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ABSTRACT 

The conventional linear washout filter and coordinated 

adaptive washout filter for a six-degree-of-freedom fli~ht 

simulator are surveyed. A nonlinear optimal washout filter 

based on nonlinear regulator and optimal control theories has 

been synthesized. The proposed nonlinear optimal washout 

filter is capable of producin~ the drive signal according to 

the magnitudes of inputs while it minimizes the ~iven 

performance criterion. For each channef four different cases 

are tested using computer simulation. Comparisons are made 

with the results obtained from a linear washout filter and an 

adaptive washout filter. The observation is that the nonlinear 

optimal and adaptive washout filters are superior to the linear 

washout filters in some aspects. Recommendations for future 

work and improvement are also included. 

*Throughout this study the term 'channel' refers to the 

longitudinal, or the lateral, or the vertical simulator travel 

direction in which the control signals are applied. 
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CHAPTER I 

INTRODUCTION 

The advent of fixed-base flight simulators has provided 
both researchers and trainees with low-cost safe devices in 
which the pilot can visualize the simulated flight manoeuvre by 
means of on board CRT and other instruments located around the 
pilot. Lacking in motion, this kind of simulator seldom 
provides high fidelity (this is not the case for space craft 
simulators). To meet the need for high quality mimicing of the 
flight situation, motion-base simulators came into being. With 
the aid of modern techniques in computer science, control 
theory, and video graphics, motion base simulators can provide 
more realism and greater authenticity, at the same time 
reducing the inconsistency in flight results between simulated 
flight and real flight. It is desired that the simulator 
cockpit is · commanded to move about in accordance with the 
states that the real aircraft possesses. Unfortunately, 
simulation as the definition implies, is not duplication, it 
can reproduce the real world only approximately. Flight 
simulation is the art of imitating real flight, it uses the 
mechanisms of illusion and deception to achieve certain 
pur po ses. 

Normally, there are two basic constraints in simulation. 
The fil'st is that man-made models, diffel'ential equations 
representing the dynamics of simulated aircraft, for instance, 
can only approximate the real situation to a certain de~ree at 
the very best. Theoretically the mathematical model fol' the 
object studied can be built to be as accurate as possible, but 
in doin~ so the object should be weIl understood, which, for a 
complicated system, is of ten not feasible in practice. The 
second and of ten the most fatal constraint is the physical 
limitations in the artificial environment. For instance, the 
flight simulator which can have six degrees of freedom is 
mounted in a mechanical structure with limited manoeuvre 
capability. In each degl'ee of freedom the motion system can 
not exceed physic~'3l limits on position, velocity and 
acceleration. An example of such limitations is summarized in 
Table 1.1. 

It has been of long standing interest to find a way out of 
the dilemma in dealing with flight simulation. Researchers 
have made painstaking efforts to construct motion cue 
generating circuitry as weIl as to establish useful theories, 
suc h as 1 inear wa shout fil ter [1], optimal wa shout filter [2] , 
quasi-optimal washout filter [3], and adaptive washout filter 
[4] among which the linear washout filter is classical and 
fund amen t ;31 . 
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As men t ion ede a r 1 ier , th e fl i g hts i mul a to rit se 1 fis 
nothing more than a device used to provide (or to "deceive") 
pilot with the "feeling" of real flight. It is the pilot's 
perception that is of major concern in fli~ht simulation. 
Therefore in order to prevent the cockpit from hitting the 
limits of the motion base, a logical Wgy is to modify the 
commanded variables [1]. Research related to human motion 
per'ception organs has been going on for years [5,6,7]. But 
today many questions still remain unsolved. However, empirical 
knowl edge combined wi th theoretic al and pr ac tic al 
considerations lead to the assumption that a pilot can "sense" 
the same quantities as can be measured by three linear and 
thr ee rota tional ac c el erometer s moun ted along thr ee 
perpendicular axes [1], or simply, that only the accelerations 
can be "sensed"by the pilot. Consequently, a specific force is 
defined, and specific force cues ar'e studie1 in this report. 

In this study, the conventional linear washout filter and 
adaptive washout filter are briefly surveyed, a computer 
program to simulate these washout fil ters is developed, and the 
time responses to different inputs are plotted for later 
comparison. The major part of this research is to synthezise a 
nonlinear optimal washout filter based on nonlinear regulator 
and c>ptimal control theories. The detail ed theoretical 
background and development are given, then the case study and 
comparisons are carried out. The computer subroutines used for 
solving the optimal problem are provided in an appendix. 
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CHAPTER II 

CONCEPTUAL ~SPECTS OF FLIGHT SIMUL~TION 

Broadly speaking, the term "flight simulator" refers to 
any device, for example a wind tunnel, that imitates the flight 
environment. However here it is commonly considered as a class 
of devices used for both research and training in the 
investigation of man (pilot) and flight vehicle (cockpit plus 
motion base). The emphasis may vary from man to machine but 
always with the integration of both. 

Conceptually, a piloted flight simulator consists of, in 
varying de~rees, the following components: 

1. A cockpit which can be moved about via commands 
issued to serve drive systems. 

2. Airplane control devices (e.g. stick, rudder 
pedals etc.) located in the cockpit. 

3. A real-time computer (not necessarily on board) 
which takes input signals from the controls and 
solves aircraft equations of motion to determine 
its states (e.g. positions, velocities, attitudes, 
and angular velocities). 

4. Assorted aircraft instruments and all oth'er visual 
indicators which might be installed on a real 
aircraft to provide a measure of the aircraft's 
states (determined by the computer) to the pilot. 

The instruments and visual displays can be commanded to 
act in accordance with the computed aircraft st~tes. Ideally, 
the cab would also be commanded to move about in accordance 
with the aircraft states, but it is impossible to do this in 
practice because of the constraints in the mechanical 
structure.Usually a motion base can move only a few fe et in 
any direction with limited velocities and accelerations, 
similar limitations also exist in an~ular rotations and 
rotational rates. 

Due to the physical limitations of the motion base, some 
modification of the computed motion commands is necessary 
before they are used to control the cockpit motion, otherwise, 
the motion base would be driven into its limits and hence give 
totally erroneous motion cues to the pilot. A conceptual block 
diagram of a flight simulator' is given in Figure 2.1. 

The object of washout filter research is to investigate 
ways of uSing computed motion variables to obtain si~nals 
representing simulator motions compatible with the limitations 
of the motion base. In general, the movement of the motion 
base is inconsistant with the pilot's instruments and other 
visual displays. However it is observed that human motion 
sensing system is also limited and selective, that is, 
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specifically he/she may be more sensitive to some motion cues 
than others. In practice, ~cceleration or force is considered 
to have the most pronounced impact on the human perception 
system. B~sed on this observation, the signal modification 
scheme should involve producing an allowable motion which gives 
the pilot the best motion cues possible. 

2.1 Translational Motion Sensing---specific force 

As it is observed that human perception organs are biase1 
to force impact, therefore it is useful to define the specific 
fo!'ce for the later development of w~shout filters. 

Specific force is defined to be the difference between 
inertial acceleration and gravitation [~]. Three appropriately 
mounted linear accelerometers measure the specific force vector 
(thr ee compo nen ts) . 

Since position and constant velocity are not sensed by 
human perception organs, initial conditions on these quantities 
may be selected to satisfy simulator constraints. For example, 
to good approximation, const~nt velocity motion may be 
simulated by a cockpit at rest on the ground. 

2.2 Rotational Motion Sensing 

Although both rotational rate and acceleration are sensed 
by . the pilot we can consider rotational rate as a primary 
quantity in our mathematic~l development. That is, if 
rotational rates are the same in the motion generator as they 
are in the aircraft then the rotational accelerations will also 
be thesame. 
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CHAPTER III 

REFERENCE FRAMES,ROTATION MATRICES, 
AND CENTROID TRANSFORMATION 

As mentioned earlier, translational accelerations ~nd 
rotation rates are considered important inputs to human 
perception organs. Therefore we may use appropriate ' qU8tities 
from the washout circuitry to eventually serve as the input to 
the motion drive systems. The main interests are summarized 
here: 

1) The three compo nents 0 f specific force 
acting on the simul ated aircraft. 

2) The three componen ts 0 f rota t ional rate acting 
on the pilot at the cockpit 10c8tion in the 
simulated aircraft. 

3.1 Reference frames 

Since the simulator cockpit is supposed to move like a 
real aircraft, it is convenient to define a cockpit-fixed 
l'eference frame Fe, usu811y referred to as the body-fixed 
refel'ence frame in the simulatol' . Throughout this study, Fe 
will be a cockpit-fixed reference frame whose origin is ~t 
centroid of the motion platform and whose x-axis is parallel to 
the cockpit reference line. The z-axis is normally downwqrds 
in the plane of symmetry ~nd the y-axis orients according to 
the right hand rule, the det~iled convention of cockpit-fixed 
reference frame is similar to that of body-fixed reference 
frame [9], (and see Figure 3.1). 

Another commonly used reference frame is the inerti81 
reference frame. Throughout this report the inertial reference 
frame is denoted by Fi. It is assumed that the earth' s 
rotation is negligible, therefore we adopt a local tangent 
plane as an inertial reference, we also assume that gravit~tion 
acts along the direction Zi of Figuire 3.1 and has a constant 
magnitude. These assumptions are reasonable for all flight 
sim u 1 a to r s • 

FOl' consi stenc y and cl ar i ty, throug hout thi s r eper t the 
following conventions are adopted. The lower-cases c and i 
when used as subscripts indicate that vari8bles are defined in 
cockpit and inertial reference frames respectively. To denote 
variables sensed by ~ pilot in the cockpit of the simulator, 
the symbol is used, s~y, f is a variabIe sensed in the 
simulator cockpit. 

Conventionally, we make use of the notations given in 
reference [9] to establish the following definitions, geometric 
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relationships, and matrices which will be employed in the 
development of the equ~tions of washout filters. 

3.2 The Rotation Matrix and the Rotation rate Matrix 

3.2.1. Rotation Matrices (Lc ' and L· ) 
- . 1 ~lC 

cos8cos\jJ cos8sin\jJ -sin8 

Lc' = 
sin</>sin8cos\jJ sin</>sin8sin\jJ sin</>cos8 (3.1) 

- 1 -cos</>sin\jJ +cos</>cos\jJ 

cos</>sin8cos\jJ cos</>sin8sin\jJ cos</>eos8 
+sin</>sin\jJ -sin<j>eos\jJ 

where .!:Ci denotes the tr~nsfol'mation matrix from Fi to Fe 
\jJ, 8, and <j> al'e the Euler angles defined in reference [9]. 

It is known tha t LCi is an or thogonal matr ix and the 
fo llowi ng rel ation ex ists between .!:ei ~nd .!:ie 

(3.2) 

The detailed description of equations ('3.1) and (1.2) is 
available in reference [91. 

3.2.2. The Rotation Rate Transfol'mation Matrix ~T 
Rel a tin g to F i a n d Fe 

~T 

The inverse of ~T is 

R-
l 

= [~ -T 
o 

o 
cos</> 

-sin</> 

~in<j>tan8 

eos<j> 

sin</>see8 

6 

-sin8 1 
sin</>eos8 

cos\jJeos8 

cos</>tan8 ] 
-sin</> 

cos</>see8 

(3.3) 

(3.4 ) 
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3.2.3. The Centroid Transformation 

A useful reference point in the simulator is the centroid 
of the upper frame of the motion base. The location of the 
centroid with respect to the centre of gravity is defined as 
(see Figure 1.2) 

(3.5) 

which 8re in the body-fixed frame, where xp , Yp 8nd zp locate 
the pilot's seat with respect to the centre of gravity of the 
simulated aircraft. xPe , YPe and zPe locate the centroid with 
respect to pilot's seato A reference to Figure 1.2 may be 
helpful in understanding these variables. According to [gl, 
once the centriod location is determined, the translational 
acceleration of the centroid is given by the following equation 

. .. 
A · 6 Le· ~e1' = ~e1' + R + w Xr + w Xr + w XR +e = - 1 ~ ~ -re +c +ce +e +ee +e-re . 

+ 2w XR + w Xw xR +e +e +e +c +c (3.6) 

where ~ei' ~ec' ~, and ~e are the vectors shown in Figure 1.2. 

Usu811y, once the configuration of the motion b8se is 
made, ~ is a constant vector. Therefore 

R 0 +e + 

equation (3.6) becomes 

.. . 
A = r + w Xr + w xR + w Xw xR +e +ee +e -ree +e +e -re +e +e 

7 
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CHAPTER IV 

LINEAR WASijOUT FILTER 

Traditioqally, w~shout filters were derived empirically. 
Among many methods, the most fundamental ones are 

a) Scaling; 
b) residual tilting (coordinating); 
c) linear filtering. 

To meet the performance requirements, combinations of 
these techniques are of ten necessary. The essenti~l p~rt of 
w~shout circuitry is a high-pass filter used to exclude 
undesired low frequency si~nals from the motion base input. A 
high-pass filter is always used in linear washout circuitry, 
because low frequencies or constant inputs would require a 
large motion base ~xcursion [11 which might lead the motion 
base to hit the simulator's travel limits. 

In 1970, Conard and Schmidt proposed a coordinated linear 
washout filter [1]. As the n~me impl ies, in thi s method they 
coordinate the translational channels and rotational channels 
to simulate partially steady state specific forces (see Figure 
4.1 for the function block diagram). Hence a better 
representation of the specific forces may be produced in 
pr inc ipl e. 

The detailed derivation of a linear w~shout filter is 
given in reference [11. 

It is observed that an effective washout filter for the 
acceleration input should have at least a transfer function of 
third order. For illustrative purposes, a typical second order 
high p~ss is given as follows [11 

G(s) 2 2 
s + 2l;;w 5 + W 

n n 

(4.1) 

~t .. 
suppose rees) ,re(s) are the simulator cockpi tand the 
simulated aircraft accelerations respectively, then 

(4.2) 

tI ~ n general ,re is only the high frequency part of the 
total simulator motion base acceleration. 
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J. 

Let the initial conditions be reeo) = 0, reeo) = 0, ::)nd 
suppose re is a step input, then time responses are given in 
Figures 6.4'\,6.7, the values used for ç and Wn are given in 
Table 1 of Appendix~. Investigation of these fi~ures shows 
that this kind of filter' is capable of "washing out" the 
specific force inputs. However, because of the 1inearity of 
the w3shout filter, ::)11 motion cues are washed out at the same 
time regard1ess of the difference in magnitudes of inputs. 
Therefore the linear washout filter of ten unnecessarily reduces 
the capability of the motion base, which in turn reduces the 
fid el i ty 0 f the simul ator. 
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CHAPTER V 

COORDINATED ADAPTIVE WASHOUT FILTER 

Fo11owing the same idea of coordination of translation and 
rotation to generate more accurate longitudinal and lateral 
force cues, R.V.Parr'ish et al conceived the coordinated 
adaptive washout filter in 1974 [41. 

The design philosophy for these filters is to present as 
much of the force cues as possible wi thin the constr'aints of 
the motion base. Theoretical1y, the coordinated adaptive 
washout fil ter is bas~1 on the theory of par'ameter 
optimization. 

The detailed development of the adaptive washout filter 
was carried out by R.V.Parrsh et al [4]. For completeness, 
some major aspects of this deve10pment and theoretical 
background wi 11 be introduced briefly in the fo11owing; 
sections. The results of a computer simu1ation will also be 
given later. 

5.1 Parameter Optimization 

Optimization is one of the most important problems in 
control system engineering. One aspect of optimization is the 
selection of system parameters in such a mannel' that the 
performance of the system is as close to optimum as possible, 
based on a given criterion for optimality. For example it may 
be desired to mlnlmlze cost or energy consumption or to 
maximize profit, productivity, or dist~mce of travel etc •. 

In the following sections, the mathematical development of 
the parameter optimization using continuous steepest descent is 
pr esen ted • 

5.1.1 Mathematical Description of Dynamic Systems 

Dynam ic sys tems ar e d esc r ib ed 
equations. Any system of order 
first-order equations. Without loss 
system can be expressed by the state 

by means of differential 
n can be represented by n 
of generality the dynamic 
equa tion: 

i = i(~, t, :;:, ~) (5.1) 

T T 
~à [xl, x2,···, xn] ,:;:à [al, a2,···,ltn] 
represent the adjustable parameters, 

10 



The initial condition is given by 

~(o) = x 
-0 

Description of dynamic systems in terms of their st~tes is 
consistent with modern control system theory and provides fol' a 
compact intel'pretation of the behavior of multiparameter 
systems. 

Fot' each set of parameter values, say, ~(l) , or ~(2) the 
system behavior will be described by means of a solution given 
b y ~ (~ Cl), t) 0 l' ~ (~ (2), t) • 

In solving optimization problems, a performance criterion 
function relating to the parameters, the input, and the states 
of the system is always needed. For simplicity we denote the 
criterion function as 

Usually, for an optimiz~tion problem, tt is desired that 
by selectin~ a or u or both, that 

J ~ minJ(~, ~, ~) or maxJ(~,~,~) 

The configuration of criterion 
different problems. 

function varies în 

5.1.2 Optimization by Continuous Steepest Descent [101 

In system en~ineering, optimization is categorized into 
two main problemsj static optimization which ignores the 
dynamic characteristics of the system and dynamie optimization. 

First we eonsider the problem of statie optimization. A 
typieal statie system is a set of algebraic equations with a 
number of adjustable par~meters. It · may be stated in the 
matr ix form 

A x = b 

wher e x and b ar e n-d imen tional vec tor s, A is an nx n matr ix • 1\ 
criterlon function depending on the p~rtieular values of the 
parameters is denoted as follows 

J = J (~) 

11 
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where A is ~(~) and J = J[~(~), ~] = J(~). 

It is desired to derive a method of adjusting the 
parameters such that starting from an arbitrar'y initial point 
0.0, the parameters will move toward the values which minimize 
3. It is known that the path of the steepest descent is the 
pa th whic h is normal to the contour 1 ines in the par ameter 
space which represent constant values of the criterion 
function. Consequently, it can be seen intuitively that the 
parameters should be adjusted such that their rate of change 
with respect to time will be tangental to the gradient vector 
in this same space. If each component of the changing 
parameter vector, Le. each component of ä. is colinear with 
the corresponding component of the gradlent vector, then the 
adjustment will in fact be along the path of steepest descent 
(see Figure 5.1). 

o 
To mathematically verify the above statement, we for'mulate 

the rate of change of a criterion function with respect to time 
as follows 

(5.3) 

or in vector form, equation (5.3) can be written as follows 

dJ . 
(5.4) dt = <'lJ, a > 

where 

aJ . 
aal al 

aJ 

'lJ aa2 
0. 2 " 

= 0.= 

(lJ . 
(la a 

n 
n 

The rate of change of J wi th respect to time is the inner 
product of the two vectors 'lJ and ~. 

Now we wish to maximize dJ/dt. Clearly from equation (5.4), 
we know that maximizing dJ/dt is equivalant to maximizing the 
inner' product. This occurs when the two vectors 'lJ and ~ are 
parallel or, in other words, when corresponding components of 
the two vectors ar'e proportional to one another. That is 
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.... 

or in vec tor form 

. 
a. 

1. 
-= . 
a . 

J 

dJ/ da . 
1 

dJ/ da . 
J 

a K'ii'J 

(5.5) 

(5.6) 

where K is a coefficient. If K > 0, then equation (5.6) 
represents an ascent pathi if K < 0 it represents a descent 
path, and is refet'red to as continuous steepest descent(CSD). 

5.1.3 Extension of CSD to Dynamic Systems 

The previous section has been concerned with the problem 
of static p~rameter optimization. Most engineering problems, 
~owever, are concerned with the optimization of dynamic systems 
described by differential equations, consequently the method 
out1ined in the preceding section cannot be applied directly to 
dynamic systems. 

For the sake of simplicity, we consider a model reference 
adaptive (MRA) control system depicted in Figure 5.2, where 
Yp(~,t) is the output of the dynamic system, ~ is the adjustable 
parameter vector which can be adjusted continuous1y to make 
Yp(~, t) as close to the output of the refet' ence model as 
possib1e. However, Yp(~, t) is not an instantaneous function of 

due to the characteristics of the dynamic system, rather, i.t 
depends on the present state and history of both the system and 
the parameters. Consequent1y, the fundamental assumption made 
in Section 5.1.2, name1y, that J is an a1gebraic function of 
the parameters is now violated. In dynamic systems J depend s 
on the entire time history of the parameters. 

In order to make use of the steepest descent method, we 
have to make some modifications in the deve1opment. One way to 
circumvent the prob1em is to fix a with respect to time during 
computation of the gradient. Another way of modification which 
is more extensive1y used in adaptive control prob1ems to attain 
para~eter optimization is to assume that the rate of adjustment 
of parameters is slow compared to the basic time constraints of 
the system itse1f. This is the so-ca1led "approximate gradient 
method" • 

5.2 Model Reference Adaptive Control (MRAC)---a review 

In contrast to conventional control theroy, adaptive 
control refers to the control of p~rtia1ly known systems [11]. 
For many years there has been an increasing interest in 
adaptive control which can be attributed to the fact that there 
is invariab1y some uncertainty in the dynamic characteristics 
of most practical systems . 

For this class of system, the tools of conventional 
control theory, even when used efficiently in the design of 
controllers, are inadequate in achieving satisfactory 
perfot'mance in the entire range over which the characteristics 
of the system may vary. Hence some type of monitoring of the 
system's behavior fo1lowed by the adjustment of the control 
input, i.e. feedback, is needed and is refet't'ed to as adaptive 
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control. It is possible to monitor diffet' ent system 
ch~racteristics and take different control actions, and hence 
there is a large class of nonlinear feedback systems which can 
be referred to as adaptive control systems. 

Since adaptive control systems are nonlinear feedback 
systems, there is the distinct possibility that such systems 
can become unstable. Even thou~h there has been interest in 
this at'ea for over twenty years, due to the lack of ~ well 
developed stability theory for such systems, the application of 
adaptive control to practical systems has not been attempted on 
a large scale, until recently. Most applications ~nd research 
have been made in control of aircraft and spacecraft which 
indicates th~t adaptive control theory may be especially 
suitable fot' flight vehicle control system design. 

Among many theories proposed, the model reference adaptive 
con trol ha s been wid el y a ppl ied . In thi s i nv est ig ation, we 
will use it to solve the motion base control problem. 

5.2.1 The General Statement of the Problem 

The input and output of a linear time-invariant plant with 
unknown parameters are ~C·) and YpCo) respectively (see Figure 
5.2). A linear time-invariant reference model and a reference 
input rCo) are specified which result in a model output YmCo) . 
From all available on-line data it is desired to determine the 
control input suc h that the error CYp-Ym) tend s to zero. 

Our interest now is to determine the information needed to 
solve the problem and generate a model for realizing the 
controller. The parameterization of the control object, the 
stfucture of the controller and the manner in which the 
controller parameters have to be adjusted to achieve stabIe 
control are all found to be important. 

5.2.2 The Structure of the Controller (direct control) 

A controlled plant p 
input-output pair {uCo), 
transfet' function 

is completely represented by the 
Yp(o)} and can be modelled by ~ 

G (5) = 
P 

K W (5) 
P p 
R (5) 

P 

(5.7) 

where WJ?(s) and Rp(s) are polynomials of degrees m( ~ n-1) and 
respectlvely. A stabIe refet'ence model is represented by the 
input-output p~ir{r(o), YmCo)} and has a transfer function 

(5.8) 
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The error between plant and model outputs is defined as 

eCt) ~ Y Ct) - Y Ct) _. p m C5.9) 

that 
The problem is to determine the control input u(t), so 

Lim 
t~ eCt) = 0 C5.10) 

Assume tha t the tr an sfer func tion Gp Cs) for the pl an t ha s 
n poles, then as Narendra asserted in [12],Gp Cs) has a maximum 
of 2n unknown p::u' ameter s wh ic hare coeffic ien ts 0 f KpWpCs) and 
~(s) , therefore the controller structure must have adequ::lte 
rreedom so that by adjusting the control parameters the 
transfer function of the plant together with the controller can 
match that of any specified model. 

For di~ect control, the configuration shown in Figure 5.3 
has evolved as the basic one for the controller. The input 
u(t) and the output Yp(t) of the plant are correspon1in~ly fed 
into the two filters of identical form, whose state vector 
~l(t) and V2(t) are of dimension (n-1). Together with r<t) and 
the output YpCt) they constitute the 2n signals whose linear 
combination yields the desired input u( t). If y(t) is a 
control parameter vector with 2n elements, then -

T 
u Ct) = I Ct)!(t) 

where 

T T 
[r(t), ~1 Ct), Yp(t), ~2(t)] 

It is shown in reference [12] that there exists a constant 
vector I* of dimension 2n such that when y(t) == y-o; the transfer 
function of the plant will match that of the model. H~nce, it 
only remains to show how I(t) is to be adjusted so that 

Lim YCt) = _y* 
t~-

5.2.3 Modification of the Control Structure 

(5.11) 

The ad apti v e control struc tur e in the pr ev ious sec tion is 
based on the idea that by adjusting parameters, the system 
output error will eventu::llly vanish. In the control of a 
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flight simulator, the model output and the controlled system 
(i.e. the simulator) output can never be matched because of 
the specialcharacteristics of the system. Therefore some 
mod i fic ations should be mad e. 

A.P.Sage has suggested a configuration (131. Instead of 
directly using the system error as a criterion, he defined a 
cost func t ion J (e) r el a ted to the sys tem error s. Then he 
minimizes the c-ost function by forming the gradient vector for 
J(e) , and adjusts system parameters, possiblly by a linear 
programming procedure (approximate steepest descent, for 
instance), until the gradient becomes zero. Before the model 
reference adaptive system is in full adaptation to the model, 
the gradient will not be zero and is defined as the error 
quanti ty 

dJ 
EQ = dE. 

wher e ET = [PI' P2, ... 'Pml i s a par ameter v ec to r • 

(5.12) 

The steepest descent 
introduced in Section 5. 1. 

procedure is impl emen ted as 

5.3 The Adaptive Washout Filter [41 

Based on the theory and the discussion in Sections 5.1 and 
5.2, the proposed adaptive washout filter is illustrated in 
Figure 5.4. It is clear that this adaptive filter isa model 
reference adaptive control system which has a structure similar 
to · the one shown in Figure 5.2, and uses the input generated 
from the dynC'lmic equ::ttions of the simulated aircraft as a 
reference. The output of the controlled system is compar'ed to 
the aircraft equéltions of motion. I\fter the comparison, the 
adC'lptive p::trameters are adjusted accordin~ to the motion base 
environment, at the same time minimizing the cost function by 
using an approximate steepest descent method . 

. In this proposed adaptive washout filter, the 
function J is defined for each channel in the form of 

1 2 W' • 2 
J = - (f - f) + - (a - a ) 

2 m s 2 m s 
b 2 

+ - x 
2 s 

c • 2 
+ - x 

2 s 

cost 

(5.13) 

where ~m ----the acceleration of the reference model; 
Q.m ----the ang uI ar' veloc i ty 0 f the r efer enc e mod el; 
~s ----the ac c el er ation 0 f the s imul a tor; 
as ----the angular' velocity of the simulator; 
~s ----the po si tion awa y from the neutr al po in t; 
Xs ----the translational velocity of the simulator, 

which are all in inertial frame. 
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At present, we assume that the hydraulic system of the 
simulator has only proportional action. 

The control law is defined as follows 

x = P f . - d~ - ex 
5 5,1 m 5 5 

. 
a 

5 

(s.I4a) 

(5 .I4b) 

. 
where Ps j (j = 1,2,3) are adjustable parameters, f m , 
referenèe model inputs, xs, is, xs, as are states 

am ::lre 
of the 

simulator, and d and e are pre-determined const::lnt 
coefficients. 

Applying steepest descent procedure yields 

-K~ ap . 
5,] 

j = 1, 2, 3 (5.15) 

from equation (5. n) we have (where the present case is such 
thatfs=xs ) 

aJ ( af ax 
J 

[ aá aä 
) (f - x ) ap m. -

5 w(ä ä ) ap m. -
5 

~- ap . + ap . m 5 m 5 
5,] 5,] 5,] 5,) 5, ] 

ax ai 
+ bx 5 5 (5.16 ) --+ ex 

~ 5 ap . 5 
5,] 5,] 

Substituting equation (5.16) in equation (5.15) we get 

af ai 
= -K {Cf - x ) ( _____ m _ 5) 

m 5 ap. ap . 
5,] 5,] 

+ w(ä 
m 

+ bx 
5 

ax a~} 5 • 5 
-- + ex --ap. 5 ap . 

5,] 5,] 

( 
aä aä) ä ) m 5 

5 ~-~ 
5,] 5,] 

(5.17) 

The state sensitivity equations are obtained by assuming 
that the parameters Ps,j are independent, and that derivatives 
at' e continuo us in the ád jus tab 1 e par ameter s and time. Fot' 
example, if x=x(p,t), where p is a parameter vector, t time; 
p ,iE:n , at'e independent, and x-has continuous derivatives with 
respect to 2 and t, therefore we have[141 

[ ~~. ) 
1 
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From equ;:! tion (5.14) , we get 

d 
( a;X

s
. ) 

ap élf ax dX 
==~f m d __ s __ s 

dt + p --- e dp . ap . m s,1 ap . ap . S,] S,] S,] S,] S,] 
(5.18) 

. 
d 

( a;a
s

. ) 
ap af m dPS 3 • aa 

==~f m 
dt +p --+--'-a + p 3 ap:-ap . m s,2 ap. dp. m s, S,] S,] S,] S,] S,] 

(5.19) 

Note that the ;:!ssumption that the p . are independent w;:!s 
used here. Therefot'e S,] 

dp . {O 
S,1 == 

dp. 1 S,] 

i -F j 

i == j 

Thus from equation (5.18) and equation (5.19), we have 

· ax d 
[ .;::1 ] 

ax 
f 

_d __ s __ S 
dt == e--m ap 1 dp 1 s, s, 

(5.20) 

d [ .;:5
2 

] 
af ax dX m d __ S __ s 

dt == P ~- e 
ap 2 s,1 p 2 dp 2 , s, s, s, 

(5.21) 

d 
( a;:s3 ) 

af dX dX m d __ s __ S 
dt == Ps 1 ~- e 

ap 3 dp 3 , 
s, s, S, , 

(5.22) 

· d [ .;:5
2

] 
af 

f m 
dt == + p 2 

ap 2 m s, , S, 
(5.23) 

· 
d [ .;:5

3
] 

af 
m . 

dt == p --+ a 
s,2 ap 3 m , s, 

(5.24 ) 

From simul t;:!neous in.tegration of the equ;:!tions 
(5.17)"'(5.23) and the corresponding equations of Appendix A in 
real time, we get the adapt~ve parameters Ps,j (j==I,2,3) used in 
the control law. SelectIon of the values of the const;:!nts 
[W, b, c, d, e, k,{ps j(O),j == 1,2, 3}] must be based on the 
constr a in ts 0 f t,ne motion base and the fl ight env ironmen t, as 
weIl as the desired emphasis of washout (i.e. to represent 
specific force, rotational rate, or some combination of both). 

The d et;:! 11 ed equa tions for all thr ee 
documented in Appendix A. 

channel s are 

A computer progr am wa s mad e to impl emen t thi s control 
system. The time responses to different inputs are given in 
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Figures 6.8~6.19, the parameters used in the computation are 
given in Table 2 of Appendix C. The discussion of the results 
is deferred to Chapter 6 to allow 3 comparison with the results 
of the nonlinear optimal washout filter. 
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CHAPTER VI 

NONLINEAR OPTI~AL WASHOUT FILTER 

In developing washout filters for a fli~ht simulator 
motion base, one of the key objectives is to allow ~s lar~e 
force cues as possible and at the same time keep the motion 
base within its limits. This, hopefully, will provide the 
pilot with good fidelity. Tryin~ to obtain better motion and 
force cues is a perplexing problem which has been with the 
engineers involved in this field for many year's. Efforts have 
been r'esulted in little improvement so faro 

To attack this problem it seems logical that the optimal 
control theory is one of the most promisin~ methods. Recently, 
sev er al r esearcher s have d ev eloped opt imal wa shout fil ter s 
[2,3], As pointed out by J.Sandor and D.Williamson [15], to 
achieve the desired control for this kind of system certain 
states should be penalized more heavily. Conventionally this 
can be done by choosing appropriate weightin~ of the states in 
the per'formance index. But unfortunately, this approach may 
of ten lead to "ill conditioned" linear feedback gain which can 
sometimes destabilize the system. Further study has revealed 
that the desired process should be highly non-linear. Relying 
on the application of linear control theory will not help very 
much to solve the problem. 

In the current context, application of nonlinear optimal 
coritrol theory implies construction of a nonlinear control 
input for a system which may not necessarily be a nonlinear 
system. In the following sections, for simplicity, we assume 
that the controlled system is linear. The detailed development 
is described below. Examples for the three response channels 
ar'e given. 

6.1 Theoretical Development 

It is observed tha t pr ac tic al prob 1 ems 0 f feed bac k con tro 1 
frequently involve specifications which cannot be met by purely 
linear designs. For example, soft-saturate type constraints 
are of ten imposed on certain state variables such as veloeities 
and accelerations. 

For completeness, the following definitions are given 
readers. 

Defini tion 1. (square integrable function) [26] 

A. f u net ion fE: Ris s a i d to bes q u are int e g r ab 1 e i f 
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' .. 

where 

+00 

~l(O, 00; Rn)~ {gl 0 < f gdm < +00, for all m E R
n 

} 

-00 

The set of all squar~ integrable functions E R is denQted 
by .r,2(O, 00; R) , where R is the s~t of all real numbers and 
inc 1 ud es _00 and +00 • 

Loosely speaking, if a function f is squ~red, ~nd the 
inte~ral satisfies the followin~ relation 

we then call f a Ij square integrable function". 0 

To design an asymptotically 
law such that trajectories of 
sense, P.J.~oylan et al [16] 
definition which will be helpful 

stabilizing nonlinear feedback 
the system are optimal in some 
established the following 

in the d ev elopmen t. 

Definition 2. (Return Difference Condition,R.D.C) [16] 

Consider the controllable linear system 

~= i(~, t) + ~ ~(t) (6.1 ) 

n m 
wi th ~(O) = ~o' ~(t) ER, and ~(t) ER. 

A function F: Rn 
-+ R

m 
is said to satisfy the Return 

Difference Condition (R.D.C.), if 
00 00 

f 1I~(t) + É.[~(t)] 11
2
dt ~ f Ilu(t) 11

2
dt (6.2) 

o 0 

for all u E r(O, 00; Rm) generqting a trajectory x(·) of equation 
(6.1) with x(O) = x = 0 and Llm x(t)=O where ~2 is a set of squ~re _ ::0 _ t-+oo -
integrable functions. c::J 

To interpret equation (6.2), we may consider it ~s 
implying that a feedback law of-F[x(t)] constitutes a negative 
feedback, wi th ue d enoting an ex ternal control appl ied to the 
system (6.1). -~e can be expressed as follows 

(6.3) 

where ~ denotes a linear control input. This control 
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structure is shown in Figure 6.1. 

The importance of the R.D.C. is shown in the followin~ 
theorem [16] which we adopt here without proof. 

Theorem 1. 

law 
For the system (6.1), the asymptotically stable control 

~(t) = -~[~(t)] (6.4) 

is optimal for problem of minimizing, sUbject to the bound~ry 
condition ~(oo) = Q, ~ performance index of the for'm 

00 

J = f 
o 

T 
[m(~) + ~ ~]dt (6.5) 

wi th m(x) nonnegative for all x, i f and only i f ~(~) satisfies 
the R.D:-C .. CJ 

One of Lyapunov's theorems is very important in the design 
of the present nonlinear washout filter. We introduce it here, 
the proof of the theorem is quite lengthy. Interested readers 
may consult reference [171. 

Theorem 2.(a theorem of Lyapunov) 

For a system 

x=Ax+Bu 

Let RUi) denote the real part of the eigenvalues of the system 
matrix A, if RUi) < 0 , for all i En, and E,: (x) is a definite 
for'm ofëven degree of m, then we define V by -

n av I (a·lx l + a · 2x 2 + .. . + a . x ) aXJ'= - E,: (~) 
j=l J J Jn n 

(6.6) 

where a· k , j En, k En are elements of A. 
J -

The form V of the d egree m defined above is al so defini te 
and of sign contrar'y to E,: . Especially, if E,: > 0 then dV/dt < O, 
this implies that V is a Lyapunov function. CJ 

With these theor'ems, now we consider the system 

~=Ax+Bu+rw 
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'I 

where 

nXrn 
B E: R , 

and u E: Rrn 

It is convenient to assume that the system (6.7) is 
completely controllable and observable, i.e. 

[ 
1 1 1 n Rank BI A BI .•• 1 A B] = n 

-1--1 1--

and 

1 
••• 1 n 

1 

From lemma 1 [15] and uSing , the definition and the 
theot'ems given above, we have the following corollary. 

Corollary 

Find F such that Ao = A - B F and a(~o) E: C, whel'e 0'(.) 
denotes the spectrum or- eigenväYues of a matrix, C- denotes the 
left half of the complex plane. 

Consider the nonlinear function 

(6.8) 

whet'e B > 0, ~ = diag[rll' r22,· .. rrnrn1; V is the solution of the 
following partial differential equation 

for some nonnegati v e d efi n i te hornogeneous form ~ (x) 
degree, and V v/),aVjax. Then k(x) satisties the R.D.C •• x ~= -

x = A x - B u"TL 
- -0- --" 

(6.9) 

of even 
For 

(6.10) 

where ~L á -~(x) , the solution x(-) is asymptotically stable 
and ~L minimfzes the performance index 

J = fT ~ (~TB ~ + ~T~~) + ~(~)J dt (6.11) 

o 

Proof: 
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8y the Lyapunov theorem (given as theorem 2.), and the 
relation (6.9), we know that V is a Lyapunov function, and for 
the system (6.10), we assume th"at 

. 
V = ( 

Cl V ) T ax ( ClV) T. ( ClV) T - - = - x = - (A x - B u ) Cl x at Clx - Clx -<>- --=NL - - -

wh ere W 6. B T V V. 
- =- x 

Since it is assumed that ~ (x) ~ 0, R > 0 and 
R=diag[rll,r22,'" ,rmrn], therefore !T~-l! > 0, - this impl ies that 

. 
v < 0 

which confirms that the solution for equation (6.10) is 
aymptotically stable. 

Now we need to prove that with thisk(x), the R.D.C. is 
satisfied. We construct a functional as follows 

00 00 

J ~T~ dt ~ f 
T 

[~ ~ + 2 ~ (~) + !T~-l!]dt 
0 0 

00 

f 
T 

<V V, A x > + !T~-l!)dt = (~~ - 2 x -<>- (6.12) 

0 

along the trajectories 

• -1 T -1 
x = A x - [B R B V V + B R v] 
- -0- -- - X ---

(6.13) 

This form is valid, because of the controllability of the 
system. 

or 

get 

The following relation is then verified 

(6.14 ) 

Upon subtituting equation (6.14) into equation (6.12), 
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and 

00 

J y"'Ty'" dt ~ J 
o 0 

00 

- 2[V(t ) - Vet )] 
00 0 

therefot'e 

00 00 

J y"'Ty'" dt ~ J (y"'Ty'" - 2<VxV, ~ ~-Iy"'> - !T~-I!)dt 
o 0 

00 00 

J /~ + ~(~) 1/
2
dt = J (y... - ~-I~TVxV) T (y... - ~-I~TVxV)dt 

o 0 
00 

(6.15) 

(6.16) 

o 
But R is a diagonal, mxm matrix, so is R-l, thélt is (R-1)T =R-1 , 
élnd no te th~ t! = ~TVxV. Ther efore equél tion (6. 16) becomes -

00 00 

(6.17) 

o o 

-1 T -1 2 
Si nc e ~>O, we hav e ~ > 0, and ~ (~ )! > 0 • 
(6.15) and (6.17) the following is true 

From equéltions 

00 00 

J y"'Ty'" ~ J [y"'Ty'" - 2<V
x

V, ~ ~-Iy"'> + ~T(~-1)2!]dt 
00 00 

= J /~ + ~(~) //2dt 

o 
By theorem 1 élnd the conclusion of [16], the results élre 

extended to the case where uTu is replaced by !uTRu in equéltion 
(6.5), . 

Since 

therefore the control law 

-1 T 
~L = ~ ~ VxV 

minimizes the pet'formance index J. D 
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As done 
notation of 
Append ix B. 
controller. 

in reference [151, we also make use of the 
x[j]. For detailed explanation of x[j] please see 
ihe lemma below is helpful in -desi~nin~ the 

Lemma [6] 

Consider the p~rtial differential equ::ttion 

(6.18) 

where ~ is a strtble matrixt , ~ (.) is a homogeneous function 
hav in~ the form 

m 

~ (~) = L <x [j] 
- ' j=2 

for some choice of matrices.Q.j. Then there exists a solution 

whet'e .Ej is a solution of the lineat' equation 

T 
A [ . ] n. + p. A [ ' ] = -Q. - J LJ -J- J -J 

for j = 1, 2, ... , n 

where .the definitton of ~[j] . is given in reference [151. 

in If A is strictly stabIe, then the .Ei are unique, which 
turn implies that V(x) is unique. Furthermore, if ~ (x) is 
nonnegative definite, Sö too is V(x). D -

6.2 Controller Design Procenures 

With the results obtained in Section 6.1, we establish th~ 
fo llowi ng proc ed ur es fo t' the d esig n 0 f nonl inertr opt imal 
wa shout filter. 

Given the systern 

. 
x=Ax+Bu+rW 

with (A, B) -controllable and (~,~) -observable, 
disturbance vector. 

w 

t A n x nma tri x i s s a i d to bes t::t b 1 e , i f cr (A) e: C 
controllable systern this assumption is ::tlways valid. 
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Step 1: 

Check A, see i fit has the spectrum a(~) E C , 
construct a-feedback matrix.!:., such that 

where Ài are the desired eigenvalues of A-S F 

Now the system has the form 

Since the system is completely controllable, such 
[ 181. 

Step 2: 

t f no t, 

extsts 

For optimal control, we need to solve the following 
algeraic Riccati equ~tion 

where A b. A-S F, 
-0=---

and F is ~iven in step 1. 

Step 3: 
'V 

Find L of the form 

~ = _R-1STp 

Step 4: 
'V 

Reconstruct the system matrix with the newF: 

l =A -slY 
-0 -0 

Step 5: 

Construct a cost function according to the corollary 
00 

J f l i (~T ~ ~ + ~ T ~~) + ~ (~) ] cl t 

o 

where ~,~,~nd ~(~) are determined accordingly. 

Step 6: 
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According tp the given system and ~ (~), define a Lyapunov 
function with its coefficients to be determined later. 

Step 7: 
So 1 ve for the coeffic ien ts 0 f V(~) from the equ;:) t ion 

'V 
« A - B F)x, V V> = -~ (~) 

-0 --- x 

Step 8: , 
Construct the control 

u = u + u = 
- -L -=NL 

Step 9: 
Rewrite the closed loop system as 

Solving for~, we finally get the controlled trajetories. 

To intuitively illustrate the ~esign procedures, a flow 
chart is depicted in Figure 6.2. 

6.3 Formulation of the Washout filter 

In the two preceding sections we introduced the 
theoretical development and the optimal control system. 

We will use all the results obtained to formulate the 
nonlinear optimal filter in this section. 

6.3.1 Motion Cue Generation 

From the work done by Sc hm ind tand Conard, we know tha t 
the specific force vector and angular velocity in the c;:)b frame 
of the simulated aircraft can be represented as follows 

where 

oT [ 0 ê 0] 
~ = ~c c ~c ' 

w = R'S -c -T-c 

T 
.[ = [OOg], 
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g = 9.81 rn/sec 
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The specific force vector and angular velocity in the cab 
frame of the simulator have the forms similar to equations 
(6.19) and (6.20). For completeness, the we give the 
expression as follows, 

A 

f = Lc' (rc· - _g) 
-C -1-1 

A 

W 
-C 

(6.21) 

(6.22) 

As mentioned before, it is desired that fc and Wc are 
generated as close to fc and Wc respectively ::IS possibfë. But 
due to the physical constraints- of the simulator motion base, 
we know that i t is not practical to have them identical. 
Therefore we wi 11 choose 

f = f + E: 
-c -c -1 

(6.23) 

(6.24 ) 

and constrain the .s and ~2 such that motion b::lse excursion is 
limited by defining the cost function with the form 

where 

00 

J = f 
o 

!;! à ~1 '], 

~2 

x /:; 
- = 

Bc· - 1 

A 

~C' /:; vc , 
- 1 = - 1 

(6.25 ) 

Upon substituting equ::ltions (6.19),(6.20),(6.21),~nd (6.22)into 
equations (6.23) and (6.24), we,~ave 

~ A-I A-I 
.!:.Ci = Lc' (Lc· .!:.q + ~1) - .!:ei Lc' .[ + .[ - 1 - 1 - 1 

(6.26 ) 

A 
~1(w Bc· = + ~2) - 1 - -c (6.27) 

and from equation (3.6), equation (6.26) becomes 
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(6.26a) 

'" where ", .!:Ci is obtained from equatioq, (3.1) by replacing <P ,8, 1)J 
with <Pc' êc ' ~c respectively, and Lc· là Lc~ Lc· 

-1--1-1 

6.3.2 Linearization 

It is clear that equations (6.26) and (6.27) are nonlinear 
and time variabIe. For simplicity, we linearize (6.26) and 
(6.27) about the equilibrium states 

'" 
TC. (e) = 0, 
-1 -

~C. (e) = 0, 
-1 -

8 (e) = <p (e) = 1)J (e) = 0 c c c 

"'-I 
and ~c, ~1,~2, ~c, and ~T are a1so taken to be linearized about 
the equilibrium point. 

Then 

[ -(~c~~c) 
1)Jc-ljic - (8 -8 ) 

1 
c C 

'V 

<Pc-<Pc Lc· = 1 
- 1 

8 -8 - (<P -<P ) 1 c c c c 

The equations (6.26) and (6.27) then become 

where 

and 

:-: 'V 
TC· = A + El - geS - S ) 
-1 -c - --c -c 

6.3.3 State Space Representation 

(6.28) 

(6.29) 

(6.30) 

It is convenient to treat the proble'TI in state space. 
Here we define 
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Then we construct the state vector 

[ ~Ci 1 '. x = ~Ci 
A 

.êc 
~ 

Therefore state equation for . th~ 1 inear i zed system is 

. 
x = A x + B u + r w 

where 

A E 
9x9 

~, r E 
9x6 

W E 
6x1 R , R ; ~, R 

with 

[~ 
I 

fl [: 
0 

~à 0 ~à 0 àI. 
0 I 

[:: l [A +~8 J U:J [~: J 
~à 

-c --c u = , ~1 = ~2 = 
w 
-c 

or explicitly ex pr essed as follows 

~ 
x 0 0 0 1 0 0 0 0 0 x 0 0 0 0 0 0 e e 

f A · 0 0 
xe 

Ye 
0 0 0 0 1 0 0 0 0 Ye 0 0 0 0 

A f · 0 0 0 0 0 
ye z 0 0 0 0 0 1 0 0 0 z 0 e e 

f A · 0 0 0 
ze v 0 0 0 0 0 0 0 -g 0 v 1 0 0 

X · X 
A + . W · 0 0 0 

ye v 0 0 0 0 0 0 g 0 0 v 0 1 0 
Y Y w -;- xe v 0 0 0 0 0 0 0 0 0 v 0 0 1 0 0 0 z Z 

A W . .,.. 
~e 0 0 0 0 0 0 0 0 0 <Pc 0 0 0 1 0 0 

ze 

A · e 0 0 0 1 0 e 0 0 0 0 0 0 0 0 0 0 e e . 
A .... · lJJe 0 0 0 0 0 0 0 0 0 lJJ e 0 0 0 0 0 1 

Contd ... 
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o 0 0 0 0 0 

o 0 0 0 0 0 

o 0 0 0 0 0 

i 0 0 0 0 0 

o 1 000 0 
+ 

o 0 1 0 0 0 

o 0 0 1 0 0 

o 0 0 0 1 0 

o 0 0 0 0 1 

a + ge 
ex e 

a ez 

R e 

(6.31) 

'which can be further partitioned into three subsystems each 
representing a channel. 
1) Longitudinal Subsystem 

or 

(6.32) 

2) Lateral subsystem 

or . 
~2 = ~2~2 + ~2~2 + I2~2 (6.33) 

3) Vertical subsystem 
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or 

(6.34 ) 

A quick inspection shows that ~ll these three subsystems 
~re controllable. 

6.3.4 The Optimal Washout Filter 

In Sections 6.3.2 ~nd 6.3.3 we derived the system st~te 
space equations. All these equations were linearized and 
decoupled, which allows us to construct the nonlinear optimal 
washout filters channel-wise. Later we will see th~t 
decoupling is very important in applying this approach. 

1) Longitudinal Washout Filter 

For the system given by equation (6.29) we construct the 
following cost function 

00 

J = f [i- (~i~ ~1 + ~i ~ ~1) + t,; (~1)] dt 

o 

which has the same form as (6.11), where 

[

. 1 1·' 
~ = diag -2-' -2- J 

Rll R22 

[ 

all a 22 a 33 ] 
~ = diag 2' 2' 2 . 

xL VL eL -

{R .. , i = 1, 2}, {a . . , j = 1,2, 3} 
11 JJ 

Let 
xL' V

L 
and eL are determined by the designer. 

a o 
2 [[ :~ t + [ :~ t + [ :: n 

Loo king at ~1 , we see tha t 

i.e. the system is at the critical point. In order to 
the Riccati equation we need to make it stable. 
convenient to assume that the desired eigenvalues are 

a(A ) = {-I, -1, -I} 
-0 
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(6.35) 

(6.36) 

solve 
It is 



Using the method introduced by Wonham (18], fOl' this 
simple system, ~ short calculation yields (a computer pro~ram 
is available for this manipul~tion and is listed in Appendix 
D) , 

F 

Then the new system matrix becomes 

Now the algebraic Riccati equ~tion 

T -1 T 
~f+f~-f~~ ~f+Q=Q 

<Kan be solve by a modified Riccati subroutine which gives f ~nd 
f in return (see Appendix D), with 

and 

V(~) 

~ = _R-1 BT P 
- -1-

a (~ - ~1 ~) € C 

Using the Lyapunov function form of equation (6.15) 

'" 3" '" 2 '" " "' 2 
+ a2x e + a

3
x e v + a4xc e v 

cc ccx ex 

'" 3 " 
+ a .... e v 

v c x 

" 2 '" 2 
+ aSe v c x 

(6.37) 

The coefficients ai (i:1,2,3, .•• ,15) are to be determined, 
th:;ü is, we h a veto so 1 v e 1 5 e q u a ti 0 n s ! F 0 r th 1. s s 1. m p 1 e th i r d 
order system the problem is not severe, but for systems with 
the order of five, for instance, there will be seventy unknown 
coefficients, to determine these coefficients uniquely, seventy 
equations have to be solve(i! (The number of equations to 
solved can be determined by the formula 

N = (n+3)! 
(n-l) !4! 
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wher'e n is the or'der of a given system.) Even for a computer, 
this is an awesome number. This explains w~y decouplability of 
a system is important in using this method, which is ~ 
significant disadvantage. 

Now we use the equation 

by equqtin!?; the coefficients of terms of same order on both 
sides, we ~et fifteen equations w~ich are solved for the ai . 

The controlled system is then reconstructed havin!?; a form 
like the one given in Step q of Section 6.2. 

2) L3teral and vertical washout filters 

Followin!?; exactly the same way we synthesize nonlinear 
optimal washout filters for lateral and vertical channels. 

6.4 Computational Considerations 

The proposed nonlinear optimal washout filter is expected 
to be implemented by a real-time mini-computer. As usuql, one 
of the ma in concerns in real-time digital computer control is 
the computational feasibility. The algorithms should be so 
compact that they can be implemented usin~ a very short 
sampling period [191, and the configurations of the algorithms 
should not require too large an amount of memor'y. These 
problems have existed with modern control practice for many 
years. Generally speaking, most modern control methodologies 
depend on the digital computer, some of them, for instance t~e 
Kalman filter, were even tailored to be implemented on the 
computer. Due to the intricacies of control systems, 
algorithms developed from these theories ar'e of ten not. feasible 
in practice, and special treatment or' modification [211 is 
of ten needed. Fortunately, the system studied in this chapter 
is, at least for the time being, simplified, linear, and time 
invariant, therefore the Riccati equations are algebraic ani 
can be solved off-line and have constant solutions throughout 
the control process. 

To illust~te the problem, the discrete counterpart to the 
continuous systems is as follows 

~(k+l) = ~~(k) + ~ ~(k) + I !(k) (6.38 ) 

wher e x (k) ,~(k), and !(k) deno te the val ue s sampl ed at the time 
tk • -

The cost function is 

(6.39 ) 
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where Q ;;: 0, R > 0 and ç; [~(j)] 
sections. -

are thp. same as in the previous 

Si nc e the sys tem is suppo sed to be 1 inear ;:3Od time 
invariant, the method described in Section 6.2 can be directly 
appl ied to this case to solve for the coefficients in V(x). In 
this way V(x) and 'YxV can be formulated beforehand. With the 
system and the QostIünction given in equations (6.38) and 
(6.39), the following control input for the discrete system 
results, 

(6.40) 

This is eventu==!lly used to drive the motion base. For 
. illustrative purposes, the general scheme for the control 

system is depicted in Figure 6.3. 

It is clear that when this control system is implemented 
in real-time, the ma in t==!sk for the computer is to manipulate 
some multiplications and additions which are not considered to 
be a heavy burden, ==!nd therefore should not introduce 
si g n i f i c a n t del a yin to th e sim u 1 a ti 0 n . 

As the simulator is a complex system which involves 
several parts to be controlled by the computer, consideration 
of computational aspects for the simulator is a topic open for 
further studies. 

6.5 Tests and Discussion 

6.5.1 Selection of Weighting Matrices ~ and ~ 

It is evident that the solution of the Riccati equation is 
closely dependent on the weightin~ matrices Rand Q in the cost 
func tion. Despi te year sof theoretic al research ~nd stead il y 
growing lore of applications, so little is known about the 
relationships between the weighting matrices and specific 
criteria (the cost functions) th==!t the designer must 
invariantly resort to trial and error iterations. 

To solve this problem, serious researchers have devised 
various intuitive ways to "select quadratic weights". These 
range from the simple diagonal inverse-square weighting 
approach of Bryson [20] to local quadratic equivalence 
methods [21], ;:tnd various versions of model-following 
[22,23,24] among which Bryson's method is considered most 
general and popular. In the investil?;ation of the proposed 
design approacl1, Bryson' s method was adopted to choose the 
weil?;hting matrices because the system is simple and weIl 
defined. 

In each channel four different weighting matrices were 
chosen. The parameters selected are summarized in Table 3 of 
Appendix C. 
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The performance characteristics of the nonlinear optimal 
washout filter are discussed in the next section along with the 
linear and adaptive washout filters. 

6.5.2 Properties of the Nonlinear Optimal Washout Filter 

To explore the differences among the three types of 
washout filter in terms of system time responses to step 
inputs, the responses of the filters are plotted in Figures 
6.~6.39. For clarity the inputs used in different cases are 
given in Appendix C. The parameters selected for the linear 
washout filter and the adaptive washout filter are also 
summarized in Appendix C. 

Due to the 1 inear i ty 0 f the wa sho ut filter, Figur es 
6.4~6.7 show that the time responses for each case always 
vanish (i.~. become zero) at the same time. This means that 
the controlled system will be driven to move for the same time 
duration regardless of the magnitude of input. As described at 
the beginning of this chapter, this phenomenon is due to the 
intrinsic properties of linear systems, and is considered 
inefficient, as it of ten makes the already pOOl' performance of 
the simulator even poorer. 

The responses of the adaptive washout filter to different 
inputs are shown in Figures 6.8N 6.19, which reveal the 
nonlinearity of the control system. In this case, the 
responses to different magnitudes of inputs no longer vanish at 
the same point, but owing to the large number of parameters 
required, it is very hard to obtain the desired responses. 

In Figure 6.40 the responses ol êc and êc to step inputs 
fx = 0.6 rn/sec 2, fy = 0.S-;-rn/sec2 , and Sc = 0.16 rad/sec are depicted. 
It is clear that for Sc the ajaptive washout fi 1 te~ responds as 
an exponential function. 8c becomes zer'o and Sc reaches i ts 
steady state of 0.16 rad in about 6 seconds. Tl1e adaptive 
control law has a tilt coordination feature (see Appendix A), 
that is, the rotational channel is coordinated with the 
translational acceleration to simulate steady ~tate specific 
force. To explore this feature the response of Sc to fix = 0.3g 
alone is given in Figure 6.41 which is obtained by setting the 
parameters n2 = 0.2 and n3 = 0 (see Appendix A for A the 
correspond ing equations). In this figure we can see that Sc is 
increasing with time though very slowly. From Figures 
6.40~6.41, we find that the tilt angles are obtained by 
coordination of both force (or acceleration) and r'otation cues 
in the adaptive washout filter. 

Looking at the responses for the nonlinear optimal washout 
filter in Figures 6.20~6.31, we find an expected, interesting 
feature of the control system. Unlike the linear washout 
filters, the response durations are dependent on the magnitude 
of input. When the input is one g (9.18m/sec2 ) the dur lations 
of the initial positive responses in all the three channe~ s are 
longer than that for the three ginput. Remarkably, the 
relative negative overshoots (see Appendix B for the 
definition) are much less than with both the linear and 
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adapt1ive washout filters; for .instance, for a step 
;;tcceleration input of 3g the relative negative overshoot of the 
line;;tr wé3shout filter in Figure 6.4 is 0.22, fOl' the adaptive 
filter in Figure 6.8 is 0.34, é3nd for the nonlinear optimal 
washout filter in Figure 6.20 is 0.17. The negative overshoot 
of ten causes confusion to the pilot, therefore the effort to 
reduce the negative motion cues to below the threshold of the 
pilot's perception is ;;tn import~nt design specification for the 
simulator. For comparison, the relé3tive negative overshoots 
for all the cases are summarized in Té3ble 6.1. 

Finally, it is interesting to compare the excursion 
responses of the linear and adé3ptive washout filters. In order 
to investigate the characteristics of the two filters in terms 

·of excursion, for each filter four different sets of parameters 
are selected, and two step acceleration inputs with different 
magnitudes are fed into the filter for each set of parameters. 
It is observed from Figures 6.36"'6.39 that for the adaptive 
w:::lshout filter the excursion profiles in response to the two 
different é3cceleration inputs are fairly close, while in 
Figures 6.32"'6.35 for the linear washout filter the excursions 
are strongly related to the magnitudes of the inputs, and in 
the steady state the excursions are proportional to the inputs. 
It is also found that in Figures 6. 32'V6. 39 the excursion 
responses of the linear washout filter for all the cases, 
except case 4, are much lower than that of the adaptive wé3shout 
fi 1 ter. As mentioned earl ier , the response of the 1 inear 
washout ·fi 1 ter is always proportional to the input. If a step 
input with a fairly large magnitude is used th en the excursion 
will exceed the limits of the motion base no matter whé3t 
parameters have been chosen. But for the :::ldaptive washout 
filte.r, if a set of parameters is carefully selected the 
excursion profiles can be controlled within the given limits 
(see Figure 6.39). This reveals that, owing to the stt'ong 
adaptation characteristics, the adaptive washout filter may be 
used to control the motion b;;tse to remain well within the 
travel limits, and by proper selection of parameters better 
performance will be achieved. 
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CHAPTER VII 

CONCLUSIONS AND RECOMMEND~TIONS 

A nonlinear optimal washout filter has been synthesized 
using techniques based on the nonlinear regulator and optimal 
control theories and tested on the computer. This proposed 
washout filter was superior to the conventional linear washout 
filter in that it provided different control si~nals for the 
system according to the input magnitudes such that the motion 
of the simulator was optimized by minimizing a given 
performance ct' iterion. 

It is also observed that the adaptive washout filter has 
very strong adaptation capability. It automatically chan~es 
the gain according to the input such that for diffet'ent input 
levels, it can keep the excursion of the motion base fairly 
close. This indicates that by propet' selection of the 
parameters, we may be able to control the simulator to achieve 
excellent performance. 

In making use of the nonlinear optimal washout filter, the 
control system must be decoupled to avoid the generF.ltion of an 
enor~ous number of algebraic equations which are to be solved 
for the coefficients used in synthesizing the control system. 
As decoupling is a widely adopted technique in studying the 
behavior of flight vehicles (in normal performance), it will 
have no significant effects on many simulF.ltion applications. 

The overall study indicF.ltes that the nonlinear optimal and 
the adaptive washout filters may be considered as the preferred 
options in generating washout filters. 

It is recommended that for future reseF.lrch in this ::tt'e::t, 
the following su~gestions be considered 

1) ~ human pilot model and gust model should be 
used to obtain a linear system which describes 
the stochastic properties of the desired specific 
forces and angular velocities. 

2) As mentioned in 1), the input provided by 
the pilot can be highly random. In dealing with 
this sort of control problem, the multistage 
adaptive control theory [25] holds substantial 
pro spec ts. 

3) The dynamics of the hydraulic system should 
be included in the controlled system equations, 
which may result in the following nonlinear 
state equations 

x = f(~, t) + ~(t)~ + .!:.(t)~ 
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The optimal control for this system would be more 
difficult to implement on a real-time computer. 
The development of techniques to handle this case 
is a topic for further t'esearch. 

40 

, 



REFERENCES 

1. Sc hm i ct t , S . F. ~ n d Co nar d, B., 

Motion Drive Signals for Piloted Flight Simulators 

NASA CR-1601, 1970 

2. Kuros~k, M., 

Optimal Washout Filter for Control of a Motion Base 

Simulator 

Proc. Seventh Triennal World Con~ress of FFAC 

3. Friedland, B.j King, C.K.j and Hotton, M.F., 

Quasi-Optimum Design of a Six-Degree-of-Freedom 

Movin~ Base Simulator Control System 

NASA CR-2312, Otc. 1973 

4. P~rrish,R.V. jDieudonne,J.E. j~~rtin,D.J. ,Jr. jand 

Bo wl es, R. L. , 

Coordinated Adaptive Filters for Motion Simulators 

Proc. of the 1971 Summer Computer Simulation Conference, 

Simulation Councils, Tnc.,C. 1973,pp.295-300 

5. Young,L.R. jand Oman,C.M., 

Model for Vestibular Adaptation to Horizontal Rotation 

Fourth Symp. on the Role of the Vestibular Or~an in 

Space Exploration,NAS~ SP-187, 1970 

6. t-4etry,J.L., 

The Vestibular System and Hum~n Space Orientation 

NASA CR-528, 1966 

7. Pe ter, R. A. , 

Dynamics of the Vetibular System and Their Relation to 

41 



Motion Perception,Sp~ti~l Disorient~tion and Illusions 

NASA CR-1309, 1969 

8. 8roxmeter, C. , 

Inerti~l N~vigation Systems 

Electronic Sclp.nces Series, McGraw-Yill Book Comp., 1964 

9. Etkin,B., 

Dynamics of Atmosphel'ic Fli~ht 

Joh n Wil e y So n s, 1 nc . , 1 97 2 

10. Wong,Yong-~hu, 

An Introduction to Design of Optim~l Control Systems 

( inCh i nes e ) 

Academic Pt'ess, Cl1ina, 19130 

11. Lanriau,1.D., 

A Survey of Model Reference Adaptive 

Techniques----Theory and application 

Automatica,Vol.10,PP.351-179 

12. Narendr~,K.S. and Valavani,L.S., 

Stable I\d~ptive Controller Design---Direct Control 

IEEE ·Trans.on Automatic Control,Vol.I\C-21,No.4,Aug.197~ 

11. Sa~e,A.P., 

Optimum Systems Control 

Prentice-Hall,Inc., 1968 

14. Coddington,E.A. and Levinson,N., 

Theory of Ordinary Differential Equations 

McGraw-Yi 11 Book Co., Inc., 1955 

15. Sandor,J. and Williamson,D., 

Desi~n of Nonlineal' Regulators fol' Linear Plants 

IEEE Trans.on Automatic Control,Vol.I\C-22,No.1,Feb.1977 

42 



16. Moylan,P.J. and Anderson,B.D.O., 

Nonlinear Regulator Theory and an Inverse 

Optimal Control Problem 

17. 

IEEE Trans.on Automatic Control,Vol.AC-18,No.5,Oct.1973 

Cesari,L., 

Asymptotic Behavior and Stability Problems in Ordinary 

Differential Equations 

Sprin~er-V~rla~, 1959 

18. Wonham,W.~., 

Linear Multivariable Control: ~ Geometric Approach 

Springe~-Verlag,1979 

19. Takeshi,T., 

Improved Direct Digital Control Algorithm for 

Microprossesor Implementation 

IEEE Trans.on Automatic Control,Vol.AC-27,~0.2,Apr.19B2 

20. Bryson,A.E.,an~ Ho,Y.C., 

Applip.d Optimal Control 

Ginn and Company, 1969 

21. Sk~lton,G.B., 

Launch Booster Gust Alleviation 

3rd Annu. AI4~ ~eeting,Boston,MA,Nov.1966,paper 66-969 

22. Tyler,J.S.Jr., 

The Characteristics of Model Following Systems as 

Synthesized by Optimal Control 

IEEE Trans. on Automatic Control,Vol. AC-9, 1966 

23. Sten,G. 3n1 H~nke,~.H., 

A Design Proce~ure and Handling Quality Critp.rion for 

Lateral-Directional Fli~ht Control Systems 

43 



May 1971, 4FFDL-TR-70-152 

24. Kreindler,E. and Rothchild, D., 

Model Following in Linear-Quadratic Optimization 

AI'A J., Vol. 14,pp.815-842, July 1976 

25. Dunn,H.J. ~nd Montgomery, R.C., 

A Moving Window Parameter Adaptive Control System for the 

the F8-DFBW Aircraft 

IEEE Trans.on Automatic Control,Vol.~C-22,No.5,Oct.1977 

26. J~cobs,K., 

Measure and Integral 

Academie Press, 1978 

44 



., 

---------------------------------

APPENDIX A 

EQUATIONS FOR THE ADAPTIVE WASHOUT FILTER [4] 

1. Body to Inertial Transformation 

(a) Specific force 

In the adaptive washout filter design the behaviour of the system 
is studied in the inertial reference frame. We denote specific force 
in aircraft body axes FB components as follows: 

(A .1) 

where we assume that fz = -g as a simplifying approximation (i.e., all 
Euler angles are small and the inert ia 1 acceleration azc « g). 

Let the desired specific force in simulator body axes Fc components 
be 

/\ [ ~x ] f = . f 
-c ",y 

f 
- Z · 

(A.2) 

and the following relation holds for an ideal simulator, 

(A.3) 

'" To transform ic to the inertial frame, we have 

î. = L1' f = ti f 
-1 - C -c - c -B (AA) 

For small Euler angles, equation (A.4) becomes 

f . f - ljJf -

ê

g I 1X X Y 
'" + $g f. = f. = ljJfx + f 

-1 1y Y 

f. -êf + ~f - g . 1Z . . X Y 

(A.S) 

Remark: 

If the inertial acceleration of the simulator in Fi is [ic, Yc ~c]T, 
then, by the definition of specific force, the actual simulator specific 
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force in F· is l. 

'" f. :: 
-l. 

'" 
x · c 

'" z -g 
c 

From equations (A.S) and (A.6), it is clear that for an ideal 
simulator 

~ 
x = f. , 

C l.X 

(b) The partial derivatives 

f. l.y 

(A.6) 

From equation (A.4) the exact expression for fix and f iy are given as 
fo11ows: 

A A A A A A A 

f. = f cose cos~ + f (sin~ sine cos~ - cos~ sin~ ) l.X x C C Y c c c c c 

+ f (cos~ sine cos~ + sin~ sin~ ) z c c c c c (A.7) 

A A A A A A A 

f. = f cose sin~ + f (sin~ sine sin~ + cos~ cos~ ) . l.y X C C Y c . c c c c 

A A A A A 

+ f (cos~ sine sin~ - sin~ cos~ ) z c c c c c (A.8) 

Therefore from equations (A . .?) and (A.8) we have the fo11owing partial 
derivatives: 

af. l.X 

aê 
c 

af. 
-.2:l = 

'" 
a~ c 

A" A A A 

-f sine cos~ + f sin~ cose cos~ xc c y cc c 

A A A A A 

f (cos~ sine sin~ - sin~ cos~ ) y c c c c c 

A A A A A 

+ f (-sin~ sine sin~ - cos~ cos~ ) z c c c c c 

For small Euler angles and fz - -g, equations (A.9) and (A.IO) 
become 

af. l.X 
- .... -= 
ae 

c 

-f 
x 

'" 
+ f ~ - g y c 

A-2 

(A.9) 

(A.IO) 

(A .11) 

-. 
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af . ly 
- "..,-= 
a <I> e 

-~ f + g 
e y 

2. Longitudinal Filter (variables are in inertial frame Fi) 

Ca) The eost funetion 

".., 2 b e ".., 
eo ) x ".., x 0 

e +"""2 Xc + """2 Xc 

Cb) The control laws 

".., ".., 
0 .. 

x = nl f ix - d x - e x e x e x e 

".., 

ë = n2
f . + n

3
ëe e lX 

Cc) Steepest descent for the adaptive parameters 

aJ 
° x 
nl = -k 

anI x 

aJ 
° y 
n2 = -k x an 2 

aJ 
-k z 

n3 = an3 x 

Cd) State sensitivity equations 

with 

".., 

ax e 
. an

l 
= 

aQ 
e 

an
2 

= 

aQ 
e 

an
3 

= 

af. 
lX 

an
2 

= 

af. 
lX 

an
3 

= 

f . 
lX 

af. 
lX 

nl an- -
2 

af . 
lX 

nl an
3 

-

".., 

af . ae 
lX e 

aê an 2 e 
".., 

af. ae 
lX e 

aê an3 e 
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and 
A 

aë 
e 

an 2 = 

A 

aë e 
an

3 
= 

af. aê 
l.X e 

f. + n
2 
-- -",-

l.X aê on 2 
c 

af. . A 

af. ae 
l.X e l.X 

n2 an
3 

+ e = n ---- + 
2 aê an3 e 

e 

. From the eost funetion J 2, we have 

. 
e e 

~ 
A ae aJ 

x Cf. - i ) an
2 

= l.X e 
- w cë - ë ) ~ 

x e e anz 

aJ 
A A 

af. ae ai A 

A 

aë 
e x _ Cf . - i ) 

an
3 

- l.X e ( 
l.X cc) 

aê an3 - an3 
e 

- w Cë 
x c 

- ë ) e an3 
A 

ai A a~ 
A C· e 

+bx -",-+ex--x e on3 x C an3 

3. Lateral Filter 

Ca) Cost funetion 

l A 2 Wy A 2 b A 2 e A 2 
J = - Cf. ") + -- C<1> - ~) + 2.. y + 2.. Y 

y 2 l.y - Ye 2 C e 2 C .7 e 

Cb) Control laws 

A A 

Ye = ~lf . - d Y - e y 
l.y Y e Y e 

A 

~e =-~ f. + e ~ 2 l.y 3 C 

Cc) Steepest descent for the adaptive parameters 
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aJ 
t 2 = -k ",,7 

Y 0"'2 

(d) State sensitivity equations 

with 

and 

From the eost 

af. af. a<j> ly _ ly e 
at;,2 - a$ ~ 

e 2 

af. af. aep ly _ ly e 
at;,3 - a~ at;,3 

c 

A 
A 

a~ 
C - -f. 

at;,2 - ly 

af. aep 
-t;, -2L_e 

2 a$ at;,2 
e 

funetion J , we have . y 

a~ ~ 

A ay • C Ye A ar 
f )-+by -.. _+ 
iy at;,l y e at;,l C Yv 

Y "'I 

aJ 
y - (f - Y ) 

at;,2 - iy e 

A 

A ay • e 
+ e y "iT"" 

Y e 0"'2 
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dJy = (f _ y) ( dfiy _ dY c ) _ W (~ _ 

d~3 iy c a~3 d~3 y c 

4. Vertical Filter 

(a) Cost function 

1 2 b 2 c A2 
( I'Iz) ZA z· J =-2 f - +-z +-z Z iz c 2 c 2 c 

(b) The control law 

A 

~ = ~f. - d ~ - e z c l.Z Z C Z C 

(c) Steepest descent 

-k z 

aJ z 
~ 

(d) State sensitivity equations 
A 

dZ d~ dZ 
c c c ar = f iz - dz ar - e z ~ 

A 

dJ A dZ dZ A d~c 
a~Z = (zc - f iz) d~C + bz~c d~C + cz~c ar 
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APPENDIX B 

1. Definition of x[p] 

x[p] is a NP = C
n

+p- 1
) dimensional vector with elements of the form 

n n 

n 
a TI 

i=1 

where Pi are the non-negative integers such that 

n 

L 
i=1 

or explici tly , 

p. = P 
1. 

and 

It is shown in reference [15] that 

II~[P] 11 = II~IIP 

For illustration, we use the following examples: 

ExamEle 1 

1 [ 
p-p1-· .. -Pn- 1 1 

Pn 

Let n = 2, P = 2, we have the fol1owing possible combinations: 

P1l = 1, P21 = 1 

P12 = 0, P22 = 2 

P13 = 2, P23 = 0 

Therefore,from the definition above, it yields 
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n Pil 
al TI x. -/2x

1
x

2 i=1 1 

[2] n Pi2 2 x = 0.2 TI x. = x2 i=1 1 

n Pi3 
2 

0.3 TI x. xl 
i=1 1 

. where 

=}[TI= 2! 12 al (2-1) !1! = 

0.2 =J[n = 1 

0.3 =M= 1 

ExarnEle 2 

Let n = 3, P = 2, since 

3 
I p .. = P = 2 

j=1 1J 

the posslble combinations are 

PH = 1, P21 = 1, P31 = ° 
P12 = 1, P22 = 0, P32 = 1 

Pl3 = 0, P23 = 1, P33 = 1 

P14 = 0, P24 = 0, P34 = 2 

PIS = 0, P2S = 2, P3S = ° 
P16 = 2, P26 = 0, P36 = ° 

B-2 



Therefore 
3 

a,1 TI 
i=l 

3 
a,2 TI 

i=l 

3 

a,3 TI 

[2] i=l 
x 

3 
a,4 TI 

i=l 

3 
TI a,S 

i=l 

3 
TI a,6 

i=l 

where 

2! 
cx.1 = (2-1) ! 1! 

2! 
(2-1)!1! 

"'. 

Pil 
x. 12 x

1
x2 1 

Pi2 x. /2 x
1
x3 

x 

x 

x 

x 

1 

Pi3 

i 
x2x3 

= 

Pi4 

i 
x3 

PiS 

i 
x2 

Pi6 

i 
xl 

(2-1)! /2 
(2-2)!1! = 2 

(2-1) ! 12 
(2-1-0)! = 2 

= 1 
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2. Pole Assignment - construct the feedback stabilizing matrix F. 

Theorem of pole aS$ignment [18] 

For a system 

x=Ax+Bu+rw 

The pair (A, B) is controllable if and only if for every symmetrie 
set of n complex-numbers, there exists a map E: H ~ U such that 

a(~ + ~~) = A 

where Hand U denote the state space and control space respectively. 

3. The Relative Negative Overshoot 

Definition 

The relative negative overshoot is defined as follows: 

s. = 
1 

b s 
a. 

1 

where Si is the relative negative overshoot value, bs is the value measured 
at the first peak of negative overshoot with its sign, ai is the initial 
value of the response curve. 
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APPENDIX C THE PARAMETERS CHOSEN FOR THE TESTS 

TABLE 1. THE PARAMETERS FOR THE LINEAR WASHOUT FILTER 

In each case the following step inputs are used 

~ = Ig, 3g, (g = 9.81 m/sec 2) 

1 2 3 4 

0.7 0.5 0.3 1.1 

Wn (rad/sec) 1.42 2.0 3.3 0.91 

TABLE 2. THE PARAMETERS FOR THE ADAPTIVE WASHOUT FILTER 

In all the three filters the following step inputs are used 

for each case 

fx = fy = Ig and fx = fy = 3g 

a) The longitudinal filter 
êc= 0.13 rad/sec 

~ 1 2 3 4 
parameters 

Wx (m2/rad2sec 2) 0.0093 0.0063 0.0122 0.065 

b x (per sec4) 0.01 0.005 0.02 0.07 

Cx (per sec) 0.2 0.15 0.4 0.54 

dx (rad/sec) 0.707 0.323 1.2 1.7 

ex (rad/sec 2) 0.25 0.16 0.65 0.85 

kx (sec3/m2) 0.323 0.22 0.6 0.8 

nl (0) 0.02 0.015 0.06 0.08 

n2 (0) 0.0058 0.005 0.007 0.01 

n3 (0) 0.5 0.38 0.7 0.9 
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b) The lateral filter . 
~c = 0 2 rad/sec . 

~ 1 2 3 4 
parameters 

Wy (m2/rad2sec 2) 0.0085 0.0063 0.01 0.015 

b y (per sec4) 0.01 0.007 0.015 0.02 

cy (per sec) 2.0 1.64 2.3 3.4 

dy (rad/sec) 1.273 1.0 1.4 2.3 

ey (rad/sec2) 0.81 0.52 1.0 1.5 

ky (sec3/m2) 0.517 0.37 0.72 1.2 

/;1(0) 0.05 0.035 0.1 0.13 

/;2 (0) 0.02 0.02 0.05 0.83 

t; 3 (0) 1.5 1.25 2.0 2.4 

c) The vertical filter 
~c= 0.3 rad/sec 

~ 1 2 3 4 
parameters 

btjJ (per seé) 0.1 0.07 0.06 0.13 

~ (rad/sec2) 0.3 0.28 0.24 0.34 

kw (secJrad2) 100.0 95.0 85.0 120.0 

b z (per sec4) 0.1 0.06 0.07 0.11 

Cz (per sec 2) 0.1 0.08 0.09 0.12 

d z (rad/sec) 1.2727 1.0 1.62 1.4 

e z (radJsec2) 0.81 0.62 0.7 0.92 

kz (sec3/m2) 0.517 0.27 0.83 0.95 

/; 0.05 0.025 0.09 0.12 
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TABLE 3. THE NONLINEAR OPTIMAL WASHOUT FILTER 

a) The longitudinal filter 

Step input: acx = 19,3g and êc = 0.2 rad/sec 

~ 1 2 3 4 
parameters 

RH (m/sec 2) 0.1 0.45 . 0.45 0.45 

R22 (rad/sec) 0.2 0.1 0.1 0.1 

xL (m) 0.1 0.91 0.91 0.91 

vL (m/sec) 0.2 0.61 0.61 0.61 

eL (rad) 0.1 0.44 0.44 0.44 

all 0.1 0.05 0.15 0.1 

a22 0.1 0.05 0.15 0.1 

a33 0.1 0.05 0.15 0.1 

ao 0.2 1.2 1.2 0.8 

b) The lateral filter 

Step input: acy = 19,3g and ~c= 0.2 rad/sec 

1 2 3 4 

Rll (m/sec 2) 0.2 0.2 0.2 0.2 

R22 (rad/sec) 0.05 0.05 0.05 0.05 

YL (m) 0.91 0.91 0.91 0.91 

vL (m/sec) 4.8 4.8 4.8 4.8 

<PL (rad) 0.44 0.44 0.44 0.44 

b U 0.1 0.05 0.15 0.1 

b 22 0.1 0.05 0.15 0.1 

b 33 0.1 0.05 0.15 0.1 

b o 
1.2 1.2 1.2 0.8 
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c) The vertical filter 

Step input: a cz = 19,3g 

~ 1 2 3 4 
parameters 

Rn (m/ sec 2) 1. 57 1.962 1.57 1.57 
" 

cn 0.1 0.05 0.05 0.1 

c22 0.1 0.05 0.05 0.1 

Co 0.9 0.6 0.9 0.9 

vL Cm/sec) 0.61 0.61 0.61 0.72 

zL (m) 0.991 0.991 0.991 0.72 
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APPENDIX D 

A LIST OF PROGRAMS USED 

-------- ------- - ---



FORTRAN-VIIO RB5-BB.BB 
FORTRAN VIIO: LICENSEO RESTRICTEO RIGHTS AS STATEO IN LICENSE CL-BB13 *** SEE 

1 C THIS PROGRAM SIMULATES THE NONLINEAR OPTIMAL LONGITUOINAL 
2 C WASHOUT FILTER. THIS PROGRAM WORKEO SCCESSFULLY THE FIRST 
3 C TIME ON THE MTM ON OCT.2B,1982,PM 2:1.0'. 
4 SHOLL 
5 .0'.0'.0'.0'.0'.0'1 
6 .0'.0'.0'.0'.0'61 
7 
8 
9 

lB 
11 
12 
13 
14 
-15 
16 
17 
18 
19 
2.0' 
21 
22 
23 
24 
25 
26 
27 
28 
29 
3.0' 
31 
32 
33 
34 
35 

.0'.0'.0'.0'.0'61 
BBBBB61 
BBBBB61 
BBBBB61 

. BBBBB6 I 

BB499CI 
BB49E8I 
BB4A341 
BB4A5BI 
BB4A58I 
BB4AECI 
BB4AF41 
BB4B84I 
BB4B8CI 
BB4C2BI 
BB4C3CI 
BB4C58I 
BB4CF81 
.0'.0'40141 
.0'.0'403.0'1 
BB40CCI 
BB40E8I 
BB4EB4I 

36 BB4EA41 
37 
38 
39 
4.0' 
41 
42 
43 
44 
45 
46 
47 
48 
49 
SB 
51 
52 
53 
54 
55 
56 
57 

BB4EACI 
BB4EB4I 
BB4EBCI 
BB4EC8I 
BB4EOBI 
BB4E08I 
BB4EEBI 

BB4EECI 
BB4EF41 
BB4EFEI 
B.0'4FB8I 
BB4F28I 
B.0'4F341 
BB4F4BI 

BB4F4CI 
BB4FSBI 
BB4F9CI 
.0'B4FB81 

~ 

C 
C 
C 

IMPLICIT REAL*8{A-H,0-Z) 
DIMENSION A{3,3),B{3,2) ,Q{3.3),R{2,2),P(3,3),F{2 . 3).W(3,3), 

*WA{3,3),WP{3,3),WQ{3.3).A1{15),X{3),XO(3),WK2(45.0') , XO1(3), 
/TT{6B2).XO{3),X001{6B2).X002{6B2),WORKA{6) 

COMMON/OOT1/F,PT,aT,RT,G 
COMMON/00T2/A1,OLX,OLV,OLT,FXA,OTHTA,T1 
COMMON/OOT3/GW2,aW2 
EXTERNAL SYS. AUX2 
CALL PLOTS{l;B,.0') 

REAO IN THE SYSTEM MATRlCES AND THE STABILIZING FEEDBACK MATRIX. 

OPEN{UNIT=.0'5 , FILE='LONDAT.OTA') 
OPEN{UNIT=.0'6,FILE~'CON:·) 
WRITE{6,4(4) 
DO 1 I .. 1,3 
REAO{5.*) (A{I,J),J ~ 1.3) 
DO 4 I '" 1,3 

4 REAO{5,*) (B{I,K),K = 1,2) 
DO 3 11 - 1,2 

3 REAO{5.*) (F{II,JK>.JK= 1,3) 
WRITE{6,lBB) 
WRITE{6,lB1) 
WRITE{6,l.0'2) ({A{I.J),J-1,3),1-1,3) 
WRITE(6,llB) 
WRITE{6,lB3) 
WRITE{6,l.0'4) ({B{I.J>.J=1.2),I c l.3) 
WRITE(6 , 11B) 
WRITE{6,l11) 
WRITE{6,IB2) ({F{I,J),J=I,3>.1=1,2> 

c*···**************************************************-*--**------** •• 
DO 15 JN = 1.4 C-*-*-**_.*._----------_._----_._-----_._._._--_._._--.www.w_www ____ . __ 

C 

lP .. .0' 
IS =2 
T .. 1. 0-4 
NN = 3 
MM= 2 
N2 .. 15 
G .. 9.8.0'62 
EPS = 1.BE-6 
NSIG = 5 
ITMAX = 12.0' 
M .. 6.0'.0' 
WR ITE (6, 123) M 
H .. ..0'2 
AX=6 • .0' 
AY=4.B 

c-----_·_-_··_··-·*---*--_· __ ·_·_------------------------------_._._--­
REAO(5.*> DETL,DETN,XL,VL,THTL,aW,GW 
WRITE{6.1BB) 
WR I TE ( 6 , 1.0'9 ) 
WRITE{6,lB8) DETL,OETN,XL,VL.THTL,aW,GW 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

lB 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2.0' 
21 
22 
23 
24 
25 
26 
27 
28 
29 
3.0' 
31 
32 
33 
34 
35 
36 
37 
38 
39 
4.0' 
41 
42 
43 
44 
45 
46 
47 
48 
49 
SB 
51 
52 
53 
54 
55 
56 
57 



FORTRAN-VIIO R95-99.Z~ 
FORTRAN VIIO: 

58 9~4FF/n 
59 ~.0'59121 
69 ~Z5.0'341 
61 .0'.0'5.0'561 
62 .0'.0'5.0'791 
63 .0'~5.0'8AI 
64 ~~5.0'A41 
65 .0'.0'5.0'B61 
66 .0'.0'5.0'C81 
67 .8'.0'5.0'041 
68 .0'.0'5.0'E~1 
69 .0'.0'5.0'ECI 
7.0' .0'.0'59FBI 
71 .0'.0'51.0'41 
72 9.0'511.1JI 
73 .0'.0'511CI 
74 9~51281 
75 .0'.0'51341 
76 .0'.0'51461 
77 9.0'51521 
78 9.0'515EI 
79 9951791 
B.0' .0'~517BI 
81 .0'.0'51A21 
82 .0'.0'51BCI 
B3 .0'951081 
B4 .0'.0'52741 
85 .0'.0'52991 
86 .0'.0'52ACI 
B7 .0'.0'534BI 
88 .0'.0'53641 
89 9~53CCI 
9.0' .0'~53E81 
91 .0'.0'54881 
92 9.0'54A4I 
93 .0'~540CI 
94 .0'.0'54F81 
95 .0'.0'55141 
96 9.0'55861 
97 .0'.0'55A.0'I 
98 .0'.0'56121 
99 9.0'562CI 

1.0'.0' .0'~563BI 
1.0'1 .0'.0'56441 
1.0'2 .0'~568BI 
1.0'3 .0'.0'56BCI 
1.0'4 .0'.0'56C21 
1.0'5 .0'.0'56C21 
1.0'6 .0'.0'56CEI 
197 .0'.0'560AI 
1.0'8 .0'.0'56E.0'I 
1.0'9 .0'956E.0'I 
11.0' 9.0'56ECI 
111 .0'.0'56F8 1 
112 .0'.0'56F81 
113 .0'.0'572.0'1 
114 

LICENSEO RESTRICTEO RIGHTS AS STATEO IN LICENSE CL-.0'.0'13 
PT = OETN/{2.*XL**4) 

C 

OT = OETN/{2.*VL**4) 
RT = DETN/{2.*THTL**4) 
OLX = DETL/{XL*XL) 
DLV DETL/{VL*VL) 
DLT = DETL/{THTL*THTL) 
GW2 = GW*GW 
OW2 .. OW*OW 
O{I,I) DLX 
Q(I,2) • .0' 
O( 1,3) .~ 
Q( 2,1) .9 
Q(2,2) DLV 
Q{ 2,3) • .0' 
Q{3,1> • .0' 
Q{ 3,2) • .0' 
0(3,3) DL T 
R ( 1 , 1 ) 1 • /GW2 
R (I, 2) • .0' 
R( 2,1> • .0' 
R ( 2 , 2 ) 1 .!OW2 
DO 2 11 = 1,15 

2Al(IIl= • .0' 
WRITE(6, 11.0') 
WRITE(6, 1.0'5) 
WRITE(6,I.0'2) «O(I,J),J - 1,3),1-1,3) 
WR ITE (6, 11.0') 
WRlTE{6,l.0'6) 
WRITE(6,l.0'4) «R(I,J),J-l,2),I=I,2) 
WR IT E ( 6 , 11.0') 
CALL RICATI(A,B,O,R,P,F,3,2,NN,MM,IP,IS,T,W,WA,WP,WO) 
WRITE{ 6 ,1.0'7> 
WRITE(6,I.0'2) «F(I,J),J = 1,3),1 = 1,2) 
WR IT E ( 6 , 119) 
CALL ZSPOW(AUX2, NSIG,NZ,ITMAX,PAR,Al,FNORMl,WKZ,IER2) 
WR ITE (6, 11Z) 
WR I TE ( 6 , 1 1 3 ) 
WRITE(6,IZ.0') (Al(JI),JI = 1,7) 
WRlTE(6,IZ1) 
WRITE(6,12Z) (Al(JI), JI = 8,15) 
WRITE(6,l~.0') 
XA = 1..0' 
VA = 5.5 
IF(JN.GT.Z.AND.MOD(JN,Z).NE • .0') GO TO ZI 
IF(MOD(JN,Z).EO • .0') GO TO 13 
GO TO 2.0' 

21 CONTINUE 
XA .. 9 • .0' 
VA = 5 • .0' 
GO TO 2.0' 

13 CONTINUE 
XA = .0'. 
VA = -5. 

2.0' CONTI NUE 
CALL PLOT{XA,VA,-3) 
CALL REG ION 
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58 
59 
6~ 
61 
62 
63 
64 
65 
66 
67 
68 
69 
7~ 
71 
72 
73 
74 
75 
76 
77 
78 
79 
8.0' 
81 
82 
83 
84 
85 
86 
87 
88 
89 
9~ 
91 
92 
93 
94 
95 
96 
97 
98 
99 

1.0'.0' 
UH 
1.0'2 
1.0'3 
1.0'4 
1.0'5 
1.0'6 
1.0'7 
1.0'8 
1.0'9 
11.0' 
111 
112 
113 
1 14 

2 



FORTRAN-VIIO RB5-BB.BB 17/.0'2/83 16:58.18 PAGE 3/ 3 
FORTRAN VIIO. LICENSEO RESTRICTEO RIGHTS AS STATEO IN LICENSE CL-BBI3 ***. SEE OOCUMENTATION PACKAGE • .0'4-1.0'lH99. 
115 C PUT THE EXPLANATION IN THE GRAPH 115 
116 C 11 6 
117 .0'857281 CALL SYMBOL{I.25.3.68.B.12,'NON-LINEAR OPTIMAL WASHOUT FILTER',8., 117 
118 /+33) 118 
119 BB57BCl CALL SYMBOL{2.B,3.42,B.12,'{LONGITUDINAL)',B.,+14) 119 
12.0' .0'.0'58381 CALL SYMBOL{I.56,3.25,B.B7,2,B.,-I) 12B 
121 B.0'58A41 CALL SYMBOL(I.62.3.19,B.I,45,B.,~I) 121 
122 .0'.0'591.0'1 CALL NUMBER{999.,999.,.0'.I,3 • .0',B.,+ll 122 
123 .0'.0'598.0'1 CALL SYMBOL<999.,999.,.0'.I,'G (INPUTl',.0'.,+9l 123 
124 B.0'59FCI CALL SYMBOL(I.56.3 • .0',B.B7;5,B.,-ll 124 
125 .0'.0'5A681 CALL SYMBOL(I.62,2.94,.0'.I,45,.0'.,-ll 125 
126 .0'.0'5AD4I CALL NUMBER(999 •• 999.,.0'.I,l..0',.0'.,+1l 126 
127 B.0'5B441 CALL SYMBOL{999.,999.,B.l,'G (INPUT)',B.,+9) 127 
128 BB5BCBl CALL SYMBOL{4.B,3.25,B.l,'PARAMETERS',B.,+IB) 128 
129 .0'B5C3CI CALL SYMBOL{4.2,3.BS,.0'.I,'OETL= ',.0'.,+6) 129 
13.0' .0'.0'5CB.0'I CALL NUMBER(999.,999.,.0'.I,OETL,.0'.,+3l 13.0' 
131 .0'.0'50141 CALL SYMBOL(4.2.2.91,.0'.I,'OETN= ',.0'.,+6) 131 
132 B.0'50BB1 CALL NUMBER(999.,999.,.0'.I,OETN,.0'.,+3) 132 
133 .0'.0'50ECI CALL SYMBOL(4.2,2.74,.0'.I,'XL= ',.0'.,+4) 133 
134 .0'.0'5E6BI CALL NUMBER(999.,999.,B.l,XL,B.,+3l 134 
135 .0'.0'5EC4I CALL SYMBOL{4.2,2.57,B.l,'VL= ',.0'.,+4) 135 
136 BB5F381 CALL NUMBER{999.,999.,B.l,VL,B.,+3) 136 
137 BB5F9CI CALL SYMBOL{4.2,2.4,B.l,'THTL= ',.0'.,+6) 137 
138 .0'.0'6.0'1.0'1 CALL NUMBER{999.,999.,B.l,THTL,B.,+3) 138 
139 .0'.0'6.0'741 CALL SYMBOL{4.2,2.23,B.l,'QW= ',.0'.,+4) 139 
14.0' .0'.0'6.0'E8I CALL NUMBER{999.,999.,.0'.I,aW,B.,+3) 14.0' 
141 .0'.0'614CI CALL SYMBOL(4.2,2 . .0'6,B.l,'GW- ',.0'.,+4) 141 
142 .0'.0'61C.0'I CALL NUMBER(999.,999.,.0'.I,GW,B.,+3) 142 
143 C 143 
144 .0'.0'62241 DO 1.0' J = 1,2 144 
145 BB622CI X( 1 l = • .0' 145 
146 .0'.0'62381 X(2) = • .0' 146 
147 .0'.0'62441 X ( 3) = • .0' 147 
148 .0'.0'625.0'1 Tl = • .0' 148 
149 .0'B625CI READ{5,*) FXA,OTHTA 149 
15.0' .0'.0'627CI FXA D 9.81*FXA M/SS 15.0' 
151 .0'.0'628EI WRITE(6,116) FXA,OTHTA 151 
152 .0'.0'62B.0'I WRITE(6,11B) 152 
153 .0'.0'62CCI WRITE(6,117) 153 
154 .0'.0'62E8I DO 11 JP = I,M 154 
.155 .0'.0'62FCI CALL RKM(3,H,Tl,X,XO,XOl,XO,SYS) 155 
156 .0'.0'63381 TT(JP) " Tl . 156 
157 .0'.0'634CI IF{J.Ea.2) GO TO 22 157 
158 .0'.0'63621 XOOl(JP) " XD(2) 158 
159 .0'.0'63741 GO TO 12 159 
16.0' .0'B637AI 22 X002{JP) ~ XD(2) 16.0' 
161 BB638CI 12 IF(MOD(JP.2B).Ea.B) WRITE{6,IIS) Tl,XO(I),XO(2),XO(3),X{I),X(3) 161 
162 .0'.0'63ECl 11 CONTINUE 162 
163 .0'.0'64.0'41 WRITE{6,1.0'.0') 163 
164 .0'.0'642.0'1 1.0' CONTINUE 164 
165 .0'.0'64361 CALL SCALE(TT,6.,M,2) 165 
166 .0'.0'646CI CALL SCALE(XDDl,4.,M,2l 166 
167 .0'.0'64A41 CALL SCALE{XD02,4.,M,2) 167 
168 .0'.0'640CI WRITE(6,777) XOOl(M+ll,XD02{M+l),XOOl(M+2l,XOD2(M+2) 168 
169 .0'.0'656.0'1 WRITE(6,IB.0') 169 
17.0' C 17.0' 
171 C SELECT THE COMMON SCALE FACTORS 171 

D-4 



FORTRAN-VIIO RB5-BB.Bfl 
FORTRAN VIIO: LICENSED RESTRICTED RIGHTS AS STATED IN LICENSE CL-.0'.0'13 ...... 171082/83 16:58:18 PAGE 41 

SEE DOCUMENTATION PACKAGE, .0'4-1.0'lM99 • 
172 172 C 

173 ,O'.0'657CI 
174 .0'.0'659.0'1 
175 .0'.0'65A2I 
176 .0'H65CCI 
177 .0'.0'65F21 
178 .0'.0'663.0'1. 
179 .0'.0'66441 
18.0' .0'.0'66561 
181 .0'.0'666AI 
182 
183 
184 
185 
186 
187 
188 
189 
19.0' 

.0'B667Cl 

.0'.0'670841 

.0'.0'672Cl 

191 .0'0867481 
192 o80867ECI 
193 
194 
195 
196 
197 
198 
199 
2.0'.0' 
2.0'1 
2.0'2 
2.0'3 
2.0'4 
2.0'5 
2.0'6 
2.0'7 
2088 
2.0'9 
21.0' 
211 
212 
213 
214 
215 
216 
217 
218 
219 
2208 
221 
222 
223 

B.0'689S1 
.0'.0'6SDCI 
08.0'692.0'1 
.0'.0'69361 
.0'.0'69781 
.0'.0'69881 
B.0'69ACI 
B.0'69BEI 
B.0'69E21 
BB69F41 
BB6A181 
.0'.0'6A3CI 
B.0' 6A6BI 
BB6A72 1 

o8B6AAAI 
B.0'6ABAI 
.0'.0'6AE.0'I 
.0'B6B.0'CI 

.0'.0'6B3EI 

.0'.0'6B62 I 

.0'.0'6B9.0'I 

.0'.0'6 BAS I 

.0'.0'6BBCI 

BB6BFAI 
.0'.0'6CBEI 
B.0'6C3BI 

224 o8.0'6C808I 
225 
226 o8.0'6CC81 
227 .0'.0'6CF61 
228 

C 
C 
C 

C 
C 
C 

WORKA(l) XDDl(M+1) 
WORKA(2) XDD2(M+l) 
WORKA(3) XDDl(M+l)+XDDl(M+2)"AV 
WOR KA( 4 ) XDD2(M+1)+XDD2(M+2)"AV 
CALL SCALE(WORKA.4.,4,2) 
XDD1(M+l) WORKA(S) 
XDD2(M+1) WOR KA(S) 
XDD1(M+2) WORKA(6) 
XDD2(M+2) WORKA(6) 

PRINT OUT THE SCALE FACTORS 

WRITE(6,555) M,XDD1(M+1) ,XDD2(M+l),XDD1(M+2),XDD2(M+2) 
WRITE(6,666) JP,WORKA(5),WORKA(6) , 
WRITE(6,l.0'.0') 

CALLES FOR PLOTTING 

CALL AXIS(.0'.,.0'.,'TIME(SEC.)',-I.0',AX,08.,TT(M+1),TT(M+2)) 
CALL AXIS(.0'.,.0'.,'X ACCEL. (M/SEC.*"2)',+2.0',AV,9.0'., 

IXDD1(M+1),XDDl(M+2» 
CALL LINE(TT,XDDl,M,2,8.0',2) 
CALL LINE(TT,XDD2,M,2,8.0',S) 

15 COtHINUE 
CALL PLOT(.0'. ,.0' . ,+999) 

1.0'.0' FORMAT(lX,6B(lH"» 
1.0'1 FORMAT(lX,6(lH*),2X,'MATRIX A',2X,6(lH"» 
1.0'2 FORMAT(3(lX,F8.4,2X» 
1.0'3 FORMAT(lX,6(lH"),2X, 'MATRIX B',2X,6(lH"» 
1.0'4 FORMAT(2(lX,F8.4,2X» 
1.0'5 FORMAT(lX,6(lH"),2X,'MATRIX 
1.0'6 FORMAT(lX,6(lH"),2X,'MATRIX 
1.0'7 FORMAT(lX,6(lH*),2X,'MATRIX 
1.0'8 FORMAT(lX,7(F7.4 , 2X» 

O',2X,6(lH*» 
R',2X,6(lH*» 
F',2X,6(lH*» 

UJ9 FORMAT( 3X, ' DETL', 5X,' DETN ' , 5X, 'XL ' , SX, 'VL' ,6X, 'THTL', 5X, 'OW', 7X,'G 
N') 

11.0' FORMAT(lX,2S(lH*}) 
111 FORMAT(lX,6(lH*),2X,'MATRIX FB',2X,6(lH*» 
112 FORMAT(lX,S(lH"),2X,'THE COEFFICIENTS' , 2X , 5(lH*)} 
113 FORMAT(6X, 'Al', 12X, 'A2', 12X, 'A3' ,12X, 'A4' , 12X, 'A5', 12X, 'A6', 12X,'A 

17 ' ) 
116 FORMAT(6X,'FXA = ' ,F7.4,2X,'DTHTA = ',F7.4) 
117 FORMAT(4X.'T' ,1BX,'XDl',llX, 'XD2',11X, 'XD3',l.0'X,'X1',12X,'X3 ' ) 
118 FORMAT(lX, F6.3,2X,S(E12.5,2X}} 
12.0' FORMAT(lX,7(E12.5 ,2X}) 
121 FORMAT(6X,'AS ' ,12X, ' A9',12X,'A1.0",11X,'All' , llX,'A12',11X, 

l'A13' ,11X, 'A14' ,llX, 'AIS') 
122 FORMAT(lX,8(E12.5,2X» 
123 FORMAT(lX,'THE ITERATIONS ARE',lX,I4) 
444 FORMAT(8(lH*),2X,'THE RESULTS OF THE LONGITUDINAL WASHOUT 

IFILTER',2X,S(lH*» 
555 FORMAT(lX,'M=',I4.2X,'XDD1WL-',F7.4,2X, ' XDD2WL=',F7.4,2X, 

I'XDD1WU=' ,F7.4,2X, 'XDD2WU=' ,F7.4) 
666 FORMAT(lX,'JP=',14,2X,'WORKA5=',F7.4,2X,'WORKA6=',F7.4) 
777 F OR MA T ( 1 X , ' X D DIL = ' ,F 7 . 4 , 2 X , ' X D D 2 L = ' , F 7 . 4 , 2 X , ' X 0 Dl U =' , F 7 . 4 , 

12X,'XDD2U=',F7.4) 

0-5 

17 3 
174 
175 
176 
177 
17S 
179 
18.0' 
18 1 
182 
183 
184 
185 
186 
187 
188 
189 
19.0' 
191 
192 
193 
194 
195 
196 
197 
198 
199 
2.0'.0' 
2.0'1 
2082 
2083 
2.0'4 
2.0'5 
2.0'6 
2.0'7 
2.0'S 
2.0'9 
2l.0' 
211 
212 
213 
214 
215 
216 
217 
21S 
219 
22.0' 
221 
222 
223 
224 
225 
226 
227 
228 

4 



FORTRAN-VIID RBS-Be.BB 
FORTRAN VIIDI LICENSED RESTRICTED RIGHTS AS STATED IN LICENSE CL-BBI3 
229 BB6D32I STOP 
23B BB6D3AI END 

***. 

NO ERRORSIF7D RBS-BB.BB MAINPROG .MAIN 17/B2/83 16158142 TABlE SPACEl 
STATEMENT BUFFERI ZB LINES/13Z1 BYTES STACK SPACEl 157 WORDS 
SINGLE PRECISION FLOATING PT SUPPORT REQUIRED FOR EXECUTION 
DOUBLE PRECISION FLOATING PT SUPPORT REQUIRED FOR EXECUTION 

. FORTRAN-VI 10 lBS-BB,BB 
FORTRAN VIIDI LICENSED RESTRICTED RIGHTS AS STATED IN LICENSE CL-BBI3 

1 BBB999I SUBROUTINE REGION 
2 9999B41 XR • 6.S 
3 BSSSISI VR - 4.B 
4 ' SeBSICI CALL NEWPEN(3) 
5 SSSS3CI CALL PLOT<XR,B. ,2) , 
6 SSBS7SI CALL PLOT(XR,VR.2) 
7 SSSS98 I CALL PLOT(B.,VR,2) 
8 SSSSCCI CALL PLOT(S.,B.,2) 
9 BBSIBel CALL NEWPEN(I) 

lB SSB12C I RETURN 
11 S9Bl321 END 

*** , , 

17/B2/83 16158118 PAGE 5/ 
SEE DOCUMENTATION PACKAGE. B4-1B1M99. 

. 229 
23B 

9 KB 

0-6 

17/B2/83 16158118 PAGE 1/ 
SEE DOCUMENTATION PACKAGE. S4-1SlM99. 

231 
232 
233 
234 
235 
236 
237 
238 
239 
24B 
241 

NO ERRORS:F7D RBS-BB.BB SUBROUTINE REGION 17/B2/83 16158143 TABLE SPACEl 1 KB 
STATEMENT BUFFERr 2B LINES/1321 BVTES STACK SPACEl 52 WORDS 
SINGLE PRECISION FLOATING PT SUPPORT REQUIRED FOR EXECUTION 

D-6 

.. 

5 
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FORTRAN-VIIO R ,~5-BB.BB 17/162/83 16:58:18 PAGE: 11 7 
FORTRAN VIIDI L!CENSED RESTRICTED RIGHTS AS STATED IN LICENSE CL-BB13 *** SEE DOCUMENTATION PACKAGE, Z4-IBI M99. 

1 ZZgZZnI SUBROUTINE AUX2(Al,K,PARl 242 
2 nZBgB4I IMPLICIT REAL*8(A-H,O-Z) 243 
3 ZBBBB41 DIMENSION Al (15), PAR( I}, F (2,3) , \,IK 2 ( 45B), FT( 15} 24 6, 
4 BZggB41 COMMON/DOTI/F,PT,QT,RT,G 24ó 
5 C GO TO (1,2,3,4,5,6,7,8,9,IB,11,12,13,14,15l,K 24 6 
6 BBBJlJB4I FHll'" F(I,ll*AlI111+F(2,1}*A1{2)-PT 247 
7 C RETURN 248 
8 JlJBJlJEC9I FH2) '" Al(13)-4.*F<l,2}*Al{I5)-F(2,2}*AI(14l+RT 249 
9 C RETURN 2516 

lB BBBFB61 FT(3} '" IG+F(I,3»*Al!6)+4.*F!2,3)*Al(7)-OT 251 
11 C RETURN 252 
12 BBBF3EI FT(4)'" 4.*Al(ll-2.*F(I,I)*Al(12)-F(I,2}*Al(II)-F(2,1)*Al(3)-F(2,2) 253 
13 I*Al(2) 254 
14 C RETURN 255 
15 BBBFABI FT(5l= 3.*Al(2l-2.*F(I,ll*Al(IBl-(F(I,2)+F(2,3)l*AI(3l-2.*(G+F(I,3 256 
1 6 / ) 1 * A1 I 1 2 1 - 2 • * F I 2 , 1 l' '" A 1< 4 ) - 2 . * F I 2 , 2 1 * A I I 9 ) 257 
17 C RETURN 258 
18 BBIZ321 FT(6)= 2.*Al(3)-3.*F(I,1)*Al(14)-2.*F(I,2)*Al(IB)-3.*(G+F(I,3)l*AI 259 
19 1(13)-2.*F(2,1)*Al(5)-2.*F(2,2)*AI14)-FI2,3)*Al(lZ) 26B 
2Z C RETURN 261 
21 BZIB061 FT(7}= AI(4l-12.*F(I,2l+2.*FI2,3»*Al(5}-3.'"IG+Fll,3})*AII14l-3.*F 262 
22 /(2,2)*Al(6) 263 
23 C RETURN 264 
24 BB114BI FT(8)'" AlI8}-(F(I,2l+3.*F(2.3}}*Al(6l-2.*(G+F(I,3}l*AI(5l-4.*F(2,2 265 
25 1)*Al(7) 266 
26 C RETURN 267 
27 BBIIA21 FT(9)= 2.*Al(9}-2.*F(I,I}*Al(5}-IFll.2)+2.*F(2,3ll*Al(4)-2.*(G+F(1 268 
28 1,3l)*Al!IB)-3.*F(2,1)*Al(6l-3.*F(2,2l*AI18) 269 
29 C RETURN 2716 
3B BB123AI FT(IB)cAII1Bl-!3.*F!I,2)+F(2.3»*AI(14)-4.*!G+F!I.3l)*Al!15l-2.*F( 271 
31 12,2)*Al(5) 272 
32 C RETURN 273 
33 BB129CI FT(11)=3.*AI(11l-3.*F(1.1)*Al(13}-2.*F(I.2)*AI(12}-F(2,1}*Al(IB}-F 274 
34 1(2.2)*Al(3) 275 
35 C RETURN 276 
36 BB13B4I FT(12)=2.*AI(12)-4.*F(I.1)*Al(15)-3.*F(I,2l*Al(13l-F(2,ll*Al(14l-F 277 
37 1(2.2l*Al(IB) 278 
38 CRETURN 279 
39 BB136CI FT(13l=F(I,ll*Al(3)+(G+F(I,3)l*Al(lll+2.*F(2.1l*Al(9l+F(2.3l*Al(2l 28B 
4B C RETURN 281 
41 BBl3C21 FT(14}=F(I,1}*Al(4)+(G+F(1,3l)*AI(3l+3.*F(2,1}*Al(8}+2.*F(2,3)*AI( 282 
42 /9) 283 
43 C RETURN 284 
44 Ba14lEI FT(15)=F(1,1}*Al(6l+(G+F(l,3)l*AI(4l+4.*F(2,1)*Al(7)+3.*F(2,3)*AI( 285 
45 18) 286 
46 BB147AI RETURN 287 
47 BB149BI END 288 

WARNING # 9 ******************************************************.********.***_.*** 
»> VARIABLE NOT INITIALIZED IN PROGRAM «< 

\lK2 

NO ERRORS:F7D RB5-BB.BB SUBROUTINE AUX2 17/B2/83 16:58:51 TABLE SPACEl 2 KB 
STATEMENT BUFFER: 2B LINES/1321 BYTES STACK SPACE: 154 \lORDS 
DOUBLE PRECISION FLOATING PT SUPPORT REOUIREO FOR EXECUTION 

0-7 



FORTRAN-VIIO RB5-BB.BB 
FORTRAN VIIOI 

1 BBBBBBI 
2 BBBBB4 I 
3 BBBBB4I 
4 BBBBBAI 
5 BB/MBA I 
6 BBBBBAI 
7 BBBBBAI 
8 BBBB66 I 
9 BBBB7BI 

IB BBBB7AI 
11 BBBB84 I 
12 BBBB8EI 
13 BBBB9AI 
14 BBBBAEI 
.15 BBBBD61 
16 BBB1161 
17 BBB11EI 
18 BBB168I 
19 BBB186I 
2B BBBI9AI 
21 BBBIE8I 
ZZ BBBZ6CI 
Z3 BBBZ7Z1 

LICENSED RESTRICTED RIGHTS AS STATED IN LICENSE CL-BBI3 
SUBROUTINE RKM(N,H,X,V,VO,VOl,VP,SVS) 
IMPLICIT REAL*8(A-H,O-Z) 
DIMENSION V(N),VO(N),VOl(N),VP(N),GI(5),Al(15),F(Z,3) 
COMMON/DOTl/F,PT,QT,RT,G 
COMMON/DOTZ/Al,DLX,DLV,DLT,FXA,DTHTA,Tl 
COMMON/DOT3/GWZ,QWZ 
GHl> •• 5 
GHZ' • .5 
GH3' • 1. 
GH4) • 1. 
GH5) • .5 
XO • X 
DO 1 I • I,N 
VOl I) • V( I ) 

1 VOl( I> • V(1) 
DO Z J • 1, <4 
CALL SVSIN,X,VOl,VP) 
X • XO+GIIJ)*H 
DO 2 I • I,N 
VOIII) • VOII)+GIIJ)*H*VPII' 

2 VII) • V(I)+GI(J+l'*H*VP(I)/3.B 
RETURN 
END 

'17/BZ/83 16158118 PAGE 11 
***, SEE DOCUMENTATION PACKAGE, B4-1BIM99. 

Z89 
29.0' 
291 
292 
293 
294 
Z95 
296 
Z97 
298 
299 
3.0'.0' 
3.0'1 
3B2 
3.0'3 
3B4 
3B5 
3B6 
3B7 
3B8 
3B9 
31.0' 
311 

NO ERRORSIF7D RB5-BB.BB SUBROUTINE RKM 171B2/83 16158152 TABLE SPACE, 2 KB 
STATEMENT BUFFERI ZB LIMES/13ZI BVTES STACK SPACE, 158 WORDS 
DOUBLE PRECISION FLOATING PT SUPPORT REQUIRED FOR EXECUTION 

8 

FORTRAN-VIIO RB5-BB.BB 17112/83 16158118 PAGE 11 ·9 
FORTRAN VIIDI LICENSED RESTRICTED RIGHTS AS STATED IN LICENSE CL-BB13 **., SEE OOCUMENTATION PACKAGE, g4-lBlM99. 

l ' BBBBBBI SUBROUTINE SVS(N.T,X,XD) 312 
2 BBBBB4I IMPLICIT REAL*8(A-H,O-Z) 313 
3 BBB.0'.0' 4 I DIMENSION X(3),XD(3),F(Z,3),AlI1S) 314 
4 BBB.0'.0' 4 I COMMON/DOTl/F,PT,aT,RT,G 315 
5 BBBB.0'4I COMMON/DOT2/Al,DLX,DLV,DLT,FXA,DTHTA.Tl 316 
6 BS.0'BB4I COMMON/DOT3/GWZ,QW2 317 
7 BBBBB4I DXLV • A1(3)*Xll)*X(I)*X(3'+Al(<4)*XCl)*X(3)*X(3)+2.*Al(S)*X(3)*X(3 318 
8 !)*X(Z'+Al(6)*X(3)*X(3,*X(3'+Z.*Al(IB)*X(1)*X(Z)*X(3'+Al(11'*X(I'*X 319 
9 /(I)*X(1)+Z.*Al(12)*X(I'*X(l'*X(2'+3.*Al(13'*X(l'*X(Z)*X(Z)+3.*Al(1 3ZB 

lB /4'*X(3)*X(Z)*X(2'+4.*Al(IS)*X(Z)*X(Z)*X(2' 321 
11 BBBIB8I OXLT c Al(Z'*X(I'*X(l'*X(I)+Al(3)*X(l'*X(l'*X(Z)+Z.*Al(4'*X(1 ,*X(Z 3Z2 
12 1)*X(3'+Z.*Al(5)*X(2)*X(2'*X(3'+3.*Al(6'*X(Z'*X(3)*X(3 '+4.*Al(7)*X( 3Z3 
13 13'*X(3)*X(3)+3.*Al(8)*X(I)*X(3)*X(3'+2.*Al(9'*X(I'*X(1)*X(3'+Al(lB 324 
14 n*x( 1 )*X(Z>·X(Zl+A1( 14,*X(Z)*X(2'*X(2> 325 
15 BBB3SCI XD(l) • X(2' 3Z6 
16 BBB37BI XD(Z) • -F(1,1)*X(I)-F(I,ZI*X<Z)-(F(1.3)+G)*X(3)-DXLV*GWZ+FXA 327 
17 I+G*DTHTA*T1 328 
18 BBB3E4i XD(3) • -F(Z,I'*X(1)-F(2.Z)*X(2,-F(Z,3)*X(3)-DXLT*QWZ+DTHTA 329 
19 BBB43EI RETURN .. 33B 
ZB BBB444I END 331 

NO ERRORS:FiO RBS-gB.BB SUBROUTINE SYS 17/BZ/S3 16:5S:54 TABLE SPACE: 2 KS 
STATEMENT BUFFER: 21 LINES/1321 BYTES STACK SPACE: 146 WORDS 
DOUBLE PRECISIO~ FLOATING PT SUPPORT REQUIREO FOR EXECUTION 

0-8 



FORTRAN-VIID RB5-BB.BB 17/.0'2/83 16:58:18 PAGE 1/ lB 
FORTRAN VIID: LICENSED RESTRICTED RIGHTS AS STATED IN LICENSE CL-BBI3 *** SEE DOCUMENTATION PACKAGE, B4-1BIM99. 

1 B~BBBBI SUBROUTINE RICATI(A,B,O.R,P,F,N,M,NN , MM,IP,IS,T,W,WA,WP,WO) BBB416BB 33 2 
2 C SUBROUTINE RICATI(A,B,Q , R . P,F,N~M,NN,MM,IP,IS,T,W,WA,WP,WQ) .0'.0'.0'4146.0' 333 
3 C BBB4147Z 33 4 
4 C SOLVES B = A'P + PA + Q - PB{R.INV.lB'P .0'.0'.0'4148.0' 335 
5 C .0'.0'.0'4149.0' 336 
6 C {A-B*F} HAS THE DESIRED SPECTRUM UPON RETURN .0'.0'.0'415.0'.0' 337 
7 C CALLS SUBROUTINES MAT AND LYAPUN BBB4151Z 338 
8 C lP IS PRINT CONTROL = B,I,2 2 GIVES FULL PRINTOUT B/,,.B4152.0' 339 
9 C IS = 1 (A) IS ASSUMED STABLE , = 2 (A-BF) IS ASSUMEO STABLE .0'.0'.0'4153.0' 34.0' 

1.0' C IS IS UNCHANGED FOR SUCCESS , SET = .0' FOR NON-CONVERGENCE BBB4154B 341 
11 C SET NEGATIVE FOR NON-CONVERGENCE IN SIR LYAPUN (INSTABILITY) .0'.0'.0'4155.0' 342 
12 C WORKING STORAGE: CW), (WA) , (WP) , CWQl BBB4156Z 343 
13 COIMENSIN OF F CHANGED FROM FCNN,N) TO F{M,N). DATE:3.0'/B8/1973 .0'.0'.0'4157.0' 344 
14 C STABILITY IS IN THE SENSE THAT THE SYSTEM IS ASYMPTOTICALLY STABLE . .0'.0'.0'41571 345 
15 C .0'.0'.0'4158.0' 346 
16 C B.0'.0'41-S9.0' 347 
17 BBBBB41 IMPLICIT REAL*8CA-H,0-Z) .0'.0'.0'4161.0' 34B 
18 BBBBB41 DIMENSI0N A{NN,N),B{NN,M),P{NN,N),Q{NN,N),RCMM,M),FCM,N) .0'.0'.0'4163.0' 349 
19 BBBBBAI DIMENSION W(NN,N),WA(NN,N),WPCNN,N),WQ(NN,N) .0'.0'.0'4164.0' 35.0' 
2.0' B.0'BBBAI ABSCX)=DABS(X) .0'.0'.0'4162.0' 351 
21 BBBBE4I LIT=3B BBB4165B 352 
22 .0'BBBEEI ERR=I.E-8 .0'.0'.0'4166.0' 353 
23 BBBBFAI ZERO=I.E-ll .0'.0'.0'4167.0' 354 
24 .0'.0'.0'1.0'61 JS=.0' .0'.0'.0'4168.0' 355 
25 .0'.0'.0'1 BE I TRO=I.E+5B .0'.0'.0'4169.0' 356 
26 BBBI1AI IFCIP.GE.I) WRITE{6,9Bl) .0'.0'.0'417.0'.0' 357 
27 .0'.0'.0'1441 IF(IP.LE.l} GO TO 19 .0'.0'.0'4171.0' 35B 
28 BBB15AI WRITE{6,9B2) .0'.0'.0'4172.0' 359 
29 .0'.0'.0'1741 DO 13 1=I , N .0'.0'.0'4173.0' 36.0' 
3.0' BBBIBBI 13 WRITE{6,91B}{A{I,J},J=I,N} .0'.0'.0'4174.0' 361 
31 BBB23BI WRITE(6,911) .0'.0'.0'4175.0' 362 
32 .0'.0'.0'2541 DO 14 1=I,N .0'.0'.0'4176.0' 363 
33 BBB26BI 14 WRITEC6,91B)(B(I,J),J=1,M) .0'.0'.0'4177.0' 364 
34 BBB31BI WRITEC6,911) BBB417BB 365 
35 .0'.0'.0'3341 DO 15 I=I,N .0'.0'.0'4179.0' 366 
36 BBB34BI 15 WRITE{6,91B)(Q{I,J),J=I,N) BBB41BBB 367 
37 B.0'B3FBI WRITE{6,911) BBB41BIB 36B 
3B .0'.0'.0'4141 DO 16 l=l.M .0'.0'.0'4182.0' 369 
39 BBB42BI 16 WRITE{6,91B}{R{I,J},J=I,M) B.0'B41B3B 37.0' 
4.0' .0'.0'.0'4 DB I WRITE{6,911} BB.0'41B4B 371 
41 C INVERT (R) .0'BB41B5.0' 372 
42 BBB4F41 19 DO 2.0' I=I.M BBB41B6 B 373 
43 B.0'B5.0'BI DO 2.0' J=I,M BBB41B7B 374 
44 BBB51CI 2.0' P(I,J)=R(I.J) BBB418BB 375 
45 BBB594I CALL MAT(P,P.M , M,NN.ZERO,DET,K) BBB4189 .0' 376 
46 BBB5ECI IF{IS.LT.2) GO TO 99 BBB419BB 377 
47 C GIVEN (A - 8*F} STABLE , FIND PB BY SOLVING .0'.0'.0'4191.0' 378 
48 C CA - BF)'P + P(A - BF) + (F'RF + Q) = .0' .0'.0'.0'4192.0' 379 
49 .0'.0'.0'6.0'21 WRITE(6,912) BBB4193fl 38.0' 
5.0' BBB61CI IF(IP.LE.l) GO TO 14.0' .0'.0'.0'4194.0' 381 
51 .0'.0'.0'6321 DO 135 1=II,M .0'.0'.0'4195.0' 382 
52 BBB646I 135 WRITEC6,91B){FCI,J),J=I,N) .0'.0'.0'4196.0' 383 
53 BBB6F41 WRITEC6,9111 BBB4197B 384 
54 BBB71BI 14.0' DO 6.0' I=I.N BBB419BB 385 
55 .0'.0'.0'7241 DO 6.0' J=I,M BBB4199B 386 
56 BBB73BI S=B. .0'.0'.0'42.0'.0'.0' 387 
57 .0'.0'.0'7441 DO SB K=I,M .0'.0'.0'42.0'1.0' 3B8 
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58 SZS7581 5B S=S+F( K, I>*R{K, J l .erZZI.UJ? .e 389 
59 B.B7C41 610 W( I ,J > =S JOZ.0' 4 2fiJ3f' 33 Z 
610 BHB81E1 DO 810 I~l.N BZB42fJ I,JJ 391 
61 BZB832 I DO 810 J=l,N BZB42 ff 5fJ 392 
62 .10.8461 S=B. JHJZ42.6 . 39 3 
63 • .0'108 521 SS=B. JJfJ.0'4287B 394 
64 BJ)'B85EI DO 710 K=I,M 13101042880 395 
65 10.108721 S=S+B(I,K}*F{K,J) .!iJB42B'38 396 
66 • . 0'Z8C61 7S SS=SS+W{I,K}*F(K,J} BBB421fiJ.ÇJ 397 
67 1010109321 WO{I,J}=O(I,J}+SS BBB4211Z 398 
68 SBB98BI 810 WA{I,J}=A{I,J}-S SBB4212fl 399 
69 BSB9FEI CALL LYAPUN{WA,WO,WP,W,N,NN,T) BSB4 2 13B 4810 
710 BBBA741 99 CONTINUE BBS4214 B 4101 
71 C F = (R. 1 NV ) ( B ' ) P • {B ( R • 1 NV ) B' ) SBB4215,O' 4.0'2 
72 BZBA741 DO 2410 I=I,M BS.e'4216 .e' 4103 
73 B.BA881 DO 2410 J=l,N 1010.0'421710 4104 
74 B.SA9CI S=B. S.B4218Z 4.0'5 
75 .0'.0'.0'AA81 DO 23.0' K=l,M .0'.0'.0'4219.0' 4.0'6 
76 .0'PJ.0'ABCI 23.0' S=S+P{I,K}*B{J,K) .0'.0'.0'42282 4.0'7 
77 .0'.0'.0'B281 24.0' F(I,J)=S .0'.0'.0'42218 4.0'8 
78 .0'.0'.0'B821 DO 26.0' I=l,N .0'.0'.0'4222.0' 4.0'9 
79 .0'.0'.0'B96 1 DO 26.0' J=l,N .0'.0'.0'4223.0' 41.0' 
as lOSSBAAI IF(IS.LT.2) WP(I,J)·.0'. .SB4224B 411 
81 BBSSE41 S=B. S.0'B4225S 412 
82 BBBBFBI DO 2510 K=l,M SBB4226B 413 
83 SBBC.0'41 25.0' S=S+B(I,K)*F(K,J) S.S4227S 414 
84 SSSC7.0'I . 26.0' P{I,J)=S .0'.10422810 415 
85 C .0'.0'.0'4229.0' 416 
86 BBBCCAI 3.0'.0' DO 7.0'.0' IT=l,LIT .0'.0'.0'423.0'.0' 417 
87 C W .. (B(R.INV)B'P) .0'.0'.0'4231.0' 418 
88 .0'.0'BCOEI DO 42.0' I a 1,N 10.0'.0'4232.0' 419 
89 .0'BBCF21 00 42.0' J=l,N 1010.0'423310 42.0' 
9.0' 10.0'.0'0.0'61 S=B. 101010423410 421 
91 1010100121 DO 4U K"l , N .1010423510 422 
92 1010100261 4110 S=S+P(I,K)*WP(K,J) .10104236. 423 
93 1010100921 4210 W{I,J)=S BBB4237$J 424 
94 C WA = (A-B(R.1NV)B'P) WQ • (Q + PB{R.INV)B'P) 101010423810 425 
95 BBBOECI DO 46.0' I"l,N .0'.0'.0'42398 426 
96 BBBEBB1 DO 46.0' J=l,N • .0'.0'424.0'.0' 427 
97 B.0'.0'E141 S=.0'. .0'.0'.0'4241.0' 428 
98 .0'.0'.0'E2.0'I DO 43.0' K=l,N .0'.0'.0'4242.0' 429 
99 B.0'.0'E341 43.0' S=S+WP(I,K)*W(K,J) .0'.0'.0'4243Z 43.0' 

1.0'10 BBBEABI WO(I,J)"S+Q{I,J) .10104244.0' 431 
UI BB.0'EEEI 4610 WA(I,J)=A(I,J)-W(I,J) .0'.104245. 432 
1102 C SOLVE 10 - (WA)'(WP) + (WP)(WA) + (WQ) .10104246. 433 
1.0'3 SSSF8AI CALL LYAPUN(WA,WQ,WP,W,N,NN,T) BSS4247S 434 
lS4 lOS US.0' I TRN=S. BS.0'4248!J 435 
1.5 SB1BBCI DO 5110 I=I,N BSS4249B 436 
lS6 SB1B2S1 51.0' TRN=TRN+WP(I,I) .0'SS425SS 437 
1.0'7 C TEST CONVERGENCE BY TRACE{P) BSB4251S 438 
IS8 BSlS68I IF{IP.EO.1) WRITE{6,9B5) IT,TRN SSS4252S 439 
1109 BBlS9CI CRIT-ABS(TRN-TRO)/TRO BBB4253S 4410 
11.0' BBIBCEI IF{CRIT.LE.ERR) GO TO 515 SSS4254B 441 
111 BB1BE6I IF(IP.LE.1) GO TO 61.0' BBS4255S 442 
112 BS1SFCI 515 IF{IP.NE.1) WRITE(6,9S5) IT,TRN SSS4256B 443 
113 BS113SI DO 52S I=I,N SSS4257.0' 444 
114 S.0'I144I 52.0' WRITE{6,91B)(WP{I,J),J=I,N) BSS4258S 445 
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PS JJflltF41 61IJ IF(CRIT.lE.ERR) GO TO 8.erfJ fJfJfJ4259fJ 446 
1160'IH2fJCI IF<TRN.GE.l.E+6fJ) GO TO . lfJ 1fJ fà.fJI0426f51O 447 
117 101012241 TRO=TRN flfJI0426lfl 448 
118 HI0123fJI 7fJfJ CONTINUE IOIOfJ4262!O 443 
119 fJI01248I IS=fJ IJIJ1J4263fJ 45fl 
1210 IOf0125101 WRITE(6,9107J IT IJIOfl42641O 451 
121 fJfJ127.0'I 8fJ.0' 00 82fJ I=I.M fJfJ.0'426SfJ 452 
122 fJfJ1284I 00 82IJ J=l,N fJfJfJ4266fl 453 
123 fJfJ12981 S=fJ . fJfJfJ4267fJ 454 
124 .0'fJ 12A41 00 81IJ K=I,N fJfJfJ4268fJ 455 
125 fJ.0'12B8I 8lfJ S=S+F(I,K)*WP(K,J) fJriJfJ4269fi1 456 
126 IJIJ13241 82fJ W{I,J)=S IOfJIJ427IJIO 457 
127 IOIJ137EI 00 84IJ 1=I,N IJIJIJ4271IJ 458 
128 IJIJ13921 DO 83IJJ=I , N fJIJIJ4272IJ 459 
129 fJfJ13A6I 83fJ P(I,J)~WP{I,J) fJfJ.0'4273fJ 46fJ 
13fJ IJfJ14IJ61 DO 84IJ J=I,M fJIOIJ42741O 461 
131 fJfJ141AI 84fJ F(J,I)=W(J,IJ .0'BfJ4275Z 462 
132 101014921 IF{IP.lE.1) GO TO 777 fJfJfJ4276Z 463 
133 fJfJ14A81 WRITE(6,911) BfJfJ4277fJ 46 4 
134 fJIJ14C41 00 85fJ I=l,M fJfJfJ427810 465 
135 fJB14D81 8SfJ WRITE(6,91.0'){F(I,J},J-l,N} fJ.0'.0'4279fJ 466 
136 .0'fJ1588 I GO TO 777 IJIJ.0'428IJIJ 467 
137 IJIJ158EI lIJlIJ IS=-IS IJ.0'IJ4281IJ 468 
138 fJfJ159CI WRITE(6,9fJ8} IT fJfJfJ4282fJ 469 
139 fJfJ15BCI 777 IF{IP.GE.l) WRITE(6,9fJ6} IT,TRN fJfJfJ4283fJ 47fJ 
14fJ fJfJ15FfJI RETURN fJfJfJ4284fJ 471 
141 fJfJ15F61 9.0'1 FORMAT{/ , lX,12fJ(lH*),//,2IJX,17HSUBROUTINE RICATI 11) fJfJfJ4285IJ 472 
142 fJfJ162fJI 9fJ2 FORMAT{3fJX,38HRICCATI PROBlEM MATRICES A I B I a I R ,I) IJfJIJ4286fJ 473 
143 fJfJ1654I 9fJ5 FORMAT(/,lfJX,16HRICATI ITERATION,14,lfJX,4HCOST,lPE2fJ.6,/) fJfJfJ4287IJ 474 
144 fJfJ16821 9fJ6 FORMAT{II.2fJX,22HEXIT FROM RICATI AFTER ,I3,12H ITERATIONS ,lIJX, fJfJfJ428810 475 
145 1 6HCOST =.lPE2e.6,I,lX.121O(lH*),II} fJfJfJ4289fJ 476 
146 fJe16021 9fJ7 FORMAT{/11.2fJX,2fJHNO CONVERGENCE AFTER,I4,12H ITERATIONS ,II} fJ.0'.0'429.0'1O 477 
147 fJfJ17fJ81 9fJ8 FORMAT(III,2fJX,18HSYSTEM UNSTABlE AT ,14,13H-TH ITERATION ,11) fJ.0'fJ4 1 478 
148 fJfJ173CI 91.0' FORMAT{5X , IPIIJE12.3} 479 
149 .0'.0'174EI 911 FORMAT(/,lIJX,2IJ(lH-},I) fJ.0'IJ4293fJ 48E 
15.0' fJ.0'176.0'1 912 FORMAT(/,lfJX,26HSTABILIZATION IS INDICATED ,I) fJfJIJ4294IJ 481 
151 .0'IJ1788 I END .0'fJIJ4295IJ 482 
WARNING # 3IJI ************************************************************************ 

») UNREFERENCED LABEL «< 
3IJ.0' 

NO ERRORS:F70 RIJ5-fJfJ.fJIJ SUBROUTINE RICATI 17/.0'2/83 16:59:.0'8 TABLE SPACE: 6 KB 
STATEMENT BUFFER: 2IJ LINES/1321 BYTES STACK SPACE: 186 WORDS 
DOUBLE PRECISION FlOATING PT SUPPORT REQUIRED FOR EXECUTION 
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1 .0'.e!B.0'.0'.0'I SUBROUTINE MAT (B , A,M,N,NO , ZERO,D,IRAN K) .0'.0'.0'31150" 483 
2 C CAlCUlATES RANK, DETER MINA NT AND INVERSE OF MATRIX. .0'.0'.0'3116.0' 484 
3 C METHOD IS DO UBLE PIVOTTE D GAUSSIAN ElIMINATION. HZ.0'3117Z 485 
4 C B IS A M BV N 14ATRIX STORED IN NO BV N MA TRIX IN CAlllNG ROUTINE • .0'.0'.0'31 18.0' 486 
5 C IRANK IS RETURNED AS RANK(B) A IS USED AS WKG/STOR. .0'.0'.0'31 192 487 
6 COlS RETURNED AS OET(B) .0'.0'.0'312.0'.0' 488 
7 C IF M=N A IS RETUR NED AS (B.INVER·SE) .0'.0'.0'312l.0' 489 
8 C ZERO IS USED TO TEST RElATIVE PIVOT SIZE. .0'.0'.0'3122.0' 49.0' 
9 C IF SIR USED BV RECURSIVE ROUTINE SET IPRNTa.0' TO SUPPRESS PRINTING • .0'.0'.0'3123fl 49 1 

1.0' C REVERSE THE FOllOWING 2CARDS TO OBTAIN THE REAl*4 VERSION. .0'.0'.0'3124~ 49 2 
11 .0'.0'BB.0' 4 I IMPlICIT REAl*8{A-H,0-Z) .0'.0'B31250 493 
12 .0'.0'.0'.0'.0'41 DIMENSION A(ND,N) ,B(ND,N) .0'.0'.0'3127.0' 494 
13 fJ.0'.0'.0'.0'AI DIMENSION ISWCH (IB.0'),JSWCH(I.0'.0') .0'.0'.0'3128.0' 495 
14 .0'.0'.0'.0'.0'AI ABS{Q}=DABS(Q) .0'.0'.0'3126.0' 496 
15 . .0'.0'.0'3CCI NSW=I.0'.0' .0'.0'.0'3 129.0' 49 7 
16 .0'.0'.0'3061 IPRNT=I .0'.0'.0'313.0'.0' 498 
17 .0'.0'.0'30EI IPRNT=.0' .0'.0'.0'3131.0' 499 
18 .0'.0'.0'3E61 IRANK=.0' .0'.0'.0'3132.0' 5.0'.0' 
19 .0'.0'.0'3EEI 0=1. .0'.0'fJ3133.0' 5fJl 
2.0' .0'.0'.0'3 FA I IF(M.NE.N) 0-.0'. .0'.0'.0'3134.0' 5.0'2 
21 .0'.0'.0'4181 DO 1.0' Il=I,M .0'.0'.0'3135.0' 5.0'3 
22 .0'.0'.0'42CI DO 1.0' 12=I,N .0'.0'.0'3136.0' 5.0'4 
23 .0'.0'.0'44.0'1 1.0' A{11,12)=B(11,I2) .0'.0'.0'3137.0' 5.0'5 
24 .0'.0'.0'4B81 DO 1 l=l,NSW .0'.0'.0'3138.0' 5.0'6 
25 .0'.0'.0'4CCI ISWCH(I)=.0' .0'.0'.0'3139.0' 5.0'7 
26 .0'.0'.0'4DAI · JSWCH{I)=.0' .0'.0'.0'314.0'.0' 5.0'8 
27 .0'.0'.0'5.0'.0'1 MM=M .0'.0'.0'3141.0' 5.0'9 
28 .0'.0'.0'5.0'CI IF(N.lT.M} MM=N .0'fJfJ3142fJ 51fJ 
29 fJfJfJ52AI DO 2 1=I,MM fJfJ.0'3143fJ 511 
3fJ .0'fJ.0'53EI AMAX=.0' . .0' fJ.0'.0'3144fJ 51 2 
31 .0'.0'.0'54AI DO 3 11=I,M .0'.0'.0'3145.0' 513 
32 .0'.0'.0'55EI DO 4 12=I,N .0'.0'.0'3146.0' 514 
33 .0'.0'.0'5721 IF{ISWCH(ll).NE • .0'.OR.JSWCH{12}.NE • .0') GO TO 4 .0'.0'.0'3147.0' 515 
34 .0'.0'.0'5A41 IF (ABS(A{Il,I2».lE.AMAX) GO TO 4 .0'.0'.0'3148.0' 516 
35 .0'.0'.0'5F81 IPIVOT=Il .0'.0'.0'3149.0' 517 
36 .0'.0'.0'6.0'41 JPIVOT=12 fJ.0'.0'315.0'.0' 518 
37 fJfJfJ61.0'I ABIG=A(ll,12) .0'.0'.0'3151fJ 519 
38 .0'.0'.0'63AI AMAX=ABS(ABIG) .0'fJ.0'3152fJ 52fJ 
39 .0'.0'.0'6541 4 CONTINUE .0'.0'fJ3153fJ 521 
4.0' .0'.0'.0'66CI 3 CONTINUE .0'.0'.0'3154fJ 522 
41 .0'.0'.0'6841 o=D*ABIG .0'.0'.0'3155.0' 523 
42 .0'.0'.0'6961 IF(I.NE . l) GO TO 33 .0'.0'.0'31 56.0' 52 4 
43 .0'.0'.0'6ACI BHAX=AMAX .0'.0'.0'3157.0' 525 
44 .0'.0'.0'6B81 IF«AMAX.lE.ZERO).AND.(M.EQ.N» GO TO 999 .0'.0'.0'3158.0' 526 
45 .0'.0'.0'6E21 IF(AMAX.lE.ZERO) GO TO 99 .0'.0'.0'3159.0' 527 
46 .0'.0'.0'6FAI GO TO 34 .0'.0'.0'316.0'.0' 528 
47 .0'.0'fJ7fJ.0' I 33 CMAX=AMAX/BMAX .0'.0'.0'3161 .0' 529 
48 .0'.0'.0'7121 IF«CMAX.lE.ZERO).AND.{M.EQ.N}) GO TO 999 .0'fJ.0'3162.0' 53.0' 
49 .0'.0'.0'73CI IF{CMAX.lE.ZERO) GO TO 99 .0'.0'.0'3163.0' 531 
5.0' .0'.0'.0'7541 34 IRANK=IRANK+l B.0'.0'3164.0' 532 
51 BBB7621 APIVOT=I.B/A(IPIVOT,JPIVOT) .0'BB3165.0' 533 
52 B.0'B792 I A(IPIVOT,JPIVOT)=APIVOT BBB3166.0' 534 
53 .0'BB7BCI ISWCH(IPIVOT)=JPIVOT BB.0'31679 535 
54 SSS7CEI JSWCH(JPIVOT)=IPIVOT BBB3168.0' 536 
55 BBB7EBI DO 5 Il a l,M .0'.0'.0'31690 537 
56 B.0'B7F41 DO 6 12=I,N BBB317.0'fJ 538 
57 B.0'B8B81 IF(Il.EQ.IPIVOT.OR.I2.EQ.JPIVOT) GO TO 6 .0'.0'S3171B 539 
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58 SgZ8 32! A(Il,IZ)=A(I1,IZ)-A(IPIVOT.IZ)WA(I1.JPIVOT)*APIVOT fJPJZ31720 511;'1 
59 P.'~fJ8 CAI 6 CONTIN UE .Ç1Z03113f.! 51.1 
Gkf f)'flfJS E2 I 5 CONTI NUE ZJ!ff33174f.! 542 
61 fJZZ8 FAI DO 17 fJ 11=I,M fJ'kHJ31 75.e- 543 
62 ZZZ9ZEI IF(Il.EO.IPIVOT) GO TO 17Z {lfHZ3176Z 544 
63 ZZfJ926 I A(Il,JP I VOT)=A(I1,JPIVOT} *APIVOT IiHJl1J3177Z 545 
64 Hfl.I1J9 74 I 17B CONTINUE f3 .. Jf1J3 ), 78{; 546 
65 ZP.0'98CI DO 175 J1"'l,N fJfJB3179Z 547 
66 .0'fJ.0'9ABI IF(J1.EQ.JPIVOT) GO TO 175 fJfJH318BfiJ 548 
67 ZZfJ9B8I A(IPIVOT,Jl)=-A(IPIVOT,J1)*APIVOT fJfiJB3181.0' 549 
68 .0'0ZABEI 175 CONTINUE fJBX!31 a Uf 55.0' 
69 B~.0'A261 2 CONTINUE 0.0fJ31 83.0' 551 
7Z BfJ.0'A3EI 99 IF(IPRNT.EO.1} WRITE(6,9B1)M.N,IRANK,BMAX.AMAX,O fiJX!flJ3184,0' 55 2 
71 BfJBA8BI !F(M.NE.N) GO TO 771 BflJB3185.0' 553 
72 .0'fJBA98 I DO 77 I1=1.M B.0'.0'3186.0' 55 4 
73 .0'fJ.0'AACI 11 IF{ISWCH{I1).EQ.Il} GO TO 77 fJ.0'flJ3187B 555 
74 .0"HJACA I K= I SWCH (I 1 ) fJfJB3188B 556 
75 .0'fJBAOCI DO 88 J=I.M .0'BB3189fJ 55 7 
76 B0.0'AFBI TEMP=A(I1.J) B.0'B319fJ,0' 558 
77 BB.0'B1AI A(I1.J)=A(K,J) .0'fJfJ3191fJ 559 
78 B.0'BB62 I A(K.J)=TEMP fJfJ.0'3192B 56fJ 
79 BfJ.0'B8CI 88 CONTINUE .0'.0'g3193Z 561 
8B B.0'.0'BA4I ITEMP=ISWCH(I1) .flPJg31 94PJ 562 
81 BBBBB6! ISWCH{I1)=!SWCH(K) ggg3195PJ 563 
82 BfJfJBCEI ISWCH(K)=ITEMP .0'PJg3196PJ 564 
83 BBBBEBI GO TO 11 gBB3197PJ 565 
84 BBBBE4I 77 CONTINUE .0'BB3198fJ 566 
85 BBBBFCI DO 55 I=l,M ggflJ3199.0' 567 
86 BBBClBI 12 IF (JSWCH(I).EQ.I) GO TO 55 181818 32.0gB 568 
87 BBBC2EI K=JSWCH(I) gflJPJ32.0'lPJ 569 
88 BZBC4BI DO 44 J=l,M flJgB32B2g 5718 
89 BBBC54I TEMP=A(J.I) BflJg32B3B 571 
9B BBBC7EI A(J.I)=A(J.K} fJBg32fJ4g 572 
91 BBBCC61 A(J.K)=TEMP BflJ.0'3ZfJ5flJ 573 
92 BBBCFBI 44 CONTINUE flJBg3ZB6Z 574 
93 BBBDB8I ITEMP=JSWCH(I) BBB32B7flJ 575 
94 BBBD1AI JSWCH(I)=JSWCH(K) BgB3ZB8Z 576 
95 BBBD32I JSWCH(K)=ITEMP flJBflJ32B9Z 577 
96 BBBD44I GO TO 12 fiJfJg3ZlBflJ 578 
97 BBBD48I 55 CONTINUE J3'flJB3211.0' 579 
98 BBB06BI 771 RETURN BB.0'3212Z 58flJ 
99 BBBD661 999 D=B. flJ.0'B3213Z 581 

1BB BBBD72I WRITE(6.2BB) M.N.IRANK.BMAX.AMAX ,0'fJB3214flJ 582 
1.0'1 BBBOABI 9B1 FORMAT(5X.7HRANK OF.I3.3H BY.I3.1eH MATRIX IS,I3,5X. fJZB3215fJ 583 
1e2 124HFIRST ANO LAST PIVOTS --.lPE1e.3,lPE14.3,5X,14HDETERMINANT ffBflJ3216fJ 584 
le3 21PEI3.3) BfJB3217fJ 585 
1e4 BBeEBAI 2BB FORMAT(5X,7HRANK OF.I3,3H BY.I3,lBH MATRIX IS,I3,5X, fJ.0'fJ3218f1J 586 
1B5 124HFIRST AND LAST PIVOTS --,lPEIB.3,IPEI4.3,5X,15H ** SINGULAR *'" )fJfJg3219B 587 
lB6 fJeeE7BI RETURN ggflJ322.0'fJ 588 
lB7 BBBE76I END flJflJB3221g 589 

NO ERRORS:F7D RB5-BB.BB SUBROUTINE MAT 17/B2/83 16:59:18 TABLE SPACE: 3 KB 
STATEMENT BUFFER: 2e LINES/1321 BYTES STACK SPACE: 183 WORDS 
DOU8LE PRECISION FLOATING PT SUPPORT REOUIREO FOR EXECUTION 
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FORTRAN-VIIO RB5-HH.Hfl 171HZ/83 16:58:18 PAGE 11 15 
FORTRAN VIID: LICENSED RESTRICTED RIGHTS AS STATED IN LICENSE CL-BBI3 ***, SEE DOCUMENTATION PACKAGE, . 4-IBl M99. 

I flIiJB91ZHI SUBROUTINE lVAPUN (A,C,O,\.JSI,N,NOIM,Tl iiHHJ3 fJ1 Gk 5 9.0' 
2 C BfiJ0.39J17f. S9i 
3 C SOlVES THE LVAPUNOV EOUATION: A'O + QA + C • H ffBB3Z18~ 592 
4 C fU!JfJ3Z19Z sn 
5 C CAllS SIR MAT FOR MATRIX INVERSION flfffiJ3 fl 2ffF 59 4 
6 C TVPICAL STEP-SIZE = I.E-4, I.E-7 FOR \.JIDE SPREAD OF EIGENVALUESfiJ.0'fiJ3 fiJ 21 .0' 595 
7 C . lJfiJfiJ3 RJ 22 fJ 596 
8 BfiJfiJfiJfiJ41 IMPlICIT REAL*8{A-H,O-Z) RJ91B3B23 JiJ 597 
9 fJfiJfiJfJfJ4I DIMENSION A{NOIM,N), Q{NOIM,N).C{NOIM,N),\.JS1{NOIM,N) BBfJ3 fiJ2 8JiJ 598 

U C-l . )MUS{DNR=)MUSUrfiJfJ3JiJ26Z 599 
11 C-l )X{ELBO=)X(BfJZfiJ3fiJ27 fiJ 6BJiJ 
12 ZZfJHHAI DOUBLE PRECISION SUM ZZH3 fJ 29 fiJ 6Hl 
13 HBfJHHAI LOGICAL FLAG 89183838. 6fiJ2 
14 fiJHHZZAI OUB{X)=X HHfiJ3 fiJ 24 Z 6fiJ3 
15 HHHBACI RO{SUM}=SUM BfiJfJ3 .1lf25 .0' 684 
16 fiJfiJH1141 FLAG=.FALSE. BfiJfiJ3fiJ31 . 6fiJ5 
17 BBfiJIICI MAXIT=4B BBfiJ3fl32 fiJ 6B6 
18 HfiJB126 I ZERO=I.E-12 fiJBB3B33 fiJ 6B7 
19 fiJBBI 32 I ERR=I.E-12 fiJBB3 fiJ 34JiJ 6B8 
2H fiJfiJfiJ13EI KK=-1 fiJBB3fiJ35 fiJ 6fiJ9 
21 fJfJZ146 I 5 DO lZ I=I,N BfiJfiJ3fiJ36 fiJ 61fiJ 
22 ZfiJZI5AI DO lfiJ J=I,N fiJfiJZ3fJ37fiJ 611 
23 ZfiJZ16EI IH \.JSI(I,J)=Z.Z ZHH3B38Z 612 
24 HHZIC8I DO 11 I=I,N Z883fJ398 613 
25 fiJfiJZI0CI 11 \.JSl{I,I)=I.H fiJfiJH3B48fiJ 614 
26 HBB21EI Tl=H.5*T BBfiJ3B41JiJ 615 
27 BBB23BI T2=Tl*T/6.B fiJBfJ3B42 fiJ 616 
28 BBB2481 DO 2B I=I,N JiJBB3B43B 617 
29 BBB25CI DO 2B K=I,N BBB38 44B 618 
3B BBB27BI SUM=fiJ.BOH fiJBfiJ3B45B 619 
31 HfiJfiJ27CI DO 15 J=I,N BfJfiJ3fiJ46B 62fiJ 
32 HHH29HI 15 SUM=SUM+T2*A(I,J)*A{J,K) HfiJfiJ3847B 621 
33 H8H382 I ZH \.JSl(I,K)=\.JSl{I,K)+RO{SUM) fiJfiJ83fiJ48fiJ 622 
34 H8H38EI DO 21 1=I,N fiJfiJ83fiJ49fiJ 623 
35 HfiJH3A21 DO 21 J=I,N fiJ883fiJ5B fiJ 62 4 
36 HHH3B61 ZI A{I,J}=RO(OUB{Tl}*OUB{A(I,J}» fiJfJfiJ3B51fiJ 625 
37 HBB4881 DO 24 I=I.N BfiJfiJ3B52fiJ 626 
38 fiJBfiJ49CI DO 24 J=I.N BBB3B53fiJ 627 
39 BBB4BBI Q(I,J)=\.JSl{I,J)-A{I,J) BfJB3B54fiJ 628 
4H BBB51CI 24 \.JSl{I,J)=\.JSl{I.J)+A{I,J) BBH3B55B 629 
41 HHH5B81 CALL MAT(Q,Q.N.N,NOIM,ZERO,OET,IRANK) BHfiJ3B56fl 63B 
42 HH861HI DO 28 1=I,N fiJfiJfiJ3fiJ57fiJ 631 
43 H8fiJ624 I DO 28 J=I.N fiJfiJfiJ3fl58 fiJ 632 
44 HH86381 SUM=H. BfiJfiJ3fiJ59JiJ 633 
45 HHH6441 DO 26 K=I,N BHB3fiJ6HB 634 
46 HHH6581 26 SUM=SUM + Q(I,K)*\.JSl{K,J) fiJHH3fiJ61fiJ 635 
47 HfiJH6C4I 28 A{I,J)=SUM fiJfiJfiJ3fiJ62fiJ 636 
48 HHH71EI DO 3H l=l,N fiJBH3B63fiJ 637 
49 HHH73Z1 DO 3H J=I,N fiJfiJfiJ3fiJ648 638 
5H HHH74AI C{I,J)=RO{OUB{T)*OUB{C{I,J»/3.) BBfJ3fJ65B 639 
51 HBH7F41 Q{I,J)=C(I,J) BBB3H66fiJ 64H 
52 HHH83CI 3H Q{J,I)=Q(I,J) fiJBH3fiJ6791 641 
53 H8H8B41 4H KK=KK+l BBH3B68fiJ 642 
54 HBB8C21 IF (KK.EQ.H) GO TO aH fiJfiJB3fiJ69fiJ 643 
55 HfiJH8081 DO 65 I=I.N fiJBfJ3fiJ7BfiJ 644 
56 HHH8Ecr DO 65 K=l.N fiJfiJfiJ3fiJ71fiJ 645 
57 HfiJH9H8r SUM=H.H08 HHfiJ3B72fl 646 
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FORTRAN-VIID RB5-BB.BZ 17/B2/83 16:58:18 PAGE 2/ 16 
FORTRAN VIIDI lICENSEO RESTRICTED RIGHTS AS STATED IN lICENSE Cl-BB13 *** SEE DOCUMENTATION PACKAGE, B'-IBIM99. 

58 BBB9flCI DO 6Z J=l,N BZB3H73H 64ï 
59 BZZnZI 6Z SIJM=SUt·l~A(I,J)*A<J,K) fJ fJ fl3 H7 4iZ 648 
6.0' P.rS.0'98CI 65I./S1(I,K)=SUM fI.fJP.r3 f! 7Sf: 61\9 
61 BBP.r9E6I DO 7Z I=l.N ZBZ3Z76~ 6 S~ 
62 BZZ9FAI DO 7Z J=I.N BBB3 Z7ï ff 651 
63 BZ.0'A/JEI 7fif A( I ,J } = \.IS 1 (I ,J) fJfifZ3fJ78 Z 652 
64 BZZA86 I 8fif 00 95 I=I.N BBZ3. 79 . 653 
65 B.0BA9AI DO 95 K=I.N frfiffif3 JJ 8frIiJ 654 
66 fiffiHiJAAEI SUM=fif.ZOfl $3·.0B3 fif 81Z 655 
67 fiffiffifABAI DO 9fif J=I,N fif .0fif3Z82 Z 656 
68 fifliJfifACEI 9fif SUM=SUM+Q(I,J)"'A(J,KI fiffiffif3 .'.ff83Z ·657 
69 BBBB3AI 95 \.ISI(I.K)=SUM fiffifB3Z84f! 658 
7fif BBfifB94 I DO I1B I=I,N fifBB3fif85 B 659 
71 BfiffifBA81 DO l1fif K=I,N fifBfif3fif86Z 66Z 
72 fifZBBCfifI SUM=B.fifDZ fiffifB3.87Z 661 
73 BfiffifBCCI DO lBfif J=I,N BfifB3ZaaB 662 
74 BZBBEBI IBB SUM=suM+A{J,I)*\.ISl{J,K) BBB3B89B 663 
75 fiffiffifC4CI IF(DA~S(SUMI.GT.ERRI FlAG-.FAlSE. Bfiffif3fif9Bfif 664 
76 BfiffifC78 I 737 IF (KK.GT.fif) GO TO IBS BfifB3Z91B 665 
77 ZZZC8EI Q(I,KI=2.B*{Q(I,K)+2.fif*SUM) fiffiffif3B92fl 666 
78 fiffiffifCE8I GO TO llB BfifB3fJ93B 667 
79 BBBCEEI IBS Q(I,K)=Q(I,K)+SUM BBB3B94B 668 
8B BeBD3CI llB CONTINUE BBB3B95B 669 
81 BBBD6CI IF (Fl.ê.G) GO TO 13B BBB3B96B 67B 
82 BBBD7EI IF(KK.GT.MAXIT) GO TO 13B BBB3Z97B 671 
83 BBBD961 DO 12B I=I,N BZB3fJ98B 672 
84 BBBDAAI DO 12B J=I,N BBB3B99B 673 
85 BBBDC21 12B Q(J,I)=Q(I,J) BBB31BBB 674 
86 BBBE3AI FlAG=.TRUE. ZBB31BIZ 675 
87 BBBE42I GO TO 4B BBB31B2B 676 
88 BBBE46I 13B DO 14B I=I,N BBB31B3Z 677 
89 BBBE5AI DO 14B J=I,N BBB31B4B 678 
9B BBBE72I Q(I,J}=Q(I,J)-C(I,JI BBB31B5B 679 
91 BBBEOEI 14fJ Q(J,I)=Q(I,J) BBB31B62 68B 
92 BBBF56I IF(KK.lE.MAXIT) GO TO 77 BBB31B7Z 6B1 
93 BBBF6EI 25B \.IRITE<6.93BB) BBB31B8B 6B2 
94 BBBF881 77 \.IRITE(6.8765) KK BBZ31B9Z 683 
95 BBBFA81 RETURN BBB311BB 684 
96 BBBFAEI 8765 FORMAT( 43X,22HEXIT FROM lYAPUN AFTER ,13, llH ITERATIONS ,/) BBB31112 685 
97 BBBFEBI 93BB FORMAT(/,IBX,5(IH*),26H NO CONVERGENCE IN lYAPUN ,5(IH*),/) BBB3112B 686 
98 BBIB14I END BBB3113. 687 

WARNING # 3B1 .****************************************************************-****** 
»> UNREFERENCED lABEL <<< 

5 737 25B 

NO ERRORS:F7D RB5-BB.BB SUBROUTINE lYAPUN 17/B2/83 16:59:31 TABlE SPACEl 4 KB 
STATEMENT BUFFER, 2B lINES/1321 BYTES STACK SPACE: 214 \.lORDS 
DOUBLE PRECISION FlOATING PT SUPPORT REQUIRED FOR EXECUTION 
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FORTRAN-VIID RS5-SS.SS 
FORTRAN VIID: LICENSED RESTRICTED RIGHTS AS . STATED IN LICENSE CL-SS13 ***, 

1 SSSSSSI SUBROUTINE SETPOL(A,B,F,POLZ,N,M,ND,ZERO,JGUD,NSET,R,U,Vl 
2 C POLE-ASSIGNMENT FOR PAIR(A,Bl •.• 
3 C RESTRICTION: ASSIGNMENT IS ALONG REAl AXIS ONLY. 
4 C CONTROLLABLE MODES ARE SET TO (POLZ) 
5 C NSET POLES ARE ASSIGNED, RIGHTMOST FIRST 
6 C NSET .LT. S PRODUCES DETAILED PRINTOUT 

25/g4/S3 12:g1:S6 PAGE 1/ 
SEE OOCUMENTATION PACKAGE, g4-1g1M99. 

1 
2 
3 
4 
5 

7 C JGUD SET ~ 1 IF ASSIGNMENT IS SATISFACTORY 
6 
7 
8 8 C WORKING STORAGE IS R, U, V 

9 SSSSS4I DIMENSION A(ND,Nl,B(ND,Ml,F(NO,N),POLZ(Nl 
IS SggggAI DIMENSION VR(2Sl,VI(2S),IANA(2Sl,VB(2g),FM(2Sl 
11 SgSSgAI DIMENSION R(ND,Nl,V{ND,N);U(NO,Nl 
12 gggggAI DOUBLE PRECISION VB,S 
13 gggggAI MSET=IABS(NSET) 
14 ggg2561 WRITE{6,9S1lMSET,N 
15 SSg278I IF{NSET.GT.gl GO TO 5 
1~ ggS28EI WRITE{6,9g2) 
17 ggS2A8I DO 3 I=I'N 
18 ggg2BCI 3 WRITE{6,922l (A{I,Jl,J=l,N) 
19 ggg36CI WRITE(6,966l 
2S Sgg3881 DO 4 I=l,N 
21 ggg39CI 4 WRITE(6,922l (B{I,J),J=l,M) 
22 Sgg44CI 5 RYTMAX=POLZ{l) 
23 gSg45CI DO 6 I=l,MSET 
24 Sgg47g1 IF(POLZ(I).GT.RVTMAX) RYTMAX=POLZ(I} 
25 ggg4AAI 6 CONTINUE 
26 gSg4C2I DO 1.0' I=l,N 
27 SSg406I DO 9 J=I,M 
28 Sgg4EAI 9 F(J,I}=.0'. 
29 gggS2CI DO IS J=I,N 
3S ggS54gI 1.0' R(J,Il=A(I,J} 
31 C SET POLES 1 MODE AT A TIME ---
32 SggSBSI 1.0'1 DO Sgg MO=l,MSET 
33 SggSCCI WRITE{6,966) 
34 C GET EIGENVALUES AND LEFT EIGENVECTORS OF {A+B*F} ---
35 gSg5E81 Tl=24. 
36 C-2 
37 ggg5F41 CALL EIGENP{N,NO,R,T1,VR,VI,V,U,IANAl 
38 
39 
4.0' 
41 
42 
43 
44 
45 
46 
47 
48 
49 
SS 
51 
52 
53 
54 
SS 
56 

ggg66SI 
ggg6761 
ggg69g1 
gSg6A41 
ggg6041 
ggg7S41 
Sgg70CI 

ggg8SCI 
Sgg8641 
S9HB6E I 
gggSS2I 
ggg8ASI 
gSgSACI 
SgHBBEI 
ggSS061 
ggSSEEI 

57 SgS92CI 

,. 

C-2 

C 

C 

IF{NSET.GT.g) GO TO 197 
WR!TE ( 6 , 9HB l 
DO U15 J=l,N 
IF{IANA{J).EQ.gl WRITE{6,9g9l 

1.0'5 WRITE{6,91g) J,VR{J),VI{J),IANA{J) 
1.0'7 WRITE(6,9gSl (POLZ(I), I=l,MSETl 

WRITE{6,993){VR{Il,I=l,N) 
--- FINO RIGHTMOST POLE --­

MM=l 
RYT=VR{l} 
DO 11.0' I=2,N 
IF{VR{Il.LT.RYTl GO TO lIg 
MM=I 
RYT=VR(MMl 

11.0' CONTINUE 
IF(RYT.LT.RYTMAX) GO TO 311 
WRITE{6,93Sgl MM,POLZ(MOl 

--- CALCULATE FEEDBACK GAINS, CHOOSE 
DO 2U J=l,M 

THE LOWEST ---

D-16 

9 
IS 
11 
12 
13 
14 
IS 
16 
17 
18 
19 
2.0' 
21 
22 
23 
24 
25 
26 
27 
28 
29 
3.0' 
31 
32 
33 
34 
35 
36 
37 
38 
39 
4H 
41 
42 
43 
44 
45 
46 
47 
48 
49 
5.0' 
51 
52 
53 
54 
55 
56 
57 



FORTRAN-VIID RBS-BB.B2 
FORTRAN VIID: LICENSED RESTRICTED RIGHTS AS STATED I~ LICENSE CL-BB13 

58 BBH94BI VB(J)=B. 
59 B~B3521 DO 21B I=l,N 
6B PHZ966I 21B VB(J)=VB{J)+V(I,MM)*B(I,J) 
61 BBBAH2I JJ=l 
62 BBBABAI VOB~B. 
63 BBBA161 DO 22B J=l,M 
64 BZZA2Al IF(OABS(VB(J».LT.VOB) GO TO 22B 
65 BBBA72 I JJ=J 
66 BZBA7EI VOB=OABS(VB(JJ» 
67 BBBABAI 222 CONTINUE 
68 BBBA02I IF(NSET.lT.B.) WRITE(6,917) (VB(J), J=l,M) 
69 BBBB641 IF (VOB . lT.ZERO) GO TO 321 
7B C --- MODE MM IS CONTROllABlE ---
71 2Z~B7CI FHAT=(POlZ(MO)-VR(MM»/VB(JJ) 
72 B22BC6I DO 246 I=I,N 
73 882BOAI F~(I)=FHAT*V(I,MM) 
74 B22C1SI 246 F(JJ,I)=F(JJ,I)+FMII) 
75 22BC7CI IFINSET.LT.H) WRITE(6,919) (FM(!),I=l,N) 
76 2B202Cl GO TO 45B 
77 BBB0121 3B1 ~RITE(6,92BB} VR(MM) 
78 B220441 GO TO 45B 
79 B2Z04Al 311 WRITE(6.94BB) 
8B BBZ0641 GO TO 45B 
81 C --- GET NEW (A+B*F}TRANSPOSE 
82 BBB06Al 452 DO 455 l=l,N 
83 ZZB07EI DO 455 J=l,N 
84 B8B0921 S=B.OB 
85 BBB09El DO 453 K=l,M 
86 .0'.0'BOB21 453 S=S+B(I,K}*F(K,J) 
87 BBBE2Al V(I,J)=S+A(I,J) 
88 BZBE9Hl 455 R(J,I)=V(I,J) 
89 BB2FB81 IF(RYT.lT.RYTMAX) GO TO 6HB 
9B B2BF2BI SBB CONTINUE 
91 C --- CHECK POlE ASSGINMENT ---
92 2BBF38I 6BB WRITE(6,912) 
93 2Z8F54I DO 512 I=I,M 
94 Z2BF681 512 WRITE(6,922) (F(I,J),J=l,N) 
95 BBIB181 IF(NSET.GT.B} GO TO 514 
96 8BIB2EI WRITE(6,913) 
97 2B1B4aI DO 513 I=l,N 
98 B2125CI 513 WRITE(6,922) (V(I.J},J=l,N) 
99 2811BCI 514 JGUO=l 

liM 2211141 IF(RYT.LT.RYTMAX) GO TO 625 
121 B2112CI WRITE(6,966) 
122 2211481 T1=24 . 
123 C-2 
lZ4281154I 
125 2'<H lC2I 
1B6 2212481 
1B7 BB12C8I 
128 BB1348I 
129 .0'.0'136BI 
llZ B.0'1374I 
111 B.0'l39A I 
112 BB13B21 
113 BB13CCI 
114 BB13021 

6lZ 
625 

62B 

CALL EIGENP(N,NO,R,T1,VR,VI,V,U,IANA} 
WRITE(6 , 925) (POLZ(I},I=l,MSET) 
WR !TE ( 6 , 9.0'3) I VR ( I ) , 1=1 , N ) 
WRITE(6,924) (VI(I},I=l,N) 
IF(MSET.lT.N) GO TO 625 
DO 61B 1=1, N 
IF(VR(I).GT.RYTMAX*.9) GO TO 62B 
CONTI NUE 
WRITE(6,9671 
RETURN 
JGUO=B 

D-17 

2S/B4/83 !2:B1:B6 PAGE 2/ 
***, SEE DOCUMENTATION PACKAGE. B4-1BIM99. 

58 
59 
62 
61 
G2 
63 
64 
65 
66 
67 
Ga 
69 
7B 
71 
72 
73 
74 
7S 
76 
77 
78 
79 
8B 
81 
82 
83 
84 
85 
86 
87 
88 
89 
SZ 
91 
92 
93 
94 
95 
96 
97 
98 
99 

1B2 
121 
1B2 
1B3 
lZ4 
185 
lZ6 
lZ7 
128 
1.0'9 
11B 
111 
112 
113 
114 

2 



FORTRAN-VIIO RBS-88.88 
FORTRAN VIIO: LICENSEO RESTRICTEO RIGHTS AS . STATEO IN LICENSE CL-8B13 
115 88130AI GO TO 625 
116 C 
117 B8!30EI 981 FORMAT{II,IX,125('*'),/28X,'SETPOL :',18X,'POLE-
118 *ASSIGNMENT OF',' CONTROLLABLE MODES ',11 
119 *,38X,'SET',13,' MODES OF',13,'-TH ORDER SYSTEM',II) 
128 8814681 982 FORMAT(28X,'SYSTEM MATRICES :A AND B',/) 
121 88148EI 983 FORMAT(2X,'REAL PART OF SPECTRUM :',18F9.3) 
122 •• 14B61 9.4 FORMAT(2X,'IMAG PART OF SPECTRUM ·,',18F9.3) 
123 •• 140EI 9.5 FORMAT(/,5X,'OESIREO POLES :',5X,18F9.3) 
124 •• 15.21 9.8 FORMAT(I.X,'EIGENVALUES : REAL AND IMAG. PARTS I') 
125 •• 15321 9.9 FORMAT(6.X,18C'*'),'REAL PART NOT FOUNO') 
126 •• 15581 91. FORMAT(15,5X,lP2E28.8,ll.) 
127 •• 156EI 912 FORMAT(/,2.X,'FEEOBACK MATRIX F',/) 
128 .8158EI 913 FORMAT(II,28X,'CLOSED-LOOP MATRIX (A+B*F)',/) 
129 8815B81 917 FORMAT{2X,'B-TILOA ROW ,',lPl.E11.3,115X,lP1.E11.3) 
138 8815E41 919 FORMAT{5X.'FEEDBACK :',IPI8El1.3,I,15X,lP18E11.3) 
131 8816.EI 922 FORMAT{5X,lP1.E11.3} 
132 8.162.1 966 FORMATell,lX) 
133 88162CI 967 FORMATCII,28X,'EXIT FROM SETPOL',I,lX,125C'*'),II) 
134 8816561 92 •• FORMAT(48X,2.('='},'MOOE UNCONTROLLABLE :',F28.4} 
135 8.168.1 93 •• FORMATCI,5X,'ASSIGNING MODE',13,'TO',FI8.5,'------'} 
136 .816ACI 94 •• FORMATCI,2.X,'ALL POLES ARE LEFTWARD OF RIGHTMOST 
137 *DESIRED POLE',/} 
138 •• 16FAI END 

*** , 
25/84/83 12:83:33 PAGE 21 

SEE DOCUMENTATION PACKAGE, .4-181M99. 
115 
116 
117 
118 
119 
12.0' 
121 
122 
123 
124 
125 
126 
127 
128 
129 
138 
131 
132 
133 
134 
135 
136 
137 
138 

WARNING # 3.1 ************************************************************************ 
»> UNREFERENCED LABEL 

181 

NO ERRORS:F70 R85-8.... SUBROUTINE SETPOL 25/.4/B3 12:.3:48 TABLE SPACE: 6 KB 
STATEMENT BUFFER: 2. LINES/1321 BYTES STACK SPACE: 186 WOROS 
SINGLE PRECISION FLOATING PT SUPPORT REQUIRED FOR EXECUTION 
DOUBLE PRECISION FLOATING FT SUPPORT REQUIRED FOR EXECUTION 

~ 
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TABLE 1 1 PERFORMANCE LIMITS [IJ · 
Degree of Performance limits 
freedom Position Velocity Acceleration 

Horizontal x Forward 1.245 m ±0.610m/sec ±0.6g 
Aft 1. 219 m 

Latera 1 y Left 1.219 m ±0.610m/sec ±O .6g . 
Right 1. 219 m 

Vertical z Up 0.991 m ±0.610m/sec ±0.6g 
Down. 0.762 m 

Yaw 1jJ ±32° ±15 /sec ±50 /sec 

Pitch e +300 ±15 /sec ±50 /sec 
-200 

Roll 4> ±22° ±15 /sec ±50 /sec 



,. ,. '" 
TABLE 6.1 Least relative negative overshoot of xc,Yc,zc 

1) The linear washout filter 

case NO. 1 2 3 4 

-0.22 -0.32 -0.46 -0.12 

2) The adaptive washout filter 

~ 
1 2 3 4 

channel a b a b a b a b 

Longitudinal -0.347 -0.53 -0.39 -0.64 -0.33 -0.46 -0.28 -0.36 

Lateral -0.6 -0.82 -0.46 -0.63 -0.35 -0.62 -0.27 -0.45 

Vertical -0.31 -0.45 -0.37 -0.31 -0.23 -0.25 -0.29 -0.28 

3) The nonlinear optimal washout filter 

~ 
1 2 3 4 

channel b b a b a b a a 
Longitudinal -0.16 0.0 -0.02 -0.03 0.0 0.0 0.0 0.0 

Lateral -0.17 -0.2 -0.15 -0.17 -0.15 -0.18 -0.17 -0.2 

Vertical -0.12 -0.2 -0.11 -0.2 -0.1 -0.19 -0.12 -0.17 
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