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FOREWORD

This document is a technical summary of the progress made since
October 1, 1967, by the Auburn University Electrical Enginecring Department
toward fulfillment of Phase IV of contract No. NAS8-11274, This contract
was awarded to Auburn Research Foundation, Auburn, Alabama, May 28, 1964,
and was extended September 28, 1966 by the George C, Marshall Space
Flight Center, National Aeronautics and Space Administration, Huntsville,

Alabama.
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SUMMARY

Analysis techniques are developed for a sampled-data control
tystem using a multirate controller.
The simulation of a continuous time system containing a digital

controller is accomplished through the use of discrete-time techniques.
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I. INTRODUCTION

The problem of digitally controlling a process in which the outputs
are sampled at a fixed rate with an independent, special purpose, digital
device is considered in Chapter IIL. In particular, the problem of obtaining
an open-loop transfer function for the case where the digital controller
is operating at a sampling frequency which is an integer nultipls of the
basic system samplirg frequency is studied.

In Chapter III, a modified version of the third-order digital compen-
sator given in [5] is presented and its suitability for the stabilization
of the Saturn S1-C attitude conrrol system is discussed. In order to
study the time -domain behavior of the vehicle with this and other compen-
sators in the attitude control loop, it is necessary to simulate the re-
sulting hybrid system. Since a general purpose digital element is not
presently available for interfacing with the Auburn analog computer, it
is necessary that the simulation bte performed on a digital computer. In
order to accomplish this objective, the vehicle differential equations
must be discretized with respect to time. A method for performing this
discretization is given in Chapter III along with an example of the re-
sponse which results when an initial condition is applied to the closed

loop system.



IX. ANALYSIS OF SAMPLED-DATA CONTROL SYSTEMS
USING MULTIRATE CONTROLLERS
Introduction

In sampled-data control systems for which the information sampling
rate is required to be within a certain range, improved performan¢: can
nften be obtained by operating the digital compensator at a higher sampling
rate. In this chapter analysis techniques are developed for a sampled-data
control system using a multirate concrcller. The techniques are directly

applicable to the attitude control system of the Saturn V S1-C.

Analysis of the Multirate System[lj»[zj’cal

The multirate system to be analyzed is shown in Figure II-1, The error

B(z )
; .(31 - T8l A(s) 7A(zp) i .

E(gVTE 1: (Bri'/ n FD(zn) - yd ians G, () ClgsT)/_C_i(d)

= 2 8 |

zero-order 1D n ' |
compensator zero-order plant ,7C(2z),
hold hold L-'i‘ -

n

Figure II-1, Multirate sampled-data system.

signal is sampled every T seconds. The digital compensator, whose transfer

function is D(zn), operates every T/n seconds. Thus

T 11
A N i LT (11-1)
since z = €%, The input to the digital compensator is held at the sampled

value for T seconds. This operation is shown in Figure II-1 by the first
2
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zero~order hold. Thus, in Figure II-1,

F(z) = e(0) + e(Dz"! + e(2D)z™2 + ..., (II-2)

and
1 2 n~1

ACz) = e(0) + e(0)z P 4 e(0)z n + ... + e(0)z B
n (1I-3)
. ikl - 2n-1 )
o+ e(’.l:)z"1 +e(T)z B + ... + e(T)z T 4 e(2D)z ~ + o4,
The notation E(z) indicates that the signal is sampled every T seconds,
while the notation A(z)n indicates that the signal is sampled every T/n
1

seconds. Thus A(z), contains fractional powers of z, l.e., zB, Note that

A(zn) 1s obtained from A(z)n by the substitution given in (II-1); or,

A(zn) = A(z)n ! (LI-4)

T
z" =z,

Then (II-3) can also be written as

- (n-1)

A(z ) = e(0) + e(0)z]" + e(0)27% + ... + e(0)z,

+e(Mz "+ ... + e(T)z-(zn-l) + e(2T)z-2n + ..
n n n

To continue the analysis of the system sf Figure II-1, we can express

B(z),, as

]

B(z)_ = A(2),D(2)

fl

D(z) [e(0) + e(Mz"1 4+ ...]

1 .
+ D(z) 2’7 [e(0) + e(Mz 1+ ...]+...
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n-1

£ D(z) 2" B [e(0) + e(Mzt+...7, (L1-5)

or
-4 _ ol
B(z) = E(z)D(z),[1 + 2 Ny, 4z 1] (1I-6)
n n
Let
1 n-1
= “n ., - n L -

Dl(z)n D(z)nfl +z 04, +z 1 (I1-7)
Then

B(z)n = E(z)Dl(z)n s (II-8)
B(z)n can be expressed as

L2 &

B(z2), b(0)+b'lzn+b(;—)z“+ (I1-9) -

The output c(t) is
AN NG AW
e(e) = b(0)g(t) + bz g(e-7) + R e PP (II-10)
» . / " ’

where

g(t) =g A€ Gl(s)i . (II-11)

The z~transform of the output, C(z), will be found by first deriving
the submultiple z-transiorm of the output, C(z),. The output c(t) at any

submultiple sampling instant t =-§ T, k an integer, is, from (I1-10),
, ‘,;‘ \ T ,k N,
o 55N - p(o)g( KL} + b\ g L )+ oot b(-f)gm) . (11-12)
1Y / . / g ’.‘
From Figure II-1 and equations (1I-9) and (II-12},

T s "2'.1'\ -%
C(z)n = B(z)nG(z)n = c(0) + c~5. n 4+ CQ;_,Z + ... (I1-13)



where, [3]

6(2), = 6(2) :

T="T/n

.

Or, from (II-12) and (II-13),

. S 21
C(2)_ = b(0)g(0) + [bw)g(\%?} + b@}g(onz no4 ..,
+[b(0)g(T) + b(§>g(_-%> + oo+ b(DEO]L + L. (11-14)

In order to obtain C(z) from C(z)n, the following identity is useful: [2]

1 Caom bt " i2n(n-1)
2 h] 3
S [C(z), + C(ze?™)_ + C(ze )+ oo+ C(zed )]
an L s o gm © . 2m(n-1) ~
N o - - -
= % [nc(O) + c(%}z n (1 + € iy g e+ .., + ¢ J n )
/ 22 YL 81t 4re(n-1) ~
+ c(%?)z n Kl + ¢ o+ Pt p o SRS + .
. - 47 _ ;4%
+ c(T)z 1(1 + e 77 4 ed +...4€N ) ...1 , (11-15)
where 1 2
j2m T\ 42t P o™\ [ s2 . P
i - I\ .3 AN,
C (ze )n c(0) + c<;>Le zJ + c<§ / Le zJ + ...
By use of the relationship
Coak2n L Kbx " Lk2n(n-1 s
1+’ 90 477 4+ ...+ e'J"‘1§"'Z =10 k #m
, m=0,1,2,...
n k =mn
(I7-16)
equation (II-15) can be reduced to
Y "2t (n-1)
% [C(z)n + C(zed )n + ... + C(zej )n] .




6
= ¢(0) + c(Mz"l + (21272 + ... = C(z) (I1-17)

It is seen then, from (II-8), (II-13), and (II-17) that
1 32 Rk
c(z) = E(z){}ﬁfDl(z)nG(z)n + Dq (ze )n G(ze )n

+ ... +D (zejz" (n'l))’n G(zejzu(n-l))n'_} , (II-18)

The open-loop transfer function for the system of Figure II-1 Ls then seen
to be
7
%%g’ =2 [D1(2),G(z) + D (zej ) G(zeJ?‘“) + e

+D<2632mn 1) G(zejzjt(n-l)) 1. (1I-19)

n

Analysis is more easily performed if (II-19) is expressed as a function

of Z s obtained using the substitution zl/n =z -
C -]-: ._2_E ' -2:ﬂf
Slend - [0 (p)Glzg) + Dy (g ) Clae I 4+
' j 21‘(!1\-12 ' j 27 (n-1
+ Dl(zne n ) G(zne n )]l . (I1-20)

Note that wien (II-20) is reduced to its simplest form for a given system,

z will always appear as (zn)kn; k=0,1,2,...

Nyquist Diagram
The Nyquist diagram for the system of Figure II-1 is obtained from

(1I-20) by allowing z_ to vary along the unit circle in the zn-plane.

n

As an example, consider the case of (II-20) for n = 3,
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C(z9) 1 2 |2
Ty =3 [Pr(3)6(ay) + Dy (26 )6 Gageds )

+ Dl(z3ejé§ ) G(z3ejé§ ) ] (1I-21)
! | © L2
As z, varies from 1 [0° to 1 /1200, zseJTT will vary from 1 /120° to
1 [2&90, and z3ej&§ will vary from 1 [égg? to 1 Z§§g°. Further, as zj4
varies from 1 /120° to 1 Zz_gg°, zBGJ"zg will vary from 1 /240° to 1 /360°,
and zsejég will vary from 1[&f’to 1 Zlgg?. Thus, by the symmetry of
(IT-21), the Nyquist diagram obtained by varying Zq from 1/0° to 1 [1299
is repeated as zg varies from 1 [lgg° to 1 2400, and is repeated again
as zq varies from 1 [2&9? to 1 /360°. Thus the entire Nyquist diagram
can be obtained from (II-21) by varying z, from 1/0° to 1 /120°.

In using the Nyquist diagram to determine stability, it is seen that
every pole of Dl(z3>G(23) will appear as a pole of Dl(zBngg )G(z3éj2§ ),
but rotated through an angle of -gg radians. Also, every pole of
Dl(zs)G(z3) will appear as a pole of Dl(zejéf ) G(zejég ), but rotated
through an angle of -ﬂ; radians. Then the number of poles of the open-
loop transfer function (II-21) outside the unit circle in the Zq plane is
three times the number of poles of DI(ZB)G(ZS) that occur cutside the unit
circle. Tf N is the number of encirclements of the -1 point as seen from

a plot of the Nyquist diagram obtained by varying Zq from IZ&f’to 1 Z&ZQ?

along the unit circle, then
3N = Z-3Pp (II-22)

where Z is the number of zeros of the system characteristic equation that

lie outside the unit circle in the z3-p1ane, and P is the number of poles
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of DI(ZB)G(Z3> that lie outside the unit circle. For the general case that

the fast-rate sampling occurs every T/n seconds, (II-22) becomes
uN = Z-nP (II-23)

The above techniques will be applied to the analysis of the attitude
control system of the Saturn V Si-C. Problems may develop in attempting
to use (II-20) in design, since the compensation function cannot be
factored from the open-loop transfer function. These problems will be

studied during the next few months.



III., THE DIGITALLY COMPENSATED SYSTEM
A, Introduction

In chapter II of [ 5], a third order compensation function, D(z),
was developed which stabilizes the 'rate-derived" thrust vector
control system. A refinement of this function is discussed in this

chapter.

B. The Development nf the Function
One of the undesirable characteristics of the compensation
function presented on page 5 of [ 5] is that the third bending mode is
phase stabilized. It was decided to modify the original compensation
function by using a second-order numerator term to create a notch
effect between the second and third bending modes, This accomplished
gain stabilization of the second and third bending modes, The w-plane

representation of the modified function is

| [ 5 2 ~
by o Sow/.0101+ 11 w2/(.3)2 + 2¢.1) w/.3 + 11 o

w/.0989 + 112 [ w/.1494 + 11

L

where

(Y]
Q
I

= ,2969 for 0 < T < 140 seconds,

a, = ., 178 for 140 < T < 158.6 seconds.

9
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An equivalent z-plane represcentation of this function is

1.3472 a.(z ~ .98)(z% - 1,583z + .8957
D(z) = 2 )¢ ) (I1I-2)

(z - ,82)% (z - .74)

An s-plane frequency response with a, = ,2969 is given by TFigure
III-1. The Nyquist plots for the T. V, C. system which result when
the D(z) given by (III-2) is used are given for selecged flight times
in Appendix A, Based on these plots, it appears that satisfactory
stability margins can be obtained by implementation of the function
given by (III-2). The major drawback associated with this function
is that a relatively low value of a, is used. As effort is underway

to obtain satisfactory stability margins with an a  near unity,

C. Discrete-Time Simulation
In order to evaluate the design of a digital compensation function
for a continuous time system, it is necessary to simulate the complete
system in some manner, One method of obtaining a model for a hybrid
system is to use discrete-time techniques.
1t Linear differential equations which describe that Saturn V
S1-C at a particular time of flight may always be written in the form

of first-order differential equations as shown below:

x(t) = Ax(t) + b, (t), (I11-3)
o,(€) = cTx(t), (III-4)
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12
where ﬁc(t) represents commanded engine angle and ¢D(t:) represents the
vehicle attitude error as measured at the instrument unit,
The simplified equations of motion are:

Controller dynamics:

2
. 34,48
EE- = > ( ) (ITI-5)
Be §% + 2(.434) (34.48)S + 34,48)2
Moment equation:
b =ecy - ¢ -c, * Pp (I1I-6)
Bending mode equations:
(34 » . 2
g + 28 @y +O.n, = (RP - Y8, / GMy) Bg (111-7)
Attitude error equation:
“
bp = ¢ + > YPDiT]i (I11-8)
i=1

A signal flow graph for the system represented by the above equa-
tions is shown by Figure III-2. From the signal flow graph of Figure III-Z,
the A, b and ¢ matrices of (III-3) and (III-4) may be developed. The

elements of these matrices are given in Appendix B.



HOLD

B (kT

TGM@ . 3 _x; 3 xg YPD(2)

2l

RP:YB(3) N

RP-YB4) |
GM(QS " L x" * x.z YPD(4)

[
a9,
92
:3 i Vo T | v, T
-b, -b,
-b3

Figure III-2,--Signal flow diagram for the
hybrid T.V.C. System.
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The solution of equation (III-3) is: [4]
¢

x(t) = o(t - t) x(t,) +3jp o(t-T)bB, (7) dv (1LI-9)
Lo

where #(t-t,) is a square matrix given by:

0

bl N

b(tet,) = oxpld (t-to)] = A Leto) (1I1-10)
| k!
k=0 ~

The matrix ¢(t-to) is called thé state transition matrix [1)] since it
maps an initial state x(t,) into the state x(t) at any later time t 2 t,.
Now, since a digital controaller is used, the output of the system,
dp(t), is measured only every T seconds, where T is the system sampling
rate, Further, the engine command signal, B.(t), can change only every
T seconds and must remain constant between sampling instants, Using this
information, the solution of the state equations can be discretlzed in
the following manner. A property of the state transition matrix is:
T

T
F ¢(T-T)dT = /“ d(T)dw (XLI-11)
Y T=0 ) T=0

Proof: Let ¢ = T-71, then do = -dT and

AT

o (T-T)dT = ’ $(0) (-do) = t ¢(o)do.
“4:0 )

o=T o=0

Now, suppose that the system state x(kI) and B.(kT) are known and it is

desired to determine the system state, x[ (k + 1)T]. From (III-9) it
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is evident that

(k+1)T

x (k4 1)T] = o[ (k+ 1)T - kT)] x(kT) + /ﬁ o0 (k + 1)T-7]bp, (T)aw.
TxkT
(III-12)

Note that Bc(T) = ﬁc(kT) for kT < 7 < (k ++ 1)T.

Thus (III-12) becomes

(k+1)§ 1
o (k + 1)T) = 6(T) x(KT) + [ [0 (k1) et lbpohny.  (2II-13)

Me=kT

Using the property that

t A t4+A
f £() = £(v-0)dr, (111~ 14)
Tw() T=A
and that

oty + ty) = o(ty) 9(typ)

we can write

(k+1)7

T
o(T) ¢f = (1-kT) ]dT = L[q o[ « (T=T) JdT = [‘ ¢(T-1)dT.
' g=kT =0 T=(

T
(III-15)

Then from (III-11) and (ITI-15), (ILI-13) can be expressed as

T

x[ (k + 1)T] = o(T) x(kT) + [u/\ . d(T) dt 1 b, (kT), (III-16)
T= ’

T

the matrix ¢(T) and the matrix Lx/‘ o(t)dx
T=0
matrices which need to be evaluated only once. The Taylor expansion of

are constant coefficient
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these matrix functions can be used to obtain numerical results for the

matrix coefficients. The expansions are:

2m2 3.3
o(T) =T + AT + AID 4 AT 4, (II1-17)
2! 3!
and
T
2.3 34
/ﬁ d(t)dT = IT + AZE AT 4 AT oo . (111~18)

T
It was found for the syste: undes consideration that ¢(T) andkéﬁ¢(w)dr

can be accurately computed by using 25 terms of (III-17) and (III-18)

f()T¢(¢)d-rJ b.

respectively., Let A, = ¢(T), and by =
1 _1

Therefore fror. (III-16)

% (k + 1)T] = A x(kT) + byBc(KT) (III-19)
b (k) = ¢lx (kT) (III-20)
B (xT) m:szznzeo ¢D(n)
— STEM
DYNAMICS
DIGITAL
COMPENSATOR |
p(2)

Figure III-3.,--Block diagram of discretized system.
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The digital compensation function of (III-2) may be written

as

D(z) = (I11-21)

Pelz) _ ., L 23-2.56322 + 2.44704z - .877786 ]
op(z) 23-2.382 + 1.886z - 497576

This transfer function represents a system which is characterized
by difference equations. One set of first-order difference equations

whose transfer function is (III-21) is:

i}

vil Ck + 1)T] = =byv (KT) = byvp(kT) - bava(kT) + ¢p(kT) - GC

vol (k + 1)T] = v;(KkT) (I1I-22)

n

v2(kT)

Bo(kT) = (a3 - by - ag) vy (kT) + (a2 - by ¢ ao) vo(KkT) + (ag - by - ao)

where ag = 1.0, ay = -2.563, ap = 2.44704, a5 = -0.877786, by =-2.38

by 1.886, and bg = -0.497576.

Equations (TI3-22) can be mechanized as shown by Figure III-4,

The calculation of the response of the system is accomplished as
follows: 1Initial states are chosen for the vehicle, x(0) and the com-
pensation, v(0). Then ¢D(O) and B,(0) may be calculated by III-20)
and (III-23) respectively, Next, (III-1%) and (III-22) are used to
calculate x(T) and V(T). Then ¢D(t) and BC(T) are computed. The process
is repeated for all kT of interest, '

The computer program given in Appendix C was used to implement the
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=10
-2.563
2.44704

-0.877786
-2.38
= 1,886
= -0.497576

Figure III-4.--A Realization of D(z)
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above steps. A time response for ¢,(kT) using the D(z) of (III-21) with
a control gain, GC, of 0,4 and the vehicle data at 40 seconds of flight
is given in Figure (III-5).

The approach discussed above is particularly useful in studying
the time domain behavior of the attitude control system when considering
the effects of quantization in the implementation of D(z). Studies
of quantization effects using this approach will be included in

future reports.
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IV. CONCLUSIONS

An open loop transfer function was derived in Chapter II for a
hybrid control system in which the digital controller is operating at a
sampling frequency that is an integer multiple of the basic system sampling
rate. However, from a design standpoirt, it is unfortunate that the open
loop transfer function cannot be written as the product of the digital
controller transfer function and the plant transfer function.

A modified third-order compensation function is discussed in Chapter
III and Nyquist diagrams for the compensated system are given in Appendix A.
It appears that this function provides acceptable stability margins for
the T.V.C, system. (The data used in generating these diagrams is for
vehicle AS-504 and was provided to Auburn during the fall of 1966.) The
major disadvantage of the modified compensation function is that a small
valﬁe of a, (.296) is used. The problem of stabilizing the system with
an a, near unity is under study.

A method for developing a discrete-time model for the vehicle dynamics
i3 also given in Chapter III. This was accomplished by the utilization of
a Taylor series expansion for the state transition matrix of a set of first
order differential equation which characterize the motions of the vehicle.
The discretized model of the system dynamics was used in conjunction with
the difference equations which represent the digital controller in order
to study the time domain behavior of the closed loop cystem. The digital
computer program which was uéed to perform this study is given in

Appendix C.
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APPENDIX B

A is a 12 x 12 matrix
bis a 12 x 1 matrix

c is a 12 x 1 matrix

A(1,1) = -2(.434)(34.48)

A(1,2) = -(34.48)%

AC2,1) =1

A(4,3) =1

A(6,5) = 1

A(8,7) =1

A(10,9) = 1

A(12,11) =1

A(3,2) = -C2(34.48)%

A(3,4) = -Cl

A(5,5) = -ZZETA(l)WB(l)

A(5,6) = -WB(1)2

A(7,7) = =2ZETA(2)WB(2)

A(7,8) = -WB(2)

A(9.9) = -22ETA(3)WB(3)

A(9,10) = -WB(3)

A(11,11) = 2ZETA(4)WB(4)
A(11,12) = -WB(4)?2

A(5,2) = RP YB(1) (34.48) /GM(l)
A(7,2) = RP YB(2) (34.48)2 /GM(A)
A(9,2) = RP YB(3) (34.48)2 /GM(B)

A(11,2) = RP YB(4)(34.48)%/aM(4)

All the other elements are O,
b(1l) =

All the other elements are 0.

C(4)
Cc(6)
c(8)
€(10)
c(12)

1

YPD(1)

YPD(2)
YPD(3)
YPD(4)

o

All the other elements are 0.
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$16J0F APPENDIX C
SIBFTC
DIMENSION WR(4) 9ZF TA(L)sOM(&)sYE(4)sYPRI4) 9 YPN(4)9A(12912)9AN(12
112925) 92(12917)9C(12912)9A1(12912)9AT(12912)9AIN(12912925)9AANT
| 2 1291207 (12)sPIT(15915)9X(15)9X1(15)9CONTRL(2001)

C
- S(Z) UNCOUPLEL FROM DISCRETIZEU SYSTEM TRANSITION MATRIX
C
C QUIANTIZATION EXCLULED
c
COMMON/COML /XP(242)
CaLL TRAwF
C
C STORE INITIAL CCMLITIONS T STATES CF DI(Z)
C

LC 666 I=193
660 XP(lel)=0e0

uL=0ed4
10 FORMAT(3(5XeF15e8))
11 FCRMAT(&(5XeF1268))
50 CONTINUC

TLALISIIC)IALOALLY O

RE~C(29l0) 1ot o3

nelu(oel0)iGeoe €

REra (59l1) 790 1eC20FC

CEAD(B911)ALCGY AIXX9 AIES T

RFEAT(B9l1)/AST e K39 AK4y P

REAC(B911)AKTy AlMg RPy V
KEAC(S911)Wi(1)e WEL(2)e WD(3)e WF(G)
READ(S911)2ETAIY) e ZETA(Z2)y 2T+ (3)s ZETAI(G)
RE/ (S 911)CHMIE1)e GM 7)o GM(3)y LIMIG)
READ(S911)YE(L1)e YE(2)s YE(3)e YR(4L)
REAT(5911)YPF(1)e YPE(2)e YPT(2)e YPEL(SG)
SEID(S%911)YOD(1)e YPD(2)e YPL(3)e YPD(4)
0 9 I=lys
WE(T)=WR(1)%2eC%%41415327
FORMAT (1 1oaXelOHINPUT DATA9//)
FRINT 33
~RINT 10s ALOs L1y BO
FRINT 109 El9 Cce 03
PRINT 109 49 =59 76
PRINT 119 €79 Cle C29 FC
PRINT 119 ~ALCGe AIXXe Alf e T
PRINT 1l ASEs FK3e AKG4y P
PRINT 1l9 £KT79s ~My RPy V
PEIMT 1l win(l)e WB(2)s WB(3)s WE(&)
PRINT lis ZFTA(l)e ZETA(2)e ZLTA(3)s ZETALG)
PRINT 119 GM(1)e GMI(2)e GM(3)s CM(&G)
PRINT 11le YE(Ll)e YT (2)9e Y2(2)s YE(4)
PRIMT 119 YPT(1l)e YPBI(2)e YPE(3)e YPEL(SG)
PRINT 119 YPD(1)s YPD(2)s YPLI(3)e YPD(4)
ITEP=25
PRINT 17sITER
17 FORMAT(1H192H'=139/7)

PRINT 26T

BV}
W v
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(Y (: 0D aEANA)

nMmo

OO OO

2€

3

W)

wmn

FORMAT(1EX9121FLTCHT TIME

1S THE ORDFT “7 THE SYSTEM

CS 1 Islyil

L0 L JEleN

Sl levl=0eC

Wiz 4eb48

LU T1/i/iA=e434

FALlol)zm, o RZ 7T/ RW/

n(leZ)s=Whaiu?

CO 2z 1=z201207

[1=1=1

FiTell)=1le0

Hl392)a=CoWhi®e

n( ,:).k)z-(:l

I(Beh )zm2 % ZETA(L) (1)

F(E 96 ) == (1) %%,

FlTeT7)s=2e%2ZFTAL2) WE(L)

P Tol)z=mW™ (2 ) %%

(S e7)==2e%ZT TA(3)*WO(3)

AT 9l0)s=WT (2 ) *%D

Fl1lell)==Ce"ZETALG) Wl (4)

CA11el2)==WT (4) %R

A(B e )eFlRYP (]l )2 wWA%+2/GV (1)

~(To2)=RP¥Y: (2 ) %W/ %2 /GM(2)

AMOe2)sRPARYE(3)%Ws5#2/811(3)
4

r(1lel)=RP®RY (4 )%y . R%2/GM(4)

COMPUT™ PiiT(T)e TtT STATE TR/ANSITION MATRIX
TAYLCGR SERIES EXPANSION

.C:
25

~SNUFEER OF TEFYS USED [N

LD 2 [=]eNN

PO 3 J=1eN

PPl edel )= (T ed) T
T(Ted)=A(1ed)*T
ClTeJd)=i(Tod) T

PO 4 LL=29ITFR

EO 5 I=lbf‘:

0O £ J=19N
AlTeJd)esClIeJ)/FLOAT(LL)
CALL MATMUL (/e aNy ()
DO 6 I=1eN

CO 6 J=lol

I Tedobl)=C(19J)

33

T5elolXeTHSECONDS/ /)

TEIX

TO CALCULATE PHI(T)



aEaRA

O DO

CONTINUE
CO 7 I=]
ro 7 J=1

34

WM
oN

Al(led)=0e0

O € I=]
Alllel)=
PO 12 1=
DO 12 J=
AT (Ted)=
b 15 e
PO 15 Js
PO 1% LL
T ed)=
O 12 is
PO 13 J°
CRINT 14
FORMAT (5

COMPUT"™

CO 18 J=

SINC Ty

AT(Ted)=/ T H
T(TeJ)=AN(T 9d

f(”J‘=;
20 20 L3
LiILsLI+]
7O 10 1=
PO 16 J=
A Ted)=C

oN
]e0
1 oN
I

10T ed)

1ol

1oN

=]lo]TFF

AT(TeJd)+/ N(TeJdeLL)
1y

1N

sloJde/ T(TeJ)

Xo2ti/ T el291Heel292H)=720e8)

TUF INTFPR'L OF THT STATE TRINSTTION MATRIX

AN(Todel ) ®T /2,
LeJIXT
v 1)

TM(Tedel)
=29ITFR

19N
loM
(1o JJ)/FLOAT(LIL)

CALL "ATHUL(A9BoMo(C)

LO 21 '-
PO 21 Js

19N

1ol

FINCIodeLT)=C(TeJ)

ZONTINUE

PO 22 1=

0O 22 J=
L;NT(I’J
0O 23 I=
PO 23 J=
e 23 L)
FANT (T
CO 24 I=
CO 24 J=
FRINT 25
FORMAT (1

BDil) 1S

PO 27 1=
TR(Y)=0e
DO 28 I=

'r‘!“ ( I )=".’ﬁ

1sN

1N

)=A1(1ed)

19N

1N

=1oITLCR

)=/ ANT(ToJ)+AIN(T9JelL])
lof

1eN

s T o JeAANT(TeJ)
OXoSHAANT (971291t 99T292!1)=F2063)

THT PRONUCT OF T INTFARATE" PHI(T) MATRIX AND THE R MATRIX

19N

0

19N
MT(Tel)



FRINT 49

45 FORMAT(11'1) 35
c SPEINT INTTIAL CONSITIONG EAD THE GYSTEM CTATFS
' DO 26 1=14N
20 X(1)2040
,tA):7.ﬂ
r NEEINT A PO=LOOP TO UPNATE TUT SYSTEM STATES AND PRINT THE OUTPUT STATES
C CFESIRTN 2T FACH SAMEBLING INSTAMT
C
DO B0C Mz21,2001
KKz=MN=1
1:~f=r»fL0‘T(VV)
“O 31 I |
31 X1(1)2060

RO 22 I=1N
PO 32 K= oM

22 X1(N)=XYT(T)+AT(T4K)®X(K)
PUTN =X (G )+YPY (1) X (A)+YPY(2)#Y (R)+YPR(3)%¥X(10)+YPP(4)%#X(12)
CSTM = YPT (P )#X(°)
CONTRL(M) = PHIP®GC
CALL DIGCOM(CONTRL (M) oBETAC)
PRINT 35S 4PHIT oCONTRLIM) 9RETACSTIMF 9(CSAM
TO 24 1=1sN

34 X1(1)=x1(1)+FPT (1 )#CFTAC
FO 26 1=1N

36 X(T)=xX1(T1)

e CONTINUFE

10 FORMAT(Y Xt PHIN=C10el 9 X9 THTETATIN=T 16 eB93X96HRETAC=E166893Xy
1 THRCAREES g A X9 B HTIME=FEe292X04'"WP2=2F1%43)
GO TO 50

16 STOP
!"\"r\

$IFTC DICCOM
SUTROUTINT NIGCOMIUTI YP)

COMMON/COM] /XP(2,42)

£0=140

Al ==2,567

A2 = 2644704
A% =2=,877786
Nl ==2,37°

B2 = 14,8860
F3 ==gu4C7ETA

XP(192)==F18#YP (141 )=R2%XP (2] )="2%XP (391 )+l/]
XP(2¢?2)=XP(141)
XP(242)=XP(791)
YE=(Al=2O*P 1) ¥ XP (191)4(A2=A0%F2)%*XP(291)

1 +(A3=20%#"3)%#XP(3,1)+UI%*AQ
CO 1 I=193

1 XP(T191)=XP(T42)
RFETURN
END

S$ITFTC MATMUL




36

SUCROUTINT MAZTMUL(AesReNe()
PIMINSION 2 (NeiN)o“INoN)oC(NoN)

+ CALCULATE T(1eJ)

TO 2 I=19N
D0 2 Js]leN
T(I1eJd)=0.0
TO 4 K=]loN

COTFFIZITNTS

G C(led)=C(Tad)t (TeK)®#(Ked)

3 COMNTINUE

RTTURN
$ITMSP TR/P

FNTRY 1F AP

AXT *¥ 4
[RAP Trs %

SX/ TR P=1y4

CL/ S

ST/ RESCT+1

CLA FTX

TSX SeSCCRy4

STC -

TRZ . TRAP=1
RESET FLT C

TR/ * #

CL/ 0

~RS <0

LTT

TR/ w4 D

TR % FESFT+]

S5X7° OUT o4

TSX SeWRITea

PZF S9eMTS
oul AXT *¥% gl

2/ C

LFS 29

TR % 0
FIX TR/ RFSET
MES  °C! 2y #%%% UNDFRFLOW

e
$FNTRY

Cel0O0OCOCOCT 01
0e2€2000007 00
J0e5€400000=05
0.17600000%=12
027881710E 02
06515904005 0OF
De208EC000GF 01
010112000F 01
Ce5C000000LE=02
0.12852000% 05
0eZE8C60000F=01
=0e4S00NONCE=D2
CelB1600CCF=0]

$10SYS

0e2500000CE 00
Cel2400Nn0NF=n]
De4CEO0CONNE=~0T
=0e24425000F =01
0672500%764C 0°
0e?25475000CFE 00
0622766675 07
0¢18092000C 01
0e50000000E=02
0505900007 04
-0e68610000C=01
0e33000000F=02
0e2600000CE=N2

CelCO0O0000OE N1
0e40200000E=03
0e16000000E=-09
0921660000% N0
0e¢172RC200E 05
0e20545000E 0O
0e27976742E 08
0e25440000E O1
0e57000000E=-02
0e32280000F 04
0e42170000E-01
=0¢20000000E=0N2
=0e2230000NE=-N2

0¢345970928F 08
0¢400NN00NE 02
Nel0ONONONNE 01
0e12699737E 03
0e33347000E 01
0e¢50000000E=02
0681260000E 04
-0e45720000E=01
Ne2650N00NE=02
-Nel4460N000NE=0

!
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