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ABSTRACT

This paper presents the basic considerations behind sight-time
stabilization. The equations of motion that reiate the general pitch, roil
and yaw motions of a vehicle hull to the traverse and elevation angles of
a sight-line fixed to the hull are developed. A detziled mathematical model
of a feedback control system that will accomplish sight-line stabilizaticn
is developed, and a numerical optimization is performed on a simplified
version of this detailed model. The optimization routine used is described

in preference [6],
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CHAPTER 1

INTROJUCTION

The optimization of feedback control systems is a topic that
has received much attention during recent years. Analytical techni-~
ques have been developed for a great variety of problems, but the
application of these techniques to complex problems can tecome
extremely difficult, if not impossible. This difficulty in apply-
ing analytical techniques has been one of the influential factors
on the rise of numerical techniques for optimization.

Numerical techniques can be divided into .wo categories: direct
gearch and indirect search. All indirect methods employ the use of
the gradient of the performance surface in one manner or another.
For systems with highly oscillatory or evem discontinous performance
surfaces, which are frequently encountered in the feedback control
aystems area, it is very easy to calculate an incorrect gradient,

thus affecting the convergence of the optimization technique. An

incorrect gradient is sht in fig. 1.

Because of the difficulty involved in calculating the gradient
of the performance surface, direct methods are more suited to control
optimization problems. There are many fine direct methods, among
them are the method of Hook and Jeeves {4) and the method of

Rosenbrock {9}. T. Lange-Nielsen {6} has modified Rosenbrock's

z
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Figure 1

Incorrect Gradient

¢

performance
surface

=== par (i)

*
method and used it to develop an optimization algorithim using CSMP .

i; . Deteils of Rosenrrock's method and Lange'Nielsen's modificaticas

can be found in referenze [6].

c When using a numerical optimization routine one must be careful

A AL

e

tc ipsure that the results are correct. In optimization the cbjective
is to minimize a performance index while a system goes from one stale

to another. For a performance index such as the integral squared

PR I AN

error (ISE) an analvtical check can be made of the results by using

-

tables {7} that express ISE in teims of known system quantities.

——
R e

*
Continuous Systems Modeling Program. An IBM analog simulation

= that uses digital methods. (see reference {5})
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This is not to say that the system can be easily optimized by analy-

o

tical methods if ISE is used. Another wav to help guarantee that

[ I

results are correct is to be familiar enough with the problem that

- RO ——

AIYON

is being optimized that you have some idea of what your resulits should
be. It is for this reason that the material in chapters two, three
aand four is presented.
Care must be taken when synthesizing » mathematical model. An
- inaccurate model can cause all effrits to have veen in vain, and the
} results will be useless. Automatic control problems include the
dynamics of mechanical components as well as the characteristics

of electrical and hydraulic components. Sight-line stabilization is

a problem that requires some modeling in all threz of these areas as

(: well as a thorough understanding of kinematics, and of course control

theory.

The problem of sight-line stabilization will be examined in

.

chapters two, three aud four; and : detailed mathematical mecdel will

Tl\gwm, AR

be developed in chapter four. Sometimes concessions have to be made

Nhy 0

to factors over which there is no control. Computation time con a

computer is one such factor. It is for this reason that a simpli-

B s 1R g

fied version of the detailed model is used in the actual numerical

optimization. This simplified model is developed in chapter five.
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Chapter 2
SIGHTI-LINE STABILIZATION

The concept behind sight-line stabilization is a simple one.

Consider a sight-line unit vectcr, ES, (see fig. Z) directed from
a point, O, to a point, P, with its base fixed at 0. Point P is
fixed in inertial space, and O is fixed to a base, B, as shcwn in
fig. 2. The control variables are the traverse angle, T, and the
elevation angle, E, defined as in fig. 2. The problem is to keep
Es oriented from O to P while the hull undergoes general pitck,
roll, and yaw motion about the z, X, and y axes respectively.

Tﬁe notation will be to use p to denote pitch angle, r to dencte

roll angle, and q to denote yaw angle; with superscript dot denoting

the familiar derivative with respect to time (p, &, and ¢ are shown I
in f1g. 2).

It is now desireable to derive an expression for T ard E in
zrrms of the known quantities. In the future it «iil be fcund that
F it - useful to do this in terms of the x~y-z reference {reawe pre-
i viousiy defined. The sight-line unit vacter, Es’ can be written

- e

in terms of the x, y and z axis uzit vectors; i, i3, k respectively.

Es = cos(E)=68i{T).1 + sin(E)-1 + cos(E)sin{l)-k 68

-
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The derivative of es in the inerti ~ reference frame can be found

s o

by applying a general rule from vector calculus. E

Figure 2

Stabilization Geometric
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d =y @ =4z, = :
T (es) = 3t (es) + w x e (2) <

The superscript: I denotes the inertial reference frame, the super-

script B denotes the base reference frame, and ® 15 the general

rotation vecto: for the base given by equatiou (3).

w=*fi+¢j+pk 3)

i - By expanding the expressions on the right of equation (2) equations

(4) and (5 are obtained.

¢+cos{E)sin(T) - p+sin(E) }-i +
{ p-cos ‘E)cos(T) ~- t-cos(E)sin(T) }-3 +

{ r-sin(E) - §-cos{E)cos(T) ;*k %)

é—-(é )y ={ - i-cos(E)sin(T) - é‘sin(E)cos(T) }ei+

T Y
=%
re
1]

~—

Ercos(E) }-3 +

Jo,

{ T+cos(E)cos(T) - E-sin(E)sin(T) }°k ()

T N

The stabilization requirement is given by equation (6):

g

@i -=0 (6)
)
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7
Equation (2) therefore reduc:s to equation (7):
By L -
0= e (es) +tuxe, ) )
By substit~ting equations (4) and (5) into equation (7) and no:ing
that for a vector quantity tc be zero each component must be zero,
the following set of three scalar equations from the i, j and k
components respectively are obtained.
0 = ~E-cos(T)sin(E) - T-sin(T)cos(E) -
p+sin(E) + q-sin(T)cos(E) (8)
0= é-cos(E) + p-cos(T)cos(E) -
t-sin(T)~o0s (E) 9
0 = -E-sin(T)sin(E) + T-cos(T)cos(E) +
t+sin(E) - q-cos(T)cos(E) (10)
By solving equat.on (9) the expression for E is obtained.
q
E = f-sin(T) - p-cos(T) (11) j
Substituting equation (11) into either equation (8) or equation ? j
(10) gives the expression for i, eguation (12): :
:
%
§
=2
% .
] 1
‘§ {
3 ‘

-
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T = q - tan(E){f-cos(T) + p-sin(T)} (12) i

Equations (11) and (12) are the joverning equations of motion.
Note that T and E are measured with respect to the base.
Now that the equations of motion for T and E are known it must

be determined how T and E are to be controlled. Associated with

the traverse axis there is an iaertia, JT’ and with the elevation

These are represented in fig. 3. J._ rotates

axis an inertia, J T

EE®

with respect to the base around the previously defined y axis, and
is thus measured with respect to the y axis. Define a new set
of coordinates Xps Jps Zps that are fixed to JT such that Yp and

zp rotate with JT' JEE is confired to rotate about the zp axis,

and is thus measured with respact to the zp axis. It is easy to

see that part of JEE will be included in J This compcnent is

T
is not fixed, but is a function of E. The

denoted by JET' JET

movemeat of JT through an angle T is accomplished by a motor, MT,

mounted on J, parallel to the y axis as shown in fig. 3b. The torque

1

is transferred through a gear ratio of NT. Similarly JE is driven

P

by 2 wotor, HE’ mounted on JT parallel to the 2. axis with an
- associated gear ratio NE'
: . It is desireable to return to the geverning equations of motion
and examine the significance of their terms more carefully. They ]

3 . are repeated below for convenience. z

T

b E = t-sin(T) - p-cos(T) (11)

"Wy

OO vy




Figure 3

Axes of Rotation

Y9YT

a) side view

b) top view
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T = § - tan(E){£-cos(T) + p-sia(T)} (12) o

~“he pitch and roll velouity vectors canr be resolved through the

traverse angle T to form two new vectors, re.cos(T) + p-sin(T) and

prcos(T) ~ t-8in(T), which together with the original yaw vector,

q, fcrm equivaleni components of hull motion (see fig. 4). It is

easy to see that i-cos(T) * Pp+sin(T) is in the previously defined

Xp direction, and p-cos(T) - t°sin(T) is in the previousiy defined

2, direction. One of the stabilization requirer.c:ts is to drive

E about the zp axis such that Es remains oriented ir inertial space.

From equation (11) it is seen that E is simply the negative of the

new equivalent vector, p-cos(T) - Z+sin(T). Since this is always
(; oriented parallel to the elevation drive axis there is no need to

accelerate JE inertially, but the only requirement is that é compen-

sate for the huil motion. Torque is required only to accelerate
motor and gear inertia and overcome friction. The traverse axis
can be analyzed in a similar manner. The first temn in equation
(12) is q. This is always oriented parallel to the traverse drive

axis and thus requires no torque to accelerate J,, inertially. But

T
+he second term ir equation (12), tan(E){t°cos(T) - p-sin(T)}, is
oriented at a right angle to the traverse drive axis. This is the
component of hull motion which requires torque to accelerate JT
inertially. It is extremely importint that these torque requirements

in terms of hull motion be clearly understood. For if they are not,

one could end up designing a control system that would have the

BRI AR e Ay A IR VR
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Figure 4

Equivalent Base Motion Vectors
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function of woving the hull with respect to the sight-live vector.

L~t us now proceed to the considerations of the actual control system.
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CHAPTER 3 .

SYSTEM CONCEPTS

The traverse axis only will be considered from here on. This
can be done because the two axes are operated independently. All
the assumpticns ard concliusions that follow can be easily extended
to the elevation axis.

Facause of space limitation and the extremely large traverse
inertia, the size of the sotor that can be used to drive the traverse
inertia is very small, in a maximum torque output sense, in comparison
to the size of the traverse inertia. This causes the system to be

sluggish when compared to the high speed servo mechanisms that are

fawiliar to control engineers. This inherert sluggishness is the

biggest obstacle that must be overcome.

: There are two basic approaches to sight-line stabilization.

One method is the familiar watching of an output to a command input.

whos

The other method matches the output of an auxilliary high speed

sight servo to the command input, and then uses the output of the

T L

F sight servo as the input to the sight-~line stabilization system.

g The reason for this will be explained later.
; f The familiar matching of input to output is known as the dis-
% turbed method. In this method the traverse component of the sight-

b
E line is fixed to the traverse inertia, JT (see fig. 5).

LR R

"
d
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Figure 5
Disturbed System
Manual
Correction
Maia
Command
Input + Control O“EEPt
’ + System

The main control system consists of the traverse load inertia, the

traverse drive motor, the other related components and the necessary

dynamic relaiionshkips. Because the main control system is inherently

sluggish there is a tendency for the operator to apply manual correc-

tion to help speed up the system. This can have a very negative

effect on the overall performance of the system.

The second method of sight-line stabilization is the directed~

line wethod. In this method the sight-line is fixed to an auxiliary

sighkt 1nertia which is very small when compared to JT. Because the

gight inertia is small it can be driven at relatively high speeds.

The command input is applied to this high speed sight servo and

matched to its output. The output of the sizat servo is then use:

as the input to the main contrcl system, and the outyut of the main

13
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control system is matchad to the output of the sight servo (serz fi-..
6).
figure 6
Directed System
Auxiliary | Sight Main
Command + Sight Output Control Output
Input .9 ~ Control | System e
- System -

This has the effect of matching the command input to the main control
sysiem wtput, but it does so in two stages. Because the command
: input is matched to the output 2f a relatively high speed system,

the tendency to apply manual correction is eiiminated.

RN

There is no conclusive evidence as to which of the two pre-

w

viously discussed methods is more effective, although the bulk of

o

'R

the work that has been done is on the directed method. The attention

here will be focused on the disturbed method because it is the

e —
\ v

Lo o

simpler of the two methods, and yet it still includes all the basic

considerations of the dynamics necessary for a sight-line

W et
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stabilization system. The simplicity alss cuts down on the compu-
tation time that is regquired for the nurmerical optimization which

will be used later on.
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CHAPTER 4
DESIGN

For a system that is to be optimized, the syster need not be

designed to meet certain performance specifications (i.e. rise
tine, overshoot, settiing time, bandwidcth) as is the usual case.

This is poseibie becauss when the svster is optimized all the para-

LA TR ERTIN

meters will be zdjusted to satisfy the given performance index.
This perfcrmance inder may ZInclude the classic time response char-
acteristics or may be completely void of them. Whatever the case,
the time response will te shaped during the optimization along

with the frequency response. The objective will therefore be to

L A A S T P TR S BT E L PR A

design a system that is » reasonable starting point fcr the optimi-

IR LR T

zation routine. A reasonable system for a starting point can >
di.fined as a system that does not have anything critically wrong -
with it, such a8 being unstable. The root locus method of synthesis
lends itself very well to the design of a system with such locose H
specifications, and is cherefore wnat will be uged. It causes very ;
ilittle 4iificulty to keep an approxim:itz renge for a bancwidth in
miad when using che root locus technique. The objective will be

to design the system for the optiwizaiion grarting point to have a

Wl

bandwidth of approxiazately 300 radienc par szcond. This value was
obtainaed es a Cypical one finm the literature, however it is by no

s2anz a value that should be used for all stabilization systems.

WA b BB » b 8, B, s b IR 00 3




A hydraulic motor is used tc drive the traverse inertia because
rore torque can be cbtained from a hydraulic motor than cin e
obtained from an electric motor of the same physical size A partial
block diagrem of a tynical coastant displacement piston t,,e hvdrau-

ic motor and its con%rol valve is shown in fig 7. A list of the

variabies and a set of aumerical values (where appiicable) is given

in tahie 1.

Figure 7

Fartial Rlock Diagrar of Hydraulic Metor

St 1 s e
ok N et )

et e e
K. -G,
: H -, L Tm
j Kp-ov F% 1) S .
% P | het e e
2 cP e? i
3 +§%
s N )
s Q 4-Q ma
3 D
|
B . T PO e o rvve B enen cneadiin el o ettt ~

CE e L ey o

kel




o

Y

Mﬁ”i‘,‘!.ﬂv“:)‘l‘i:{:\‘!u‘“'eﬂ-z.";‘-""uﬂ' LR AT TN 1A ]

B

e MM SN

‘,"."i Jw»:t 4 my\;néw

Table 1}

List of Motcr Variables

KP - servo valve gain

K, - pressure feedback gain

GV - servo valve transfer function

G, ~ pressure feedback compensaticn
DM —- motor displacement

CP - wvalve orfice damping coefficient

8 - bulk modulus of fluid

V - effective volume of fluid under compression

-~ actual motor angie in radians
1_ - motor torque ir in-1bs
P; - pressure applied to mctor im psi

£~ ~ compressibiliry flow in in3/sec

O
[~}
!

15,L00 psi/ma

.G02 ma/psi

1/{s2/12002 + 1.4-5/120C + 1}
s/{(8/20 + 1)-(s/.5 + 1)!
0.016 1n3/rad

6,200 1b/sec/in’

300,000 psi

1l in3

displacement flow through motor in ia3/sec

Qp, - total load flow through meteriang orrice im in3/sec

i - 4nput current to servc valve in ma

Ve - motdr and valve conflguration input current iz ma
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C? is actually a nonlinear term which depends on the flow rate,
QL‘ The value given for CP is feor the small signal region. The

valve input current will saturate at some value, typicaliy 10 ma,

[NCLDE RN - .
A AT RN L I e

The maximum supply pressure 2lso has a limitlng value wirn 3,000

psi being representative for the type of system being considered.

Haw th s

The pressure saturatien will be the limiting f£sctor in the perfor-~

[FTITe

mance of the system. The maximum pressure ¢f 3,000 psi and the

motor displacement of -016 1n3/rad combine to provide a maximum

(BRI E 7 R

torque c: 48 in-1b (=3,000 psi x .01% 1n3) which will be very small
for the size nf load fnertia being dealt with. A detailed develop-
meit of a block diagram siwildar to fig. 7 can be found iu reference
{8}.

To couplete the tlock diagram of fig. 7 ft must be detarmired

ir whsat mznner the torque, "o’ drives the load. Consider the expanded

parcial view of fig. 3b irc fig. 3. The definitions of the variables

shown in fig. & are given in table 2,

T W I S
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Table 2

Definitions of Drive Variables

3 - previously defined base yaw angle
R - radius of JT ring gear

r' radius of HT pinion geer

inertial sight-line traverse angle

R
|

8 ' -~ motor angle needed to compensate for q

em - coggonent of mutor angle that is requirad to inertialiy
drive sight-line through angie ($-q)

0 - original pinion center

0' - pinion center position due to q input

0'' - final inertiai pinion center

¥When the base undergoes a yvaw angle of q the moior must acce-
lerate the motor and gear inertias through ar angle of em', and
overcone friction to keep Es oriented aicng the x axis as is

required for sight-line stabilization. Geometrically this means

NE X TEN T

that points A and A' wust remain coincident. The twe variables,

A

g and em', are related by equation (13}.

‘Req = tﬂem’ (13)

L1

R

W¥hen it is required to move the sight-line from its initial

orientation, Es’ to another one, Es‘, the motor nust zccelerata
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JT as well as the motor and gear imertiag. J

T must traverse an angle

¢ while the piaion turns through an angle Gm, ¢ and em ars relatad

by equation {14). For this case vocints A and B ccincide.
e = (R-1)°¢ (14}
When botk q and é occur simultane-usly JT reed only be driven
inertialiv through an cngle that is the differzace between $ and q.
Roil witho:t elip conditions require that the arc length from peint
C tc point D be the same as the arc leugtn fror point E to point

B', where ® and B’ sre coinri-ent initially. This relatiorship

can be expressed by equation (15).

R*(3~q) = 7" (4+8_) . 15)
Equation {15} can be rewritten in the form of equation (16}.

8 = (R-¥)-$ - Rg (16)

It 18 worth noting that equation (16) becomes equation (14} when

there is no q input. Tae gear ratio, N, is defined by equation {17}.
X = R/? a7n

Using tkis relationship equation (16) can he rewritten as:
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8, = (B-1)-¢ - Neg = N-{(N-1)-¢/N - ql} (18)

Associated with the motor shaft is a compliance, KL. If friction
is neglented, the motor torque serves tc accelerate the motor and
gear iaeriia, Jm, and twist the shaft. The angie of twist is the
diifezence between the actual moter shait angle, ema’ and the angle
that is predicted by squation (18). <Tha motor torque is given by the

following expression.
2 .
= - A 2 - . -]} - }
T, Jm SR KL {8 N*({N-1}+¢/R - q)! {19)

Bv using the relationship in equaticn (1%) and the block diagram in
: {; fig. 7, the block diagram of fig. ¢ can be obtained. Typical vaiucc

of the quancities introduced in fig, 9 are given in table 3 beiow.

Table 3

Load Variahles

motor shaft compliance 690 in-lb/rac¢

B
I

d J - motor and gear inertia $.00158 1n-1b-sec2

£ J_ - travercse leoad iaeitia l.44(10q) in-lb—se.:2

xz
f

gear ratio 100

A8

motor shaft twiet angle
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v

e
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The compressibility flow, Q., is very small in comparison to the
displacement flow thrcugh the motor, and can for all practical
purposes be neglected.

Assuming q equal to zero, the transfer function from Vc to ¢
can be readily found following a series cf block diagram manipula-

tions (see fig. 10), and is given by equation (20).

Figure 9

Motor and Load

q
(: KL N
+
N
%66 -1
vc . 1/kL [ N
Kp.GV KR SY KL bdi—32 -
J «g%+1 J, -8
A T ¢
i
cp ama
X 0
VvV -8 "'
e
rl ry
* 3 ‘ < Q“
5 '5-i ;;;l““-' DM.s

N

gt s ey 0

R T pererwr A A TR
'M‘Mw‘éﬂiﬁhﬁlﬁéﬁi&’tﬁi‘f&wmmﬂnWITL».I«M RISt Fraglhe s o b




-

A R N

-

4 DL U ATERA T

o

LML ]

AT T

Figure 10

Block Diagram Manipulation to find ¢/VC

’ |
1/KL N-X1

Jm-a?!KL+1—- J.. -5+ (N-1) -KL

KP-GV-DM

KI-N.KL

I?RP-GV-KB-G6

J-8ZN. (K-1) .KL-KLZ. N- (8-1) . KX
%

'4»

JT-82+N-(N-1)-KL

N+KL
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g o g g -

c f(1+KP.GV-K6oG6)-(JT-s2+N-{N-1}-KL—-KLZ.N-{N—I}-KIH
t DMZ-KI-CP-S-(JT-52+N-{N—1}-KL)

%. KP.GV+.DM-KI-N-KL (20)

where:
1/KL
kI = Jm-s27x1. F1. (21)

By substituting the appropriate numerical values which were given

previously, the transfer function of equation (22) is obtained.

c s+ (s+.54) « (s+4.37) - (s+1286.58)(s2+2{.21}370s+3702).
(s242.{.52}-1200.8+12002)

% 9.12- (1042). (s+20) - (s+.5) 22)

1 g¥
v ]

* The last term in the denominator of equation (22) will have a

£lst frequency response cut to approximately 1200 rad/sec , and its

EELIXIEY

time respunse is very fast when ccmpared to the other terms. For
all pratical purposes it can be normalized and set equal to unity

since it will have littie effect on either the frequency response or

IR LA TR T Ml gy v

the time response. Dividing the numerator and denominator of equation
(22) by 12002 and aasuning that the dynanic effects of (s2/12002 +
2.{.52}+s/1200 + 1) are negligible, equation (22) can be simplified to

equation (23).
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6.34- (106) . (8420) - (s+.5) o

? . :
V_ " 5e(s¥.560(a+h. 37)(s+1284. 58)(aZ+2( . ZT13T0¥370) (23) s
Consider the transfer function of the servo valve.
oV = L (24)

§4/1200¢ + 2.(.7)-s/1200 + ?

This resembles very closely the term that has just been neglected.
If GV is set equal to unity when substituting the numerical values
inte equation (20), the following revised transfer function for

¢/Vc is obtained.

¢ . 6.34°(106) - (s+20) - (s+.5)
V_ " & (s+.55)- (s+4.37) - (s+1060.5)-(sZ+2{ . 3114065+406%)

(25)

This is in very good agreement with equation (23), and therefore
GV will be assumed tc be unity, There is no way to readily
eliminate the term 1/(s + 1060.5) in equation (25) by a block
diagram alteration. It must therefore be tolerated.

Since ¢ is defined to be the inertial component of traverse
motion it snould be zero for a vaw, q, input which is the non-
inertial component of traverse motion. This is the same as requiring
that A8 be zero for a q input (see fig. 9). Assuming that ¢ does
equal zero, and setting Vc equal to zero yields the simplified

block diagram in fig. 11 for q inputs only. The validity of

e

assuming that ¢ and Vc equal zero will be seen later on. Gq and

RN R ROV S R
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q. will be determined.

Toabe g
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Figure 11

Reduced Block Diagram for q Input Only

_KL.N-q N.q
6 48
LT O P P oM 1/ | 'ma
q 'Q_ T+ KPK G, - IsZ/Ka+H
CP+DM+s
KP

The requirement that A6 equal zerc implies that:

emé= - N°gq (20)

Agsuming that q, = 0 the transfer function from - KL-N'q to ama is

given by (27).

. (1 “Keo
6ma - 5 1/KL- {1 + §P K5 +Gg) ” N
-KiL°N-q (Jm-a JKL + 1)-(1 + nP-X6'C6) + CP-DM4-.s/KL
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Equation {27) can be rewritten as equatio: (28).

. -
e s vabee T vemee emaan s

9
=N.q (J -8 /KL + 1)-( KP-K 6 S * CP-DM4-s/KL

" ¥ H Py Wnl ] ]
N e L gt Y ,‘q;ﬂfﬂ,{mﬁu!“%‘m‘,h e o S
o Al )

Assuming that -KL°N-q is zero, the transfer function from g - Gq to .

M e

Gm ig given by (29).

i

UL R

}
®ma _ y KP +DM/KL
9¢°Gq (J 84/KL + 1)+ (1 + KP-K,

A Y
-G6) + CP+DM<-5,/XL (297

R MY AT I

By letting q, = -N-q , it is seen thar for en.a to be equal to -N.g

+ sy
REY LY Yt

{ ail that peed be required is that:

Tl + T2~Gq = 1 t30)

th S bampr i e

erremay
REFZIX AT AR

fubstituting equations (28) and (29) into (30) yieisds the expression

for Gq. .

M2
-3 +8%:(1 + KP-Kg-Gg) — CP-DMes

Gq = XP-DM 1)

N R R

+ : Substituting the avpropriate numerical values into (31) ylelds

equation (32).
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3¢
o = =60-5%:(s/.031 + 1):(s/320.5 + 1) G2)
q (s/20 + 1)-(s/.5 +1)
Thus if an input, - N.q, is applied through a transfer functicn,
2 and the outpuat is applied to the stabilization system as shown
in fig. 11: chere will be no motion of ¢ for a yaw input. -
The design of the hardware %o provide a transfer fuaction for %
Cq is a difficult if not imposyible task. The best that can be 8
hoped fur is a gond approximation, but it is not the purpose of i
this sriting to design bardware. The nurpose is to show the necessary ;
mathematical relationships for sight-line stabilization. g
Yaw inputs have a negligible eifect un the performacce of a %
sighi-line etatilization system when compared to the inertial inputs. Q
Therefore further efforts will be concentrated on the inertial inputs g
only. 3
Consider agzir fig. § with the Iwo g inputs and the compress- 3
? ibiliry term removed, and GV set equal to unity. It is repeated i
g below as fig. 12 for convanience. The transfer function for fig.12
% vas given by equation (25) which 1s 2180 repeated below as equation N
£ (33). ;
i
. L 6.36-(10% (s + 20)-(s + .5) ) 3
V. 8(s +.55)(3 +4.37)(3-+1060.5) (3~ +2{.31}406-8 +4062) (33 § 4
i
O
¢
=
=
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Figure i2

Mctor and Load for Inertial Imputs Only

i + ‘ : 3
| DM _LrL KL-N -
h + Jzes/KL +1 _JTéz ‘
(; ——d CP*DM-:s

Velocity feedback will be seen to enhance the performance and
stability of the system for reasons that will become cbvious later.

By placing a velocity loop around ¢/Vc and adding series compensa-

YRR

tion, the block diagram of fig. 13 is obtained. Since ¢ is an inevtis:

angle its time derivative must be measured by a rate gyrosccpe. The

P R M R

general form for the transfer tunction of z rate gyrv is given by

equation (34).

fy mmemxe ey

K.8
TRG 8éfwé V 2tsfuw + 1 (34)

2N g

reowy,

-

™~

) aicad

e AT el i o el amanea e e N A ——— R P 330 200

AR IR

T

o

i

CoWew,

JW’{/’&}'N”U‘» _;iw,,,,wu.‘,.,u*,;w,,g.w,o;mv.,,..». Weview 4 ose a1 ws

1

AR




Figure 13

Velocity Loop

v Gy ¢/Vc

.—-—1 KV‘S -—-——————l

There are 2 number of rate gyrus available that have a natural
frequency much larger than 300 rad/sec. For a rate gyrc of rhis ¢jype,

the output will t= approximately proportional to the rate only.

T.. = K-s ma-secirad (35)

Simijarly for a posit?m gyro with the same restricticns or unatsrail
frequeacy, its tranefer feacrion can be approximaced by 3 simple

= Zain.

- _ . B

S It must uew be deterwmined what KV and GVC should be. A pole zero

ISR

plot for 2quation (33) 1is given in fig. 1l4. Th> scale has been 2x-

e gen

vam'ed ir the region ear the origin ‘r order that the smaller terms
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Figure 14

Pole Zero Plot of Equation (33)

+385 -

YV — e A ——— e v

-1060.5 ~-128

: Somewhat arbitrarily it wf:l be assumed that KV is unity. It should

be remembered that this if only a starting value for optimization.

Tt is easy to see Irom fig. 1l that tha five poles and zeroes near

R TN VR St T

the origin will domirate the time 1espouse. VWaen plotting the

root locus for fig. i3 the velocity feedback will cancei out the

[

4 - pole at the origin, and the pole at (.55 can be asrtumed to cancel
with the zero at 0.5. I is reasonadle to assume that Gvc contgin
f a term (8 + 4.37)/{s + 20) %or¢ cancellation. If this and 2 gain

4t were ail that werz included in GVC’ then the root locus wouid tend
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T
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‘ vo the right half plane, and there would be little voom for the

bandwidth of the system ro be increased without lowering the damping

ratio of the complex pole vair. By introducing two lead networks
of the form {s + 150)/(s + 2000) the root locus wiil take the fore

of fig. 1i5.

Figure 15

Ront Locus of Velocity Locp
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4
For a ccmpensator gain, VK, of 800, ¢/v§ will be given by equation }
(37).
9 2 :
s . 5.2 (10°)* (s + 150) 37 3
V9 fse(s + 3453).(s + 181 + §°238)-(s + 181 - j-238)-)
(s + 749 + 3°1439) (s + 749 - §-1439) .

Therefore it is reascnabie to let:

-~ ann. 8+ 4.373+(s + 150)%
Sy = 899" 15720 (s + 2000)2 (38)

%3 a starting value.

e next step is to determine the series compensation for the

po- “-n lcop (see fig. 16).

Figure 16

Position Loop
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A pole zero plot of equztion (37) is given in fig. 17,

Fizure 17

Pole Zero Tlot cf ¢/VV
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The first thing to note is that the rwo zeros at 150 are teco small

PR

if the frequency response is to be fiat out to apprcximately 300
rad/sec. Alsc a closed loop pole will fall someplace between 0 and

150. Thersfore the two zeroes must be iucreased in sagaitude to

help draw the root locus to the left. After some trial and error,

700 was chosen to be a suitable value for the zeroes. Thus GPC will
contain two lag networks of the form (s 4 70C;/{s + 130). If these
two lag networks and a gain, PX, were all that were contained in GPC’
the root locus of fig. 16 would tend to the right half pisne from

the smaller complex pole pair, and there woull be littie room fcr

the damping ratio to decrease during optinization, if desired. This
can be averted by introducing a lead network suckh as (¢ + 700}/

{s + 3J00) into G?C' A root locus for thz position loop with the
previously discussed ccmpensation is given in fig. 18. For a positiom

compengater gain, PX, of 1200, ¢/R will be given by equatica (39).

3
[ . 6.23-(1012). (s + 700; 39)

{(s + 297)-(s + 145 + j-540)-(s + 145 - j-540)+
(s + 3303 + §-58%)+{s + 3303 - j-584)-
{s + 559 + j-1314)-(s + 559 - j-1314) ;

.

Therefore it can be assumed that a reasonable starting value of Goe

is given by equation (40).

y 3
G = 1200 (s + 700) (46)

BC (s + 15032 (e + 3000)
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Figure 18

koot Locus of Position Loop
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The transfer function ¢/R satisfies the 300 rad/sec bandwidth

requirement, and the smallest damping ratio present is the 0.26
associated with the complex pair (s + 145 + j+540)-(s + 145 - j-
540). Although a damping ratio of 0.26 gives approximately 45
overshoot the system will have nowhere near this amount of overshoot
due to the pressure saturation previously discussed, nor will the
system be anywhere near as fast as the denominator of equation (39)

might indicate. The whole sight-line stabilization system is shown

in fig. 19. It includes inertial inputs, R, as well as the non-

inert.al input q. This is not the final system, but onrly a starting

point for the optimization.

It can be seen that for a q input only, R will be equal to zero.

¢ depends only on what is between it and the input to the system,

in this cace the only input is g. Since G_was designed to cause

¢ to be zero for q inputs, there will be nc position feedback from
¢. Therefore Vc will =qual zero, and it is seen that the assump-

tions made earlier in regard to Vc and q, vhen designing Gq’ were

valid.

Although a strict linear analysis was used throughout this
chapter, aad there was no non-linear check on the stability of the
system due to the pressure saturation; it is belived that there

will be no problem with stability. This is because of the limiting

value on the torque of the syctem.
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CHAPTER 5

SIMPLIFIED VERSION

Kumerical computation time can be a prohibitive factor when
optimizing a system, as is the case for the system of chapter 4. It
is the objective of this chapter to develop a simplified model that
will reduce the amount of computation time required for optimization.

An examinatiou of fig. 19 reveals an undamped second order term

in the expression for the motor load. This expression is yiven below.

1/KL
J -s2/RL + 1
m

(41

Multiplying the numerator and denominator of this expression by

KL/Jm, and substiiuting the numerical values given yields (42).

632.9

2

(42)
a* + 616.22

The nvmerical optimization routine that will be used later
requires that the differential equations of the system be integrated
repeatedly. When numerically integrating an expression with a
natural frequency as high as the one in (42) a large amount of

compute time is required because the integration interval has to be

41
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PN

made very small ir order to achieve reasonable accuracy. For all

PR ET L AL MR ST T A

practical purposes the term Jm'sziKL can be assumed to be negligible,
and expression (41) can be approximated by 1/KL. This alleviates g
the need to integrate expression (41), however there are other :
expressions that also must be dealt with in order to reduce compu- :
tation time for the whole syzstem.

Again referring to fig. 19 1if the loop containing the terms
N, N-1 and N-KL/(JT'SZ) is collapsed, the following expression can

be readily obtained:

N-KL/J.,

s + N (N-1)-KL/J, (43)

By substituting the appropriate numerical values into (43), expression

(44) is obtained.

tapgne

_241.66 - (44)
s + 209
'}
{
This term also requires a very small integration interval in order i

to achieve reasonable accuracy.

Expression (43) arises out of the dynamical considerations for

B B TR L | e L AR R PN

'Y

motor shaft compliance. If it is assumed that the motor shaft is

rigia, then it is easy to see that:

o = 2 (4%)
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Weglecting friction, the motor sorque serves to accelzrste the woter

-

and gear inertia through tha zngle Sm’ and the traverss inertia

(divided by the gear ratio) through ar angle ¢, Tuis relation is

TR

expressed in equation (46).

T bt K S G i USROS RO A ANBAS i"‘-?

~ = -2 .21. 3y
Ty = Jps o6y + JpesTe4iN (46
If equation {45) is substituted irto equataon (46), anrd K-1 is
assumed tou be approximated by Y, equation (47) is rbtained.
(47)

1 alyec2,
SRR W b RS

LR T R PR EY

b3
M
3
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Corbining equation (47) with the block diagram iz f.z. 7 and neglect~

ing compressibility flcw and GV as was dame eariier, vhe bioclk disgram

in figz. 20 is obtained where:

= - . QY
JL JT/N +J ¥ (48}

by ".sing the block diagram in fig. 28 and substitating ir the

ropar numerical 7aiues, the expressiszn for 3/V  1s obtained.
prope D -

TN 8L N LD Vet

- 15.02-(s + 20)-(s + .5) (49)
V., s8(s+ .53)-(s + 4.38)-(s + 414.90)
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Simplified Version of Motor Load Relation
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B Following the same procedure es was used for the development of : #

[EY R 1]

the mwodel in chapter 4, the next step is to add velocity feedback.

This is represented in fig. 21.

Figure 21
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Let Kv be unity, ana let Gv be vsed for th2 cancellation of the ;g
3
smaller terws in eguation (49}, G, 4s ther. expressed as (59). B
2
VK-{s + ,55)-(s + 4.38)
Gv = (s ~ .5)-{s + 20 (50) ij
VR 18 a variabie gain to be deternined. The pole at .55 aau the §
zero at .5 warz assumad not to cancel becanse the pole at .35 was E
fourd to be somewh~t sengitive to changes in the other parameters .
when some preliminary programs of the systex wire run. By ugiag
eguation {50} the tramefer function for MVv is fornd %o be: ;
{: % . VK-15.02 (51)
Vv s(s + 414,90 + VK-15.02) :
g
Consider ¢.'Vv with position feedback as is chowm in fig. 22.
Figure 22
Pogition Teedback
+
R .
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Lzt Cv be simply £ gain, PK., Thea the transfer function for fig.22
is siver Sy equation (5Z).
4 . PK-Vi- 15,02 N
R~ 2 2

s  + {4£14.90 + VK-15.02)+.8 + PK.V¥-1C5 .2

The expreasioa 414.9 + VK.15.02 will rorrespond to the 2w term of
a quadratic. Eemembering that a bandwidth of approximately 300 is
desired, © can be chosen so as to satisfy this requirement. Let
w be 315, also let 7 be unity for an initial value. By substituting
thege values in equation (52), VK is found to be 14.32 and PK is
found to be 461.29,

Fig 23 is then the final simplified configuration for a system
to te used as a starting point for optiwization. This system is
for {nertial inputs cuiy, i.e. kK is the inertial component only. The

yaw inputs, q, were ignored altogerher because in this gimplified

version they are trivial.
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A recsonable guestior to ask i1s: How good is the approxima-
tion of the detailed cmodel that 1s givern by the simpiified nodel
in chapter 5? The answer tc this question can be found by running
the moicl of chapter 4 witu 3 very large numbar inserted for KL.
This approximates the rase of a rigid motor shaft. However if
equatioa {«3) is considered it can be seen that as KL is increased
80 is the natural frequency of the undamped second order term,
and this causes the computation #ime for the solution of the system
equations to go up. An attempt was made to run the system with a
very large value for KL(108), but the amount of ccz=putacricn time
required for this was prohibitive. However, the simplifizd system
is thought to give & good approximatiou o the detailed version
because the transient response of the zimpiified system (see appendix

A and Fig. 26} is on the order of the transient responses ercouitered

in the literaturs:
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CHAPTER 6

OPTIMIZATION

The term sptimization is an abstract one to say the least.

There are many different defiasitions of optimization. Basically

to optimize a system means :to minimize a pecrformance index (cost
index) while the gystem goes from one state to another. This per-
formance index is a function of the paramcters of the system. The
system parameters include all the physical variables of the system
(gains, compensator values, inertias, etc.); and, in the strictest
sense, the input. The {input will not be assumed to be a parameter
here. This corresponds tc an input over which there is no control,
2 case that is not uncommun in the contrcl system area.

There are many forms for the performance index. Integral forms

are a very popular type. Among the integrai fctme is the integral
squared error (ISE). 1f a system goes from one state at time tl
to another state at time tys then the ISE is given by equation (53),

where R is the input to the system and C is the output of the system.

ta
ISE = J ‘(R-C)zdt (53)
ty

B L Sy LIS PN

With the use of Parceval's theorem {7} and tables {7}, the ISE can

be computed with some eaese when = 0 and tz = », This is not to
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say that a mianimum ISE is easily obtained analytically.

Numerical optimization routines have gained in popularity
because of the difficulty in applying analytical techniques in opti-~
mization. The key to a numerical technique is the method used to
vary the system parameters in the search for the optimum solution.
There are two classes of search techniques: 1indirect search and

direct search. All indirect search methods employ the use of the

ag

gradient of the performance surface in one maaner or another.
b
Highly oscillatory or even discontinous performance surfaces are

very common in the control system area. This highly oscillatory

nature can cause 2 gradient to be calculated incorrectly, thus
affecting the optimization. For this reason direct search mettods

are more suited to optimal control pruui.ms,

Pl

There are many fine direct search techniques. Among them
are the methods of Hook ard Jeeves {4} and the method of Rosenbrock
{9}. Lange-Nielsen {6} has modified Rosenbrock's method and used
it to develop an optimizaticn pregram. A detailed description of
Rosenbrock's method and Lange-Niclsen's mcdifi~ations can be found
in reference [6]. A step by step implementation of Lange-Nielsen's

nrogran can also be found in reference [6].

b Lange-Nielsen's program will be used to optimize the sight-lime
: siabilizaticn systew of chapter 5 using ISE as the performance index.
; In lLange-Nielsen's program the system parameters are perturbed using

the modified versinn of Roscnbrock's method, and after z2ach pertuba-

tion the system differentiai equations are solved using CSMP {S5!.

ot 2 e
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Toe verforrcance index is calculated, and the procedure ig repeated
until convergence is sssured. The reader is referred to refereuce
{103 for a verification of the accuracy of Lange-Nielsen's program.
Before the actual optimization can take place, the vnarameters
that zre to be varied must be decided upon. The procedure tha:r will
be used here will be one of eliminstion of inappropriate parameters.
Coasider figure 23. Let the zerces of the compensator be knowa
as ZL1 and ZL2, and iet the poles be known as PLl and PL2Z. Alsc let

the poles of G6 be called Pi and P2. All the system patameters can

now be listed in table 4.

Table 4

List of System Parameters

PK PL2 DM
K K? CcP
ZL1L Ké N
Z1.2 P1 J'I
PLl P2 J
m

It is intuitively odbvious that Jm and JT will tend to their
iower limits, and DM will tend to its upper limit. If the expression
for JL is considerad, it can bte seen tiiat N will tend to a very
large nmmber in order tec minimize JL' It can therefore be assumed
that the bzhavior of these four parameters during optimization is

known, and that the vslues given have already been extended tc their
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limits. CP is a small signal value for a ncnlinear term; and there-
fore to use it as a parameter would have little meaning. Pl and P2

are part of the pressure feedback transfer function, G It is not

6°
always possible to order hardware that has the exact physical
characteristics that are wanted. This may be the case with Pl and
P2, therefore they will also be deleted as parameters. PL1 and PL2
are see~ 1o cancel Pl and P2 directly, and since Pl and P2 are de-
leted as parameters, PL1 and PL2 will also be deleted. KP and K6
are part of the servo valve pressure feedback configuration. But
since they are gains it will be assumed that they can be altered
without much trouble. Some preliminary runs of the program have
shown that KV remains approximately equal to unity. KV will there-
fore be left fixed at one. There are no foreseen reasons for not

using the rewaining variables, therefore the variables to be used

in the optimization are KP, PK, VK, K , ZL1 and ZL2. In order that

the compensator be gut in proper form for CSMP, VK must be modified

as follows:
VK = 14.32-PL1.PL2/ZL1/ZL2 {54)

A The parzmeters are listed below in table 5 along with their start-
ing numerical vaiues for convenience.

# : Everything is now ready for the actual optimization, which

is done with the use of the optimization program developed by T.

Lange-Nielsen [10]as previously mentioned. The optimal parameters
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A e e

Y YT L

S—




- —- _<ﬁ__.,__..vf w ~—— - ~v T *vv"

o e T e 13 g
3P

53 %

|
are listed below in table 6 for several magnitudes of step inputs ;

along with the percent overshoot of the system and the optiral :;:

value of ISE. The step magnitudes are representative of those en- c

countered in pratice. The changes In percent overshoot are due to :

the nor-linearity. A sensitivity eheck of the system with the 0.1 :

step is given in t-ble 7.

T=ble 5
} Initial Values of Farameters Used in Optimization
KP = 15000 psi/oa K, = 0.C02 ma/psi
; PK = 461.29 ZL1 = 0.55
VK = 3.43 2L2 = 4,36
[ C
& Table 6

Optimal Parameters

Step Magnitude | 0.05 0.10 0.15 0.20
KP 29231.1 [22468.1 '13355.1 |29170.8
K, .0018154 |.0025239 |.0006002 |.0033426
‘ PK 540.687 1463.931 [435.085  |406.212
- VK 3.60503 |4.14173 [2.93995 |2.97975
zL1 5468911 |.512743 |.497890 |.547466
l ZL2 9.05973 [6.06801 |5.74567  |4.39803
P.O. 28.2 5.87 5.63 ———

ISE 2.4763E-4{1.3941E-3|3,.8416E~3 |8.0115E-3
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Table 7 ;!
i
Sensitivity Check 3
Parameter | % Perturpation ISE [ P.O. o
: -
+10 1 3945E-3 7.41
-10 1.39412~-3 5.5¢
KP
+20 1.3945E-3 7.48
~20 1.3945E~-3 4.22
-10 1.3945E-3 7.48
Ke
+20 1.3946E-3 4.05
{
-20 1.3945E-3 7.48
(4 +10 1.3945E-3 7.48
i -10 1.3948E-3 3.73
X
~20 1.3948F-3 3.73
+10 1.3945E-3 7.48
-10 1.39456-3 4.14
: ('} ¢ -
i +20 ., 1.3745E-3 7.48
~20 1.3948E-3 3.73
+10 1.4043E~3 13.24
: -10 1.4043E~3
FAR]
+20 1.4285E-3 19.15
§ ~20 1.4314E-3
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Table 7
(Continued)
Parameter % Perturbation ISE P.O.
+10 1.3950E-3 7.48
-10 1.3951E-3 3.73
2Lz +20 1.3957E-3 7.48
-2¢ 1.3959E-3 3.73

The frequency response of the system that had the 0.1 step as the
system input is found in figures 24 and 25, and the transient response

of the same system is found in figure 26 and appendix A. A discussion

)

of ell the results obtained in this chapter and the conclusions that

can be sdrawn from these results is found in chapter 7.

(]
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CHAPTER 7 .

DISCUSSION AND CONCLUSIONS :

The performance of thte system fcllows an expected trend when
} cumpared to the trend of the fupurs. It can be seen from tabie 6
that as the magnitude of the step irput decreasas, the gystem over-

shoot increases. Ac the magnitude of the gtep decreases there is

WNF

# i 1ess torque requiied to drive the syzter; hence there is less satur-~
. ation of the load pressure, and th= system behaves more like a lin-
{* ear system.

The important question is: Which set of parameter values should

F be used for the final syatem? Since the physical inputs o the system :
wiil be of a random nature (pitch, rcil and yaw), there will be a
- wide ronge of inputs to the system. Th2 system will obviously not be

able to perform in an optimal zeoaner for alli the inputs. One approach

LI YR L ¥

to daterminz the best vet of parumeters might be to use each step as

N

the Znput te each optimal 3ystem and ccxpare the ~esults.

B S o

A counzideration of the sensitivity check in table 7, and an

overall view of the parameters irn table 6 may serve just as well.

W Wegh cnb

If the change in the oercent overshoot from the optimum valuve

{ ptimum vzlue is 5.87 %) is ccnsidered, then the system is some-~

LD TEMTR A

what insensitive to ail the parameters except for ZL1. An examinatiop

c of the values for ZLi1 given ia tzble 6 shows that the smallest value

ol

LR - PRI




for ZL1 is appreximately 91 % of the largest value. If a value some-
vhere ir between is chosen, the performance of the system for any
of the inpuis #ill not be affected greatly.

¥E, K6 and Z.Z all have wide variations in their parameter values
as can be seer from table 6, huwever an examination of table 7 shows

thet these three parameters are all very insensitive wlth respect to

the change in percent overshoot. PX and VK do not vary a great deal;

nor are they very sensitive,
Cousidering the data in chapter §, the final decision on the

parameter values must be made only after considering all the available

facts. Facts sucn as linearity of elements (amplifier geias, compen-

sator poleg, etc.), and the actual shape of the input distributicn.

ELLN
.

- Ideally, if the actual svstam input were available, the optimal para-
ne*ers could be found. Eowever the actual system input ig notf always
available as is the case here. Therefore the optimel parzmeterxs of
chapter 5 can only be used as one factor in the final cholce for tae

final system.

The frequency response plots of figuras 24 and 25 reveal that
<he 30C rad/sec banduidth requirement has teen satisfied for the
optimal system with the 0.1 step input. They alsc reveal that there
J is no problem with stability as is sometimes eanccuntered in systems
with son-linear elements. The transient respcnse in appendix & & Iig, 26
proves the dominance of the pressure saturatiom over the system per-—
formance as was expected. One final corclusion can be fiawn by noting

the sm:ill amount of overshnoct for the systems with the three l.rgest

i A AP &
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inputs, ana concludiig that for systews with strict liuitaticns on

av:ilabls drive torque the cvershoot temds to be smali.

61
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Appendi A

System Cutout

A list of the print-plotted variables and their definitions

are given in table 8.

Tal.le 8

Output Variables

PHI -~ sgystem output
X900 - torqus

ISE - integral squared error
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