool Ik
! 22 A 22 ]

which reduces to

(kg3°Bg) 1 0 0 k,, O
1tkgg=bg) 0 1 0 ky, O
. (k33-Bg) 0 0 1 ky; O .
- eefi] - ee[i] |
(ku-b.,) 0 0 0 k,, © !
N LI 0 0 0 ky, 1

_"22 0 0 0 ky, O ]
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Solving for the cigenvalues of f gives

6 _ 5 . L 4
AT 4 (bg-k) k) 27 4 (bg=byk; =K 5-kyy) A
+ (b.-b,K..=bck..=K..) AS 4 (bo=b k..~b.k..<k,.) A2
6 Pak227Pgky 7Kgy 77Pskpp=bekyo-kyy
+ (=bgkyo=bak)o) A - bok,, =0 (29)

In the same manner as for the first two cases, one can solve for the components of the gain
“matrices, Ki and K,. Doing so gives the following,

(@) ky;3 = DByky, + B

(b)  kpy = Pg-bykya=kap=Ay

(€} k3) = bg=bykyy=bgkip + Ay
(d)  kyy = by=bgkyy=bekya™A3

(e) ky, = (bgkyy-RAg) /b,

(£) k,, = -Ag/b,

where A, through A; are as defined for use in Equation (19). The full dimensional observer can
now be expressed as

A o ” T rA 7 r - r b
(ﬁl (ky;=bg) 1 0 0 kyy of[%,] [x,, by-b,+k
. ] R
92 (ky;=bg) 0 1 0 ko Of[%,[ |k, b -bg+k,,
4 (Kan=b.) 0 0 1 k.. Of]|% k b.-b,+k
3 317 %6 31 X3 31 27°67%31
il N 12
o |kgpd) 0 0 0 Xk, 0} iX, ) [k, by=b,+k,;
A . A
2 X, 0 0 0 ky,1fl2] Ik, k5
A A (30)
_zzj | k22 0 0 0 ky; 0]{2,) [kp,] k22 ]
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The question for this case is of the same type as for the rate loop, i.e., can a gain, Cgar., be
' found and used in conjunction with the state reconstructor output 7, to minimize the effects of
the disturbance?

B. SIMULATION AND RESULTS L

P

The diagram for this composite system, with proposed control, is shown in Figure 74. The
¢’s and h’s are as defined for Figure 3 with the following exceptions:

= k3

e; = kyy
= k33

= kg {3

A listing of the digital simulation is given in Appendix C.

ik ki

For this loop, the gain, CgaL, is determined initially from the ratio —;,'— (see Figure 74) from
the undisturbed case and is then iterated, if necessary, to obtain a final value.

oo

Several of the time points from Table ] were used to analyze this case. Figures 75 through 84
give results for the 9.85 sec airframe parameters. By comparing Figures 75, 77 and 79, it can be
seen that the effects of the disturbance are cancelled for a disturbance magnitude equal to the
input command. Figures 81 and 82 show results for ws equal to twice the input command
magnitude and Figures 83 and 84 are results for ws equal to five times the input command.

For t = 66.7 sec (apogee), an input command of 0.5 was used with ws = 0.5. Figures 85
through 89 give the results for this time point. As can be seen from Figures 85, 87 and 89, the
disturbance effects were again cancelled out although, since the system is sluggish, it takes
longer to settle out than the previous case.
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For ty = 111.4 sce. an input command and disturbance magnitude of 1.0 were again used.

Figures 90 through 94 show the results obtained. Comparing Figures 90. 92 and 94, it can be
seen that the distrubance cllects are removed. The output on Figure 94 could perhaps be
settled out better by more iterations with the state reconstructor roots. !

Table 6 gives the components of Kiand K.and the roots of Equation (29) used in the above
three cases along with the value for Cra. in each case.

TABLE 6. STATE RECONSTRUCTOR DATA AND CpaL FOR ACCELERATION ' i
LOOP WITH DISTURBANCE ON OUTPUT i

TIME ]
POINT ' . ,
(SEC) 9.85 66.7 11.4 j
PARAMETER
k11 3.653 -0.129 -14.54 .
k21 195.44 -2.033 -184.34 5
k31 2159.92 -3.68 -605.05 :
k41 2668.13 -1.776 -483.25
k12 -12.26 -4.584 7.80 ]
k22 0.0 -2.793 -29.47 i
A "3 -1. 2.
A2 -3. -1. 2.
] A3 4+j4 -1.5+j0.25 3+
» ) VI -4-j4 -1.5-j0.25 -3-j1
] As -6. -2 5 ‘
~ \e -6. -2. -5. e
3 CRAL -0.12 -1.50 -0.40 ?
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C. CONCLUSIONS

From the results, in similar fashion to the rate loop, even though no u; existed which would
exactly cancel wj, by using a state reconstructor to estimate the value of the disturbance anim-
plementation was possibie whereby the effects of w; could be minimized. Again, gain switch-
ing would be required to implement this in a system.

8. ACCELERATION LOOP WITH INPUT AND OUTPUT
DISTURBANCES

A. MODEL

As a last case for this report, the acceleration loop with w; and w; both included is
considered. If the procedures given in previous sections are followed in attempting to derivea
DAC for this case, it becomes necessary to evaluate the determinant of an 8 X 8 matrix to solve
for the components of the gain matrices K; and K:. This evaluation is tedious at best with
many opportunities for mistake.

Therefore, it is of interest to see if the DACs developed in Sections 5 and 7 can be combined
in such a fashion as to continue to function as desired in cancelling the effects of w) and ws. A
block diagram of the proposed combination is shown in Figure 95.

w
|-3
K_.C ls4+b s3+b sz+b s+b,] ++ y
‘n"n 0 1 25793 O
3 3 2
s +b4s +bss +bss+b7
A
z13
i
CraL STATE
RECONSTRUCTOR
KCn FOR w,
A
X
STATE 3
RECONSTRUCTOR
FOR W,

Figure 95. General block diagram of plmt/DAc\mh both acceleration
disturbance Inputs.
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In this development, the same plant statc equations as before are used with changes only in
nomenclature where necessary. The basic state reconstructor models are as previously
‘ developed. In this case, however, the rearrangement of the plant output portion of the data i r
i input to the w; state reconstructor should be noted. Since this DAC was developed with no ‘
disturbance on the plant output, in order for it to function properly it is necessary to use a
plant output with w; removed. This is possible since the w; state reconstructor is also
reconstructing the plant states. So, where in Section § the plant output is,

here it is formulated as

A
Ypr = KpCpvp + x13

Thus, it is important in this application for the w; reconstructor to settle out as rapidly as
possible.

B. SIMULATION AND RESULTS

AN L S e 3 YEAB L, A g i Kt A 2 4o

A listing of the simulation is given in Appendix D. In this particular case, only one time
point from Table / (9.85 sec) was used since the purpose here was to see if two DAC’s could be
operated successfully in a serially connected mode.

Figures 96 through 98 show the loop output, y, and the disturbance estimation errors,-¢,,,
and e, for a nominal run, i.c., input of 1.0, no disturbances. This output compares with
similar case results from Section 5 as would be expected. In order to check each reconstructor
and see if any undesirable interactions were taking place, two runs were made, one with w, =
1,, ws = 0. and one with w; = 0., wy = 1. The results are shown in Figures 99 through 104. In
the first case, everything looks okay. In the second case, since the ws reconstructor is feeding
input to the w) reconstructor and has a settling time of several seconds, there are some
dynamics induced in the w; reconstructor. This in turn causes some dynamics to appear in the
output. However, if Figure 102 is compared to Figures 96 and 99 on a similar scale, the results
do not have such an undesirable appearance. From this it can be seen that some interaction is

. taking place but not to such an extent that the DAC performance in either case is impaired.

The remainder of the runs were made with disturbence inputs on w; and wy
simultancously. Figures 105 through 107 give results for wi = 1., ws = 2.; Figures 108 through
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110 fo.r w1 =1 +0.2t, wa=0.5+0.1t and Figures /11 through /13 for w, = 1.-0.2t, w;=0.5
+ 0.5t. In all these cases, even though the induced dynamics are noted in ¢.,,,, the DAC’s per-
formed their function of cancelling the disturbance effects.

C. CONCLUSIONS

From the results in this section it would appear that it is possible to design DAC’s for
separate disturbances in different parts of a loop, thereby simplifying the size of the matrices
involved in the calculations, and combine them in a simple manner to achieve the desired
results.

9. CONCLUSIONS

Conclusions have been presented in Sections S through 8 regarding the results obtained with
the design in each section. Overall, it has been shown that it was possible to cancel out or
minimize the effects of the disturbances modeled herein by use of DAC techniques. It was also
shown that it was possible to combine two separate DAC's, designed for disturbances at
different places in the plant, into a functioning unit which would still perform its overall

purpose. This is especially important since the size of the matrices involved in designing a “full- -

dimensional” observer is directly related to the dimensions of the plant plus disturbance
models. Thus, any procedure which can reduce the dimensionality involved is important. In
this regard, several of the designs here might be redone utilizinga“réduoed-order" observerto
sec how well such a DAC would perform.

Although it would appear from the results obtained here that a DAC might be very useful in
cancelling out unwanted disturbances, the only way to really be sure how one would function
in a system application would be to implement one in a 6-DOF simulation and fly it with a
severe program of varying disturbance vectors.
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