MODIFIED OBSERVER SYSTEMS WITH REDUCED SENSITIVITY

USING STATE VARIABLE FEEDBACYK

Prepared Under Grant NGL-03-002-006
National Aeronautics and Space Administration
(Donald G. Schultz, Project Director)

by

Theodore L. Williams

Electrical Engineering Department
The University of Arizona
Tueson, Arizona

July 1969

-

ACCEeSIoON N‘iMBER’ / (TH i

#IPAGES) . “(CQDE)
~ oo/ 0

(HASA'CR GRMMX OR AD NUMRBER) {CATEGORY}

FAGQILITY FORAM 602

Enginéering Experiment Station
The University of Arizona
College of Engineering
Tucson, Arizona

for Federal Scientific & Technical

\nformation Springfield Va. 22151

.
the
Reproduced Y N GHOUSE J



TABLE OF CONTENTS

Introduction o o o v 4« ¢ o &4 4 o ¢ o e o
Guilleman-Truxal Design Procedure . . . .
State Variable Feedback Design Procedure .
Modified Observer System . « o o o o o &
Modified Observer System Design . . . . .
Program 1 . . ¢ . . v 4 v 6 6 o o o o o
Program 2 . 4 o o o o o« o = o o o s « ¢ o
Program 3 . 5 4 ¢ o ¢ o o » 0 6 s o o »
Input Data o o ¢ = v c o o 2 o o o « & + &«
Output Data . . .« 4 ¢ ¢ o & « » o =«
Program & . . . . . ¢ 4« ¢« o s s o
Results . & . . ¢ 4 ¢ v v 4o & o o
Bibliography . « v v &« ¢ o o o « o &« o &
Appendix 1 . . . . . . 4 4 v 6 4 o &
Program MODOBS1 . . v v v o s o o « &
Appendix 2 . . . . . . . 0 h 4 e e e e
Program MODOBS2Z . . . o v 4 o &+ 2 = o s
Appendix 3 . . . . .4 L. . e e e e e e
Program MODOBS3 . . . . . . . . . .
Appendix 4 . . . . . . 4 i s 6 s s e e e
Program MODOBS4 . ., . 4 o o « s o « s « &
Appendix 5 . . . 4 4 4 o 4 o 4 0 s 0 5w
Program STVFDBK . . & &+ ¢ ¢ o s « s « a
Appendix 6 o i 4 4 4 . 4 4 4 e 0 s w o s s
Program BODE4 . . . . . o 2 o o « o &
Appendix 7 o 4 4 4 4 4 s v e o e e e e e .
Appendix B . . 4 o 4 o 4 4 o i s s 4 s o s

Appendix 9 e o 8 ¢ & ¢ ¢ @ o & & » & °© 2 »

Page

13
16
16
17
17
17
18
18
20
21

.25
29
31
37
43
49
51
55
57
64
67

- 70

80
85



Figure

Wb B W M e

6.2
6.3
6.4
8.1

LIST OF ILLUSTRATIONS

Guilleman~Truxal Block Diagram . . . - « + &« »
State Variable Feedback Block Diagram . . . .
Luenburger Observer Block Diagram . « « « o «
Modified Observer Block Diagram . . « ¢ o « =
Muterspaugh's Modified Observer Block Diagram
Sensitivity of High-performance Plant . . , .
Open and Closed Loop Transfer Functions . . ..
Sensitivity of Second Order Functions ., . . .
Loop Gailn Function of Second Order System . .

Sensitivity of Third Order System . . = o+ « o

Page

10
11
12
74
77
78
79
82



Introduction

This report describes a method to design feedback control systems
with both series and feedback compensators. When only the output state
of a linear system is available, the use of both series and feedback
compensation provides more flexibility in the design than using a
single compensation network. The sensitivity of the closed-loop systenm
to plant variations can be reduced below the values achieved by using
only series compensation, or open loop compensation (no feedback).
Comparisons of just series compensation with the combined series and
feedback compensation.are made in append;'.ces 7 and 8,

This report begins with a description of the classical Guilleman -

[1]

Truxal design method and a brief description of the state variable
feedback method of compensationtz]. More detail can be found in the
references cited. The following section discusses the more general
modified observer system and discusses the design procedure associated.
with modified observer systems. Several case studies and detailed
descriptions of four numerical techniques are included as appendices.
Three digital computer programs (FORTRAN IV) are included to
facilitate the required manipulations. These programs are augmented by
. two supplementary programs to modify the input data and the oﬁtput data.
If the plant has N poles, then both the series compensator and
the feedback compensator will have N-1 poles and N-1 zeros; Under these
circumstances the plant transfer function and the desired closed loop
transfer function are sufficient to specify all the parameters in both
compensators except the pole positions of the feedback compensator.

Thus, the user is free to select these pole positioms to achieve the



lowest sensitivity. The first program leaves this choice to the user.
The second program selects the pole positions which minimizes the
sensitivity to low frequency variations in the plant parameters. This
program is restricted to those plants with no zeros. The third program
evaluates the weighted integral sensitivity over all frequencies for a
system with a specified compensation. The user is free to weight those
frequencies where the disturbance is greatest. The fourth program uses
the pole posifions of the feedback compensator as input. The output
specifies the complete compensation and the position of the poles of
both the serieé and feedback comﬁensators. It is useful for determining
the stability of the compensators and checking the accuracy of the

previous results,

Guilleman Truxal Design Procedure

Assume that the overall open loop gain function is given by G(s)
as shown in Fig. 1. Then with unity feedback, the closed leop transfer

function is given by

¥(s) " _ _ . G(s)
R(s) 1+ G(s)

If G(s) is written as the ratio of two polynomials

_ GN(s)
68 = pis)
then
Y{s) _ GN(s)

R(s) GD(s) + GN(s)



C(s) ~

Gp(s)

—————————T Y(s)

G(s)

Figure 1. Guilleman Truxal Block Diagram



Equating the numerator and denominator polynomials

GN(s} = C(s)
(1)
GD(s) = R(s) - Y(s)

The design procedure is as follows

1. From the specifications, choose the desired closed
loop response, Y(s)/R(s}.

2, From step 1. and eqn. 1 determine GN(s) and GD(s).

3. Choose a suitable series compensator which shifts the
poles and zeros of the plant to the positions specified

by step 2.

The above steps are simplified if one uses Guilleman's sugges-
tion to select a C(s)/R(s) which results in real zeros for GD(s). Then
the zeros of GD(s) can be simply determined from a plot of R(s) - C(s)
for only negative real values of s. One palr of complex conjugate

- poles and a group of poles on the negative real axis is usually chosen
to meet the above requirements.

For example suppose the plant is given by

1
Gp(s) = TG @

and that the specifications can be satisfied if

Y(s) _ - 100

R(s) a2 + 20s + 100



From (1)

GN(s) = 100

2 (3)
GD(s)} = s + 20s

The series compensator C{s) and the plant transfer function must equal

G(s),

100

C(s) Gp(s) 5 (e+20)

From (2)

c(e) = %06t (4)

{a+20)

Effectively the series compensator moved the time constant of the
motor from 1. to 1/20.

The success of this procedure depends upon the accurate modeling
of the motor over the range of frequencies from zero to well above 20
radians/sec. Otherwise additional poles in the plant transfer function
wlll alter the actual closed loop transfer function. In particular the

real system may become unstable.

State Variable Feedback Design Procedure

This design procedure is similar in many respects tc the above
procedure. Pirst a desired closed loop response is selected which
- satisfies the bandwidth, rise time, steady state error and other require-
ments. The plant is divided into a set of first order transfer functions
which may be interconnected. The output of each of these first order
gystems is fed back to the input through a fixed gain element. By

adjusting these gaing any desired closed loop transfer function can be



achieved.

The above process is somewhat simplified if we first introduce
a new function, Heq(s). This function specifies the transfer function
between the output and the input which yields the same result as state

variable feedback. From Fig. 2 the equivalent feedback from the output

is
ky ky
Heq{s) =2 k + .——-:—.....—+ P ———— Y & &
1 Gl(s) Gl(s)Gz(s)

In terms of Heqg(s) the state variable feedback results in the closed

loop response given by

Y(s) _ KGp(s) )
R(s) 1 + KGp(s) Heq(s)

The procedure is as follows:

1. Select the desired Y(s)/R(s) from the specifications.

2. Equate the desired Y(s)/R{(s) to the one achieved by the
feedback from each state.

3. Solve for the feedback coefficients.

Details of the design procedure when zeros are present are given by

Schultz and Melsalz]. For, example 1f

1

Gp(s) L)
X(s) _ 100
R(s8) 2

s + 20s + 100
i I
Then if Gl(S) = GZ(S) P

Heq(s) = kl + kzs



Figure 2. State Variable Feedback Block Diagram



From {5)

100 K
52 + 208 + 100 52 + 3 + K(k1 + kzs)

Equating the numerator and denominator polynomials,

K = 100
Kkl = 100
1+Kk2 = 20
Solving for kl and kz,
K = 100
kl = 1
k2 = .19

This design ylelds exactly the same transfer function as the
Guilleman-Truxal (GT) method., The two methods are not the same if a
small change 1s made in the plant transfer function. The state variable
feedback (SVF) system changes less than the GT system,

If the sensitivity is defined as the percentage change in the
closed loop tramsfer fﬁﬁction for a small percentage change in a plant

paraméter, say K, then

gK 2 dl ;&K _ dI K
T ~ T K di T

where for simplicity

T(s) = Y(s)/R(s)



If K is the gain then

KG(s)
?(B) “ T ¥ KG(s) Heq(s)

dI(s) _ G{s) _ KG6p(s) G(s) Heq(s)
dX 1+ KG(s) Heq(s) ( + Ke(s) Heq(s))2

Using this result in the definition of gsensitivity,

St ® Xe(s) (6)

For the GT system, from (6)

s (+20)

S 7
(s + 208 + 100)

K
T
For the SVF system, from (6)

8 (s+1)

s? + 208 + 100

==

K
S T

For the GT system the sensitivity is greater at all frequencies than

the SVF sensitivity especially at low frequencies,

Modified Observer Systems

Bl

Luenberger has shown that an egtimate of the states in the
plant cen be implemented as shown in Fig. 3. When state variable:
feedback is used from these states a specified closed loop response may

be achieved, Muterspaugh!! has modified this configuration by block

diagram manipulations to a form similar to that shown in Fig. 5. The



(s)
N-1

ﬂ]_ ’22 'éN-l
+
G P b
(s) 1¢8) 7U P,(s)
k2
Figure 3. Luenburger Observer Block Diagram
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C(s),

G(s)

Figure 4, Modified Observer Block Diagram

H(s)

It



\L+

A(s)
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Figure 5.

Muterspaugh's Modified Observer Block Diagram
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geries compensator shown in Fig. 4, C(s), reduces to the Guilleman-Truxall®!
compensation in the case where H{s) is one., Similarly this control system

(2]

reduces to the Heq type of control resulting from state variable

feédback considerations when C(s) is one., ¥Fig. 4 represents a more

general configuration than either Guilleman-Truxal or Heq type compensa-

tion., All three configurations shown in the above figures are equivalent.
Assuming that only the output is available, the Heq configuration

is not realizable since Heq has zeros but no poles. Guilleman-Truxal

type compensation is sensitive to plant varlations. Series and feedback

compensation is used to achieve low sensitivity and realizability. If

Heq has zeros in the LHP then the "modified observer" (MO) system is

élightly higher in sensitivity than Heq, but if Heq has zeros in the RHP,

then the MO system is dramatically better. These comments are illus-

trated in the case studles at the end of this report.

Modified Qbserver System Degign

This section derives the necessary conditions which C(s) and H{s)
must satilsfy such that the desired transfer function Y(8}/R(s) is
achieved when the plant has a transfer function G(s). The relationship

among these transfer functions is

- Y(s) ‘ c(s) G(s)
) = F) ® T7C6E o6) 1@ M

If the feedback signals shown in Fig. 3 are combined (using

block diagram manipulations), the resulting transfer functions are
8(s)=ky{ B, (5)+i, (£1p (8)p, (6)+L5p, (82 )+ vtk Fip, (8)+. o Ly 1oy 5 (8D)

H(g)mkytk,p +kap pyteeotlop v Py o
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Since the poles of H(s) and A(s) are arbitrary, the control systems shown
in Fig. 5 have N-1 arbitrary parameters; however, the poles of A and H
are identical.

One more mamipulation of the system shown in Fig. 3 results in

the system of Fig. 4 where

1

The zeros of C(s) are the same as the poles of A(g); therefore the N-1
zeros of C(s) are also the same as the N-1 poles of H(s).

From these facts (7) can be used to determine the denominator
of C(s) and the numerator of H(s). Dropping the argument s in (7) and

denoting the transfer functions by

C(g) =
H(g) =

G(s) =

=k gig Blg glg

T(g) =

Eqn. 7 becomes

CN_GN
CD GD
CN GN EN
CD GD HD

(8)

W |

i+

If the right hand is simplified then

Y o CN_GN HD ©)
R CD GD HD + CN GN BN

Since CN and HD are the same denote them both by P(s). Then (9) simpli-

fies to



CN P
CD GD + GN HN 10}

i
R

cross multiplying on both sides results in the polynomial,
Y{CD*GD+GN*HN) = R-GN-P (11)

Define the number of zeros in G as NG, the number of poles as
ND, and similarly NY and NR for T(s). If the order of both sides of

(11) is to be the same, then

NY + ND-1+ND = NR+ NG+ ND -~ 1
NY + ND = NR 4+ NG (12)

NR ~ NY = ND - NG

Thus the pole zero excess of the plant determines the pole zero excess
of the desired closed loop transfer function. If like powers of (11)
are equated, then NY + 2ND equations result., Since CD and BN are unde-
termined the number of unknowns is 2ND. For NY = 0, the number of
unknowns is equal-to the number of equations. Just as in regular state
variable feedbacklzl, for zeros in Y/R, additional states must be

created, Let the order of P(s) by N-1, then (12) becomes
NY+N-1+ND = NR+NG+ N -1
and for the number equations to be equal to the unknowns,

NY+ND+HN = 2N

13)
N = NY + ND


http:Y(CD*GD+GN.HN
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Thus, the order of both controller systems C(s) and H{s) must be one
less than the number of poles of G plus the number of zeros of Y/R,
assuming that (11) represents a set of linearly independent equations.

The design procedure is as follows:

1. Select the desired closed loop transfer function from the
specifications.

2. Select a polynomial, P(s).

3. Equate the actual and desired transfer functions (10) and

solve for the coefficlents of CD{s) and BR(s).

Program 1

The first program (MODOBS1l) computes the transfer function of
the series compensator and the feedback compensator as a linear function
of the denominator of the feedback compensator., The user must specify

the plant transfer function and the desired closed loop transfer

function. Thus, this program specifies the design of the system except
for the poles of the feedback compensator which the user is free to

choose in any way he wishes.

Program 2

The second program (MODOBS2) computes the transfer function of
the series compensator and the feedback compensator which minimize the
low frequency sensitivity of the closed loop system to plant variations.
The user must Specify the plant transfer function and the desired closed
loop transfer functlon. If the time constants in the plant are much

lower than in the closed loop system, the poles of the feedback compen—
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sator may be in the right half plane (RHP). If the poles of the compen-
sator are in the RHP then the system will be very sensitive to variations
in the parameters of the compensztors. In this case, it is better to

use one of the other programs. This program is limited to systems with -

no Zeros.

Program 3

The third program {MODOBS3) computes the weighted integral
sensitivity of the system for a given polynomial P{s). The user must
specify the plant transfer function, closed loop transfer function, the
weighting to be glven thé sengitivity as the frequency varies, and the
denominator of the feedback transfer function, P(s). The weighting

function must have more poles than zeros.

Input Data

In many circumstances the available data for the plant is in
state variable form. This data is converted to a transfer function by
the STVFDBK program. The details of the program are included in reference
1. The program listing and input data format are also included in the

Appendix.

Cutput Datg

The program, BODE4, is provided to plot the transfer functions
computed in the above programs on a logarithmic scale. For each program

some of the tramnsfer functions of interest are:

1. Plant transfer function

2. Closed loop tra&sfer function
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3. Sensitivity as a function of frequency

4, Loop gain function

The loop gein function divided by one plus the loop gain is the proportion
of measurement noise at each frequency which will reach the output. Thus,
if the loop gain is much greater than one then nearly all the noise
reaches the output, and if the loop gain is much less than one very little
measurement noise reaches the output. 1f the phase shift of the loop

gain is nearly 180® at a gain of one, the measurement noise will be

amplified,

Program &

The fourth program (MODOBS4) is useful to check the results of
the design. Given P{s), and the results of the first program (MODOBS1)
this program computes HN{s)}, CD{s) and the roots of both the series and
feedback compensators. This program and the first program give a

complete determination of the design.

Results

& digcngsiﬂn of each program and several case studies are inclu-
ded in the Appendices. MDDOBS1 is useful to cowpute HN(s) and CD{g) in
- terms of the coefficlents of P{s)}. Quite amazingly the coefficients of
HY and CD are linearly dependent upon the coefficients of P. MODOBS2
computes the coefficients of both compensators which achieve minimum low
frequency sénsitivity. Essentially this result is achieved by forcing
Cb(s) to be an N-1 order integrator which increases the gain at low

T(s)

frequency, and thereby decreases the sensitivity since S§A= ETE§E%EY'

Unfortunately if the plant denominator coeffliclents are smaller than
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those of the denominator of the closed loop transfer function the feedback
compensators may have poles in the RHP, MODOBS3 determines the weighted
integral sensitivity when P(s) is specified. MODOBS4 is useful for
checking the roots of the resulting compensators after a design is
complete. Test results are given in the appendix for three examples.
These examples show that an improvement in the system sensitivity ovér
that of just a series compensator can be achieved even if only the output
is available. When the closed loop response is much faster than the open
loop, the sensitivity of the MODOBS system approaches the sensitivity of
the Heq system (which ?s best but not realizable) if the roots of P(s)
are made much larger than the closed loop roots. If the closed loop
response 1s not much faster than the open loop response, then the MODOBS
system may have a sensitivity lower than the Heq system, This situation
exists whenever Heq(s) has zeros in the RHP. These results point out

the important fact that a sac;ifice in sensitivity to plant variations

is made by increasing the system performance requirements. Because of
this fact, careful attention to the plant performance should be maée for
lowest éensitivity and unnecessary demands on overall system perférmance

should be avoided.
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Appendix I -~ MODOBS1

Piscussion
The basic algorithm of this program is based upon (5). First the
following polynomials in s are computed:
T = (GD)(Y)
Q = (EN)(R)
vV = (@N){X)

so that (5) becomes
(TY{CD) + (VY(HN) = (Q)(P) (A1)

Each of the terms in (Al) are polynomials in s where P(s) is unspecified.

2

For instance, P(s) = P3s + Pl. The coefficients of CD(s) and HN{s) are

the unknowns.

As an example, suppose the plant is second ‘order, then P(s) is

first order. 1In this case (Al) becomes,

(CD2T3 + H v )a + (CD2 2 + CD T3 + H2V2 + H V )s + (CDZTl + CDI’I‘2

2 .
+ HZV + H V )s + (CD Tl + H V ) 2Q35 + (]?2(22 + 1=']_Q..3)$2

A
+ (P,)Q; + PyQy)s + P,Q; (a2)
Equating coefficients of like powers of s results in the equations

Ty0D, + Vo, = Q4P

TZCDZ + T3CD1 + V2H2 + V3H1 = Q2P2 + Q3P1
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TyCD, + T,CD; + V. H, + V,H = Q;P, + QP

T,CD; + V,H, = Q.24 (A3)

These equations can be rewritten more compactly in matrix notation as

/\ — — [~ _— /M B )
T, 0 v, 0 oo, 0 q B,
e I, T3 ¥V, V4 Dy s Q3 Q
: = (A4)
L, L, vV H, Q, 9 k,
0 T, 0 A Hy Q ©
v L . A SR B2 _
& 2N-2 > € N-1—>

The matrix on the left will be defined as matrix A, and the matrix on

the right will be defined as matrix C. Then

——
co,
CD P
i a1 1 (A5)
P
H, 'i
Hy

Therefore Aflc relates the unknowns CDi and Hi to the parameters Pi'
MODOBS1 forms the matrix A from the two arrays, T and V, and then inverts
A. Next the C matrix is formed from the Q array and then A 'C is

computed and prinéed.
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Ioput Format

Card No. Columns Description Format
1l 1 NY = order of ¥Y{(s} in Y/R 11~
2 NR = order of R{s) in ¥/R 11
3 NG = order of GN(s) in GN/GD I1
4" ND = order of GD{s) in GN/GD 11
5-80 Identification of problem 8A10
2 1-10 Coefficient of s° in Y(s) ¥10.3
11-20 Coefficient of 81 in Y(s) F10.3
etc.
7180 Coefficient of 3? in ¥ (s) 710.3
3 110 Coefficient of so in R(s) F10,3
eto.
4 1-10 Coefficient of s° in GN(s) F10.3
ete. T FC
5 etc. Coefficient of sﬁ in GD{(s} F10,3
Notes:

1. 1If more than eight coefficlents are required then two ca;ds may be

- used to identify that polynomial.

2. A decimal point must be used for each coefficient, but not for card
No. 1. The decimal point may bé placed in any of the ten colums

for each coefficient.
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3. As many problems may be run as desired by repeating the above format

for each problem.

Output Format

See example.

Subroutines to be Used

PLYMLT Multiplies two polynomials together.
MEINV  Inverts matrix A.

PRENTRAT Prints the rario of two polynomials.

Flow Diagram

Read NY,NR,NG,

ND.

\/
[Read Y{s},R(s),GN{s},GD{sH

V4
[Compute T = Y-GD,Q = GN'R,V = GN'Y |

f N
[Form A Matrix |

\
iInvert A Matrix]

k4
{Form C Matrix |

4
Compute B = PN

N
Print CD and EN_

Arrays
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PROGRAM MODOAS1 {(INPUTWOUTPUT, TAPE4ZINPUT)
ODIMENSION YCIC)s RELODYy GO(LO) s GN(LCHsy V20 T(201s G(Z2T73
1vA036e 3620 AT(36s 361y CU36118) «B(36+1R)IDTH)

C YESY /(S )Y IS DESIRECD CLOSTOD LOOP RESPONSE.
C GPISI/GOIS) IS PLANT TRANSFED FUNCTION.
C NY IS CRDER GF NUM. IM Y{S)I/R(S). NR IS ORODER OF DEN.
C NG IS ORDER OF NUM., OF G(S!. ND IS ORDER OF.DEN.
C NR-NY MUST EQUAL NOD—-NG
1 READ 101 +NYeNRNGeNDHID
PRINT 200:¢NY NReyNGosND» ID
IFEEQF +4) 9942
2 NY1=NY+1
READ 102+ (Y(I)sI=1eNY1) - N
C Y{I} IS COEFF. OF S+#x{I-1) IN Y{S}.
MRIZ-NR+1
C. R{I} IS COEFF. OF_S*=*(I-11 IN_PL(S)
3 READ 102 fRUI)y IZ1eNR1}
CALL PRNTRATEY oNYI +R+NRT vl HT 11 HS)
£_ GN(I) IS COEFF. OF S*=(Y-1) IN_GN(SL.
NG1z=NG+1
ND1IzND+1 -
L READ 102 (GN{I}s Tz1eNGU___ _.. ...
C GO(I) IS COEFF. OF S**[{I-1) IN GD{S).
5 READ 102+ (GUITI)»I=1:ND1)
—— LCALL PRNTRAT(GN NGI+GDoNOL »IHG ¢1HS)_
c FORM CHARACTERISTIC POLYNOMIAL.
CALL PLYMLT (GOeND1sYeNY1sTeQ)
U CCALL. PLYMLT .(GNsNGLsRyNR1e Qe Dl
CALL PLYMLT (OGN «NG1L Y 'NY1 VD)
NYNGZNY1+NG1
. N L. ZNR+NG+1
Do & I=NYNG N
C NA IS ORDER OF A MATRIX WHERE A IS MATRIX RELATING UNKNOWNS
-b.. VII) =0 . e e T0 PARAM.y P.
NAaz 2x{N-1)
DO 20 Jz1+NA
JIF (Je BT (N-12160.T0.12
DO 10 Tz=1eNA
INDzZN-I+J
IF (IND. &1l T.1)_GO_TO 2 ___
IF (IND GT«N) GO TO 8
AtIedyz TLINDD
60. TG 14_ .
8 Allsd) =D
10 CONTINUE
GC_TO_ 20 .__.__
12 DC 20 I=-1,NA
IND z1-I+d
— IF. (IND.LI_-I._L._GO._.]'O._.J.&__
IF (INQ.GT.N) GO TO 1B
A(I»JYzv{IND)
R, GO_TG..20._.
i8 AlTsd) =0
.20 CONTINUE
R CALL MXINV_{A+sNAATI.
C C IS THE COEFF. ARRar,
NM1lz=N-1

D024 T=1sMA
DO 24 J=1sNM1
INDz2%N-1I-J



IF{IND.LT.1) GO T0 27
IF (IND.GT.N) GO TO 22
C(Isd) = GUIND}?

GO TO 24
22 ClI.Jd)=D.
24 CONTINUE
C B IS AI=C.THE ROWS OF & &RE £aUAL TO CD AND HN.
C COLS . ARL (OFFF. OF P PARAMETERS.

Do 30 IzleNa
Do 30 K=1eeNM1
B{I+K) =0,
00 30J=1l+MA _
30 BII+KIZATII v JI*C(JeKI+BUTe K}
PRINT 201s(KsK=] NM1}
DO 40 I=1sNMi
NC=N-I o
40 PRINT 202+NCe{B{I+K) sK =1 +NM1)
: DO SO IzNsNA
NB=NA+1-1I 3
50 7 TPRINT 208+ NBs» (B(IFKY KZTsNMIY
60 TO 1
99 sTOP
1017 TFORMAT tulils6A71007
. 102 FORMAT (8F1D.3)
200 FORMAT (1H1v4(2X+I1)+2Xs6A101}
201 TFORMAT (1HO+9X»8(3H P(yIls 1HYs 08X~
202 FORMAT T4H CO(+I1s2H)=+¢10(E10,3s3X))
_2D4  FORMAT (4H HN(-II-2&):vL§jElU.§;3Xl)

SUBROUTINE' PRNTRAT {4y NN B yNDyDEPVAR s INDVAR)
_DIMENSION A(20),B{20)sH(20)sN(20)sAT(20) +BT(20}
TNE =1
B0 5 1I=1 'NN
_AT(I)=0.
IF C AtIY Y 45603
3. H{NEJzIH+
‘AT (NE) =A (1)
60 TO 5
4 KINE}=1H-
CATHUNEY z- ACT)
N(NE)=I~1
NE=NE+1
6 . CONTINUE
NE=NE-1 °
PRINT 1GO
MINZMINO(NEy 10)
PRINT 101s(N(I}sI=1sMIN)
PRINT 102:iH(IloAT(I)-INLVARvI-lrMIN)
IF (NE-111) 8+8+7 - -
7 PRINT 101e{N(I)sIz=11sNE) ,
. PRINT 102s (H(IJ+AT(L)s INOVAR »I=11¢NE)
B NFEZ1
00 16 I=1sND
BT(I)=0.
L IF ( BCIY ) 14+16s13
.13 H{NF)=1H+
BT(NF)=B(I)
6010 1315
14 HINF} =1H-
BT(NF}z=8(1I)
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15

16

20

27

28

oM Or

O mO

180
101
102
103

"27 .
N{NF)YzI-1
NF =NF+ 1
COMTINUE
NFE=NF-1
HH =] H-
NMZMAXG{13*MNE, 13*NF)
NHzMING(130sNH} )
PRINT 133+DEPVARINDVARy (HHy TI=1s+NH}
MINZMINO(NF. 10}
PRINT 101» (N(I)yIzleMIN} o
PRINT 102+ (H{I)oBTII)sINDVAR YT =1 +MIN)
IF (NF~10)  28+28+27
PRINT 1CGI+(N(I}y I=11eNF) .
CONT INUE
FORMAT (1HO} )
FORMAT (6Xe10(11XeTI2))
FORMAT (6Xv1D0(A1+G120.4 +ALs1H 3

FORMAT (IXsAlvIH{rAle2H) =y 130A1)
RETURN ’

END

SUBROUTINE MXINV (Rs Ny RI) -
SUBROUTINE TO FIND THE INVERSE OF A GIVEN
MATRIX R. N IS ORDER OF MATRIXs RI IS INVERSE
MATRIX. SUBROUTINE USES GAUSS—JORDAN REDUCTION»

"R MATRIX IS PRESERVED. DIAGONAL ELEMENTS OF R MUS

“BE NONZEROL

o
21
22

23 NJd = N + J

24
25
286
C
c -

jBIMENSION_Rf3e,351.RA(36.72). RI(36935)

STATEMECNTS 20-26 ENTER R ARRAY INTO RA ARRAY
AND SET LAST N COLUMNS OF RA ARRAY TO IDENTITY
MATRIX

B0 28 I = 1o
DO 24 J oz 1w
RAEIsJ) = RII

RACI+NJ) = D
NI =N+ I
RA(IWNI) = 1.

L STATEMENTS 1-12 REDUCE_MATRIX_RA_SO _THAT FIRST N_

C
1

COLUMNS ARE SET EQUAL TO THE IDENTITY MATRIX .
NP = 2 x N

e 2. 00 12 I zZ_ 1+ N

c
c
¢

5
4
2

C
c
c___

LOCD'-JU'\;

10
I 3
12

STATEMENTS 3-S5 ARE USED TO SET MAIN DIAGONAL
ELEMENT 70 UNITY_

ALFA = RA(TI,I)

DO 5 J = I+ NP

RA(T+d) = RA(IJ) _/_ ALFA

STATEMENTS 6~11 ARE USED TO SET ELEMENTS OF ITH

COLUMN_TO _ZERQ,

0O 11 K = 1+ N

IF (XK — I) 8+ 11+ 8

BETA = RA{K,I)

DO 13 J = Is+ NP

RA(KsJ) = RA(KsJ) — BETA = RA(Isd)
CONTINUE

CONTINUE


http:MA.TLRI.X__.RA

C STATEMENTS 30-33 SET INVERSE MATRIX RI EQUAL TO. LAST 28
€ N COLUMNS OF RA ARRAY

30 Do 33 J 1+ N

31 JN = J

o2t

e
32 00 33 1 1+ N
I3 RI(I+d) = RA(L »JN)

34 RETURN
END -
SUBROUTINE PLYMLT (AsbLsBsMeCoN)
c .
C MULTIPLY ONE POLYNOMIAL BY ANOTHER
C
C DEFINITION OF SYMBOLS IN ARGUMFNT LIST
c A{I)s MULTIPLICAND COEFFICIENTS IN THEORDER A(I} #S*+(I-1)
C Ly NUMBER OF COEFFICIENTS OF A
C BCI)s MULTIPLIER COEFFICIENTS TN THE ORDER B(I)sS*s(I-1}
c My " NUMBER OF COEFFICIENTS CF B
C CtI)s PRODUCT COEFFICIENTS IN THE ORDER C{T¥sS**(I-1)
c Ny NUMBER OF COEFFICIENT® n¢ r
C .
C REMARKS .
C Irﬂy =0» C{I} SET TO ZERO AND PRODUCT FORMED. OQVHERWISE THE
g IPRODUCT AND SUM Newc- ‘OLD C 4 A*B IS FORMED.
DIMENSION A(1D}s B(1D) s C(20)
..... LPM=LaM1" JBiure LRV
IF (N} 10+10+12
10 . DO 11 J=leLPM
11 C(Jr1=0.0
12 D0 13 JzleLPM
. MAXZMAXO(J+1-Ms1)
"TMIN=MINO (L ydJ) o
DO 13 TzMAXMIN
13 CLJYzALI)*BLU+I-T) + C(J?
CTT T URETURN T T
END

3434 IN CORE THERMIONIC REACTOR

1.16708 §8.1228 384.520 200.

1.16708__- 48.70635_ 408.53815___392.26

1-16708 ~ 48.1228  384.520  200...

5.035856E-61.05426~ 3 0588639 1.8804 1.
FNO OF INFORMATION
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Appendix 2 - MODOBS2

Discussion

If CD{s) in (5) is defined by CD(s) = ansN'l (B1)

where N is the order of the plants, then the system will have minimum
low frequency sensitivity because the forward loop gain will be increased

at low frequencies. If there are no zeros in Y{s)/R(s) or in G(s), (5)

reduces to a simple set of linear equations, shown below. For simpli-

city RN+1 and GDN+1 are set equal to one. For zero steady state error,

Y =R

L
PN = 1
P-1° %1

P2 * RyPyo1 ® Oz

°

(B2)

+ Ry« Py +:c +R =C

sty-1 = G
L =Py RyY

1

9 Pl . R2/Y + P2

N-F RN/Y + P, + RN_llY 4 over + 1 - GDllY

]

1
HN
HN
HiN
Where the C terms are defined by

Cl = GD2 - RZ

o
-
|
Q
ZU
]
=
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The Eqns. (B2) are simply solved in the order shown by back

substitution. That is, PN may be used.to solve for P -2 which may be

-1 N

used to solve for PN-B’ etc.

Input Format

Card No. Columns Description Format
1 1 N = Order of the Plant G(s) Il
2-80 ID = Identification of problem 8a10
2 1-10 Y = Numerator of Y/R F10.3
-3 1-10 R(L) = coeff. of so in R{s) F10.3
11-20 R(2) = coeff. of 5! in R(s) F10.3
ete. ’ ° :
71-80 R(7) = coeff..of 57 in R{s) F16.3
4 1-10 GN = numerator of G(s) F10.3
5 1-10 GD{1) = coeff. of s0 in GD(s) F10.3
71:80 G{(7) = coeff: of 57 in GD(s) F10.3

See notes following input format for MODOESL.

Output Format

See example.

Subroutines to be Used

PENTRAT - Prints the ratio of two polynomials.
PROOT - Determines the roots of P(s) to see if any roots are in

RHP.
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PROGIAY MO002S2 (THPUT«OUTPUT.TARCHZTINPUT) .
GIMENSION ROI01«GD010) o2 {10 #CUIDT o IQE2 HNTIN e CO(13Y v,
UG Yl )

PROGRAM TO CALCULATE MINIMUM LOW-FREG SENSITIVITY, MODRIFIED
OBSERVER SYSTEM.

Y{SY/R{S) IS DESIRED CLOSED LOOF RESPONSE.

GNI(S}/GDISY 1S PLANT TRANMSFLCR FUNCTION,

N IS ORDER OF DEN. IN Y{S)/R{S]).

N IS ORDER OF UEN. IM GN(S)I/GDI(5).

R{I) IS COEF. OF S**x(f-1) IN R(S).

ASSUMPTIONS

ERAK AR IR AR R KRS

TRANSFER FCN. GAINS ARE NORMAL IZED SUCH THAT R(N+1)=1.

OO O0O0O 00

AND GO(N+13izi.

DESIRED TRANSFER FCN. HAS ZERO STEADY STATE ERROR. THUS
AEEERRAEEE RS AR AL S Y=R(1}).

GD(IY IS COEF. OF S**{I--1) INGD(S).
YUSY =Y » GN{SI=GN (NO ZEROS ALLOWED) .

MOONO0O00O0

READ 101+« N» ID

IF{EQF +4)994 2

READ 102X

READ 102« (REIJeIz1eN}
NP 1=N+1} .
GO{(NP1)=1ls % RINP1)z1.
READ 102+ GN

READ 102+ (GDUI} eIzl N}
_PRINT 200+N+ID

"PRINT 201
CALL PRNTRAT (levR.NPl!lHT-IHS}
_PRINT 202 .
"CALL PRNTRAT (GN» I-GD;NPltlHGrlHSl
“Sogveurgg_pgu. OF H» P(S).
NMI=N-1 ’
DO 4D I=1s NM1
L _Ip1z=I+1
[ eI 6D IP LY SR(IPL T
PI{N)=1.
_00.50 Iz1eNMI_
NIzZN-T

PI(NIJI=C(NI}
CIF(IWLES1) GO.TO_SO..
00 4o Jz=2.1
J2z=N-=J+2.
WISNI+J-2Y
P{NI)I=PINII-R(J2¥*P(JI}
51 CONTINUE
CAaLL PROOT. {NM1ePollo ¥Yel) .
PRINT 205
PRINT 206 fULT ) V(I I=1seNM1)

SOLYE fOR NUM OF HeHN(S)
D0 60 Iz=1sN

HNETI=0. .

00 60 Jz=1.1

IJzI-Jd+}


http:GO..TO-.50
http:200D,N,.IO

6C

80

.99 L.

101
102

200
201
202

203

204

205
206

210

13

14

HN(I)=F{JY*R(IJ) /Y+HN(T) .32
HMEN)ZHN(N)I-GD (1) /Y '
PRINT 203

CALL PRNTRAT(HNsNeP o Ne IHHy 1HS)
DO 80 Iz=1. NM]

CoO(I)=0.

CO(NIzZ1.

PRINT 204

CALL PRNTRAT(P yN+CDs Ny IHC» 1HS)
G = Y/GN

PRINT 210+ G

GO T0 1

sSTORP .

FORHAT(II!B&IU}

FORMAT (3F10. 3)

FORMAT (1IHL «10X T 104X +8010)
FORMAT (1HD +* THE DESIRED CLOSTD LOOP TRANSFER FUNCTION IS»)
FORMAT (1HO »# THE TRANSFER FUNCTION OF THE PLANT IS#)
FORMAT (1HD »#THE TRANSFER_FUNCTION OF THE FEEOBACK COMPENSATOR 15%)
FORMAT(1HO »*THE TRANSFER FUNCTION OF THE SERIES COMPENSATOR IS*)
FORMAT (1HO«S5X* THE ROOTS OF P({S) ARE*13XxREAL PART#10X+«IMAGINARY
PART*) . . )
FORMAT (32X¢2E20.7)
FORMAT (1HO ++*THE ADOITIONAL FORWARD LOOP GAIN REQUIRED IS
__1Y/GNcz*E1D. 3)
END

SUBROUTINE PRNTRAT {AsNN+3 sNDeDEPVAR +INDVAR)

NEZ]

00 & IZI'NN

AT(I}=0. o

IF U ALIT )Y Bebe 3

HUNEIZ1H+

ATANE)=A(I)

GO0 7O 5 7

H{NE)=-1H-

AT{NE) =—A(I}

NINEDZI-T

NE=NE+1

CONTINUE

‘NE =NE-1

PRINT 100

MIN=MINGQINEIDY ______ __

PRINT 101r(N(I)eIzLeMIN)

PRINT 102;(H(I).AT(I)oINDVARrI =1 #MINY
IF (NE-10) 8+8¢7 o

PRINT 101s (N(I)+I=11NE)

PRINT 102-(H(I):AT(I)'INDVARvI Z11¢NE)
NF=Y

‘0o’ 1 6 Izienup

BT (I)=De

IF ( B{I) ) 14,s16s13

H(NFI=1H+

BTI(NFI=B(I)

GO TO_15 . .

H{NF)} 1M~

BT INF)=—B{I)

CNINFIZI-
NF =NF+]


http:114.,16.13
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16 CONTINUE
NF =NF-1
HH =1t~ .
NH-MAXDOOL1I*ME, 13*NF}
NH=MING{130«NH)
20 PRINT 1G3+DEPVARINDVAR (HHe T21NH}
MINZMINOINF+10}
PRINT 101+ (M{I)syIz14MIN)
PRINT 102+ (HII)+B8T{T ) INDVARYI =1 +MIN]
IF {(NF-10) 2812827
27 PRINT 101y {N{T)sy Iz11sNF)
PRINT 102¢{HIT)}eBT(I}e INDVAR«TIz=11eNF]
28 CONTINUE
i00 . FORMAT (IHQY _ .. . .. ..
101 FORMAT (6X10011Xe12))
102 FORMAT (66X +10C(A1G10.4 +AlelH V)

143 FORMAT (1XsAlelH(+AL2H) =y 130A1)
RETURN
END
__SUBRGUTINEPROGTANy A+ Ur ¥aIR)

DIMENSION A(20)3UL20)eV{20)eHIZ2L}eB(21)9C121)
IREV=IR
. NC:N+;
DOII=1sNo
H{I)=zA({I)
1 _CONTINUE_
P=0.
0=0.
"R:O- .
3 IFIHIL)) e 294
2 NF:NC-I
MINCI=(.
U(NC =0«
DO10O02I=1eNC
H{I}=H(1+1}
1002 CONTINUE
G0T03
_ 4 IF(NC-115.,100+5
5 IF{NC~-2)17+6e7
6 Rz~H(13)/H(2)
. 6OoTOLO, o
7T IFINC—3)19+ 899
8 PzH{2) /H(3Z)
e Q@zHCO1) 7H (3L
GOTOTD ) .
9 IF{AZS{HINC~1) FH(NC) }-ABS{HIZ)/H{11) )10y 19+19
A0.IREV=—IREV.
MZNC/2
BO011Iz1+M
e NLZNC+ 12T
F-HINL}
H{NL)=H({I}
A1 HOIY=F. L. L .
JF1G113+12013
12 P=0e«
—e— BGOTO 15—


http:IFCABSCH(NC-1)1/H(NC)-ABS(H(2)/H(1))10,19.19

13
15

16
15

20

21

24

P=PsG

Gz1l. /0
IFIRI1Ge 1916
Rzl«/R
Ezs.E-1C
BINC)IZH(NC)
CINCIZHINC)
B{NC+1)=D.
C{NC+11=0. ..
NP =NC-1
b0ygd=-1+120C
002111=1.NP.
I=NC-~1}
B(I}_H(I)+RtB(I+1)

LUI) =BT Y+R=C(TI+1). .

IF{ABS(BI1IY/HIL) )} E)SUvSGoZH
IF1C(21)23+22+23

22 R=R+la._

23

30

_37.

31

32 ...

33
34

35

3

T 49

50

61

52
53

D8
70

71

GOTO30
RZR-B¢ 1) /C{2)

00.3711=1 NP

I=NC~I1
B{I}=H{I)~P*B{I+1)-Q=*B(I+2)
CUI)=B(I)-P+C(I+1)~0+C{TI+2) _
IF(H{2))32¢31+32
IF(ABSIB(2)/7HI1})I-E) 33433 38
TF(ABSI{BL2Y/H{2Y)I—E)33+334 34
IFCABSIBLLII/H{IY)~EIT0«70e 24
CBARZC{2)-B(2)

D=C(3}2x2~-CBARA*C{Y )

IF (D136 35+36

P=P-2.

0=0%(G+L.)]

‘60T049
P=P+(Bi{21+C({3)1~B{1)*+C(u})/D
0=Q+{-B({2)*CBAR+B(1}*C(3)) /0

‘CONTINUE

E-E»*10.

60T020

NC =NC-1

VINC)=ZD.
IF(IPEV!S51+52¢52
UINCIZ1la /R -
GOTOS53

U{NC)=R

DOS54I=1sNC
H{I)=B{I+1)
CONTINUE_
GOTOY

NC zNC-2

_IF(IREV) 71+72+72.

QPz1./0
PP =P /(Q@*2.0)
GOTO73


http:IF(D)36,35.36
http:32,31.32

72 QAP =0
PPzP /2.0
73 Fz(PP) «x72-QP
IF(FIT4375+75
T4 UCNC+1)=-PP
UCNCYz=-PP
VINC+11=SORT{-F)
VINCIz=VINC+1)
. BOTG78 - - . .
75 UINC+1}=—-(PP/ABS(PP) I {ABS(PPI+SORT(F) )
V{NC+1}z0.
UINCI=GP FJUCNC+ 1}
VINC)I=O.
76 DOT77I=1+NC
. H{I)zB(1I+2)
77 CONTINUE
-B0TOY
LOO.RETURN .
END

3 CASE STUDY II,. THIRD OROER_SYSTEM..
1000.

1000. 200. 20.
1000..
2500 . 100.

35} 5



Flow Diagram

Read N, ID,
Y, R(I)

GN, GD(T)

Print ¥, ID,

Y/R, G

!Form C(I)[

[Solve for P(s),l

N/
[Solve for MN(s)]

Vi
Print H(s)

Print C(s)

36
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Appendix 3 - MODOBS3

Discussion
This program uses the following data:
1. Plant transfer function G(s)
2. Desired closed loop transfer function T(s)
3. The denominator (P(s)) of the feedback compensator H(s)
4. A desired welighting function W(s) on the integral over
frequency of Ehe sensitivity of the closed loop response

to forward loop zain changes.

The program then caleculates the weighted integral semsitivity of
the system. The method of calculation is based upon an algorithm by

‘Effertzﬁﬂ. The integrand of the integral sensitivity is calculated

from
j 2
X 1 J® 14
IS i j W(s) S q () ds
- joo
jo 2
o 1 f W(s)T(s) ds
21§ G(s)C(s)

-joo

The algorithm is based upon an iterative manipulation of the coefficients’
in the numerator and denominator of the integrand in such a way that the
.integral of the squared magnitude results,
A closed form solution for the integral

joo

S W ok L 16 ) L )
I = = {oo rCEy T T \-fjoo F(P)F(~P) dP

(BL)

is presented in the paper by F. H. Effertz. The solution takes the form
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of Equation 4 in his paper. A better algzoritbhm for the computation of
Equation 4 in Effertz is presented in the correspondence by Pazdera
(Equation 7). A modified form of Pazdera's algorithm has been coded in
FORTRAN and is included. A test problem is, also, included,

The use of Equation 4 in Effertz can be best iilustrated by an

example, Suppose we wish to evaluate the following

joo '
R 3%3 J TN 552 (B2)
- joo s +(at+b)s+ab 8" -(atb)s+ab

It can be shown from reésidue theory that the correct answer is

In = = residue 6f F(s) F(-8) at s = 1
(B3)

-~ residue of F(s) F(-s) at s = b

where F(s) F(-s) indicates the functionm to be integrated over s = jw.

Then the answer is

1 c2-a2 gcz-bz) _ c2+ab

n " Za(a+b)(a-b) _ Zb(atb)(b-a) ~ Zablatb)

(B4)

To use Equation 4 from Effertz we must make the following associationms,

using the complex frequency variable s in place of p.

5(P) = (ste)(c-s) = c* - s°
then P=s (B5)
n-= 2
b0 a =1
= 2
b1 c

h{P} = 32 + {a+b) s + ab

then P=gs
N =2
a =1
(o]
a1 =a+b
a2 = ab
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The integral, for mn = 2, can be expressed as
bo bl
1 = (-l)3 25 % - ~1 ban ” aobl (B6)
n zao al a0 2ao ala2
% %

Substituting the correct values of a,y 2y, etc., and cancelling minus
signs for this problem we obtain

2
_ ab + ¢
Ly = Zab(aip) (B7)

What is most interesting is that the result depends only on the coeffi-
cients of the known function being integrated and not on the poles of
the function as one would suspect from residue theory.

It has been mentioned that the algorithm from Pazdera (Equation 7)
has been progranmmed. Some charges in the nomenclature of Equation 7 were
necessary to facilitate coding. HNote that the practice in Effertz and
Pazdera is to make the highest membered coefficient correspond to the
lowest power of the variable p. WNote, also, that subscripts such as a
are in evidence. To facilitate coding, the lowest numbered coefficient
was subscripted in the form A(l) and this coefficient was associated with
the lowest power of the variable p, in this case po. In general, the ith
coefficient A(I) is associated with the (i-l)St power of p, PI-l. (In
FORTRAN the expression A(0Q) is not allowed.) Note from equation 1 above
what must be done to operate on the_function F(s) F(-5). 1f F(s) is of

the fora

r(s) = 5 (88)

then the algorithms suggested in both Effertz and Pazdera require the use
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of

g(s) = €(8) ¢(~8)
{89
hi{s) = A(8)
It is more desirable to input C(8) and A(S) rather than C(8) C(-8) and
A(8). Consequently one uses the INTSQ subroutine by coding the coeffi~
cients of C({8) and A(S) with ascending subscripts corresponding to
ascending powers of S. The subroutine provides the operation C(§) C(-§).
Furthermore, the subroutine checks to see if the lowest coefficient of
C{8) or A(S) is zero so that factors of 8 may be either considered or
cancelled. Two basic requirements must be met by A(S) and C(S). First,
the roots of A(8) and C(S) must at least have non-negative real parts.
(Hurwitz polynomial requirement) Secondly, the highest power of C(8)
must be at least one less than the highest power of A(S) for convergence
to be assured. If A(S) is Nth order, one inputs the N coefficients of
A(S) and the N-1 coefficients of C{S}.
The use of this suﬁroutine INTSQ may be best illustrated by an

example. Suppose we desired to evaluate the integral

quju: s + 4 4 - s -7
- joo &s + 35 + 25 + 1 45 + 3s - 25 + 1|

{B10)

The polynomials C(S) and A(S) as defined in Equation B8 are input into

the program as

c(l) = & ACL) = 1
c(2y = 1 A(2) = 2

(B11)
C(3) =20 A(3) = 3

A(S) = 4
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The program then utilizes the modified Pazdera algorithm and prints out

the message

THE VALUE OF THE INTEGRAL 1S 12,250

To check this answer, one can use Effertz Equation 4 for a third order

case (n=3).

bo bl b2
ao a2 0
s TR Lo
o 173 o] 1273 03
o] ) 0
41 %3
For our example problem, the following associations follow
bo = a = 4
1= 71 a, =3 (813)
b2 = 16 a, = 2
ay = 1

Substituting the values of Equation B13 into Equation B12 verifies the

computer's solution I = 12.25.

Input Format

Card No. | Columms Description .Format _
. See forﬁat for MODOBS1
X 1-10 P(1) - coeff. of s° in P(s) 8E10.3
11-20 P{2) - coeff. of s' in P(s) 8E10.3
etc.




Input Format (cont'd)
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Card No. Columns Degcription Format
K+1 1 NW - Humber of coeff. in denom. of W(s) 11
K+2 1-10 WN(1) = coeff. of s° in num. of W(s) 8E10.3

11-20 WN{2) - coeff. of s' in num, of W(s) 8E10.3
K+3 ifié WD(1) - coeff. of s° in den. of W(s) 8E10.3
11-20 WD{2) - coeff, of s' in den. of W(s) 8£10,3

etc,




~B

10

102
103
-201
2072
204
.20%8

g e el e
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PREOGRAM MNDOBS3I(INPUT.QUTPUT »TAPEU4-INPUT}
DIMENSION YUICQ}sROLOY«GDCLIO) vSNIUI10TeP{I0CO{10Y HNLLO)SNCBO) »
150 040) +8(36+ 181« WN{L1D) »WDE10)+ SNTLH0)SDT(40)

CALL MODOBSI{Y+RsGNsGD+SeNYLsNRI+NGL1+ND1)

N-1 IS THE MUMBER OF COEF. IN P{S}+HN{S}CD(S).
N=NR1+NG1-1

N1=N~-1

READ 102 ¢tPII)sIclaNI)

¥{S) = WN/WD MUST HAVE NMORE POLES THAN ZEROS .. . . . .
Nw IS THE NUMBER OF TERMS IN THE DENOMINATOR QOF W(S).
READ 103+NW
CREAD 1032+ (WN(1},I=1 NW)_

READ 102+ (WOLIJ eIzl eNW)

PRINT 205

_CaLL PRNTRAT CWNy NWeWDe NW o1 HW «1HS))

CarL PLYHLT{GDrNDerrNYlrSNrW)
N2=ND1+NY1-1

_CALL PLYMLT{¥N NWy SN N2+ SNT, D}

CALL PLYMLT{GNSNG1+R«NRI SOy}
CALL PLYMLT(WDsNWsSD+NZySDT» D)

__N3=Nw+N2-1

Ny =N3+N1 -1
NZz2*xN1+1

—D0 10 I=z1eN}

{D(I)=0.

HN(I}=0.

D0 10 Jz1.N1
COMII=BIN=ToI*P(J)I+CD(I)
HNCI3z3{NZ=TsJJ*P{J)+HN(T)
PRINT 201 .

CALL PRNTRAT{P+N1+CD+N1le 1HCy IHS)
PRINT 262
CALL_PRNTRAT.(HNs N1 sP eNIv 1HH» IHS)L
CALL PLYMLT{CDs»N1+SNTsN3I,SNs()
CALL PLYMLT{-PsN1+SDT+N3+SDe0).
NS=N4 - 1.
CALL INTSQ(SD:SN.NQ¢S)

PRINT 204y S
GO TO. 2 e i

FORMAT (& E10e3)

FORMAT (I1)

~FORMAT(+0 THE TRANSFER _FUNCTION CFE THE SERIES COMRENSATIOR IS=)}
FORMAT(+0 THE TRANSFER FUNCTION OF THE FEEDBACK COMPENSATOR IS+*)
FORMAT (#0 THE WEIGHTED INTEGRAL SENSITIVITY IS*E1D.3)
_FORMAT_{*0_THE WEIGHIING. FUNCTLION.OE_THE. INIEGRAL_SENSILIVIIt_L&
1}

END

JSUBROUTINE“MODUBSI(iJR'GN'GDOétNXlJNRlJNGLINDlJ—

DOIMENSION Y(10)s R{IC)s GD(1O)» GN(1G) s V(20)s T{20}. G(20)
1eA(36¢36) e AT(3C+38)+C036+18&)+B(36+181),1016}

_YUS)/R(S} IS DESIREOD-CLOSED LOOP RESFuwoGae.- -

GPISI/GD(SY IS PLANT TRANSFER "FUNCTION.
NY IS ORDER OF NUM., IN Y{S}/R{(S). NR IS ORDER OF DEN.

NG IS ORDER_OF_NUM...OF _GAS). ND._ IS.ORDER..QE_QEN

NR-NY MUST EQUAL ND-NG
Y{I) IS COEFFa. OF S++{I-1) IN Yi{S}.


http:Oi-tJ.-WEIGHTINGFUNCT.ION-.OF-.HE

R(I) IS COEFF. OF S##(1-1} TN R(S), 44
GN(I) IS COFFF. OF S#*(I-1) IN GN(S}.

GNII) IS COEFF. CF S#*{I-1) IN GD(S).

READ 1UL1eNYsNR eNGeND IO

IFCEQF +4) S92

- 30O

2 NY J=NY +1}
NRI1I-NR~+}
READ 102+ {YI{T)sI=-1eNY1}
3 READ 11012 (R{IYs IzZ1+NE1}

PRINT 200+NY +MReNG+NDr 1D
CALL PRNTRATIY +NYL+R«NRL»IHT «1HS)

NG1z=NG+1

ND1z=ND+1
4 READ 11032+ (GNUI)e Iz1eNGIL)
5 READ 102y (GD{I)+«I=1+ND1)

CALL PRNTRAT(GNs+NG1lsGDWNDO1 s1H5+1HS)
c " FORM CHARACTERISTIC PCLYNOMIAL.

CabL PLYMLT (GDoNDLeYoNY1:T.D)
CALL PLYMLT (GN+NGL+RyNR1+G. D)
CALL PLYMLT (GN »+NGL Y oNY1 eV eO)
NYNG=NY1+NG1
N “NR+NG+1
‘00 6 I=NYNGWN
NA IS ORDER OF A MATRIX WHERE A IS MATRIX RELATING UNKNOWNS TO
6 V(I)=O. PARAM.r P.
T NAz 2%(N-1)
DO 20 Jz1l+NA
CIF (J.GT.IN-132GO_T0_ 12
DO 10 Iz1sNA
IND=N-I+J
CIF (IND .LT.1) GO T0_ 8 __
IF (IND «GT.N) GO T0 8
A(I«Jd)= TUIND)

(]

80 TO 10__
8 A(I+J)=O.
10 CONTINUE
N 60 TO 20
12 DO 20 I=1sNA
IND =1-T+J

IF (IND.LT.1} GO TO 18,
IF (IND.GT.N} GO TO 18
AlIed)zVIIND)

.. .680 10 20
18 A(TsJ)=0.
20 CONTINUE
 CALL MXINV_U(ArNASAT)
C . € IS THE COEFF. ARRAY.
NMizN-1

DO 245 Iz1eNA

00 24 Jz=1+NM1
INDz2*N-1I-J
_IF(IND.LTL1) GO TO 22 _
IF (IND.GT.N} GO TO 22
C(IsJ) = QCIND}

e GO TO 24
22 Cl{IeJIz=0.
24 CONT INUE

S B IS AI*C.THE RUWS UF B At "tWUAL_ U _tu_any HN. THE _COLS . ARE,
c COEFF. OF P PARAMETERS.

D0 30 Iz1sNA
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30

40

50

.93
101
1G2

200
201
202
204

[ i
Pcﬁnk1ncﬁn
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i
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00 30 Kz1HNM1
BiIsK)zZD.
DO 30Jz1+Na
BlTeKYZAT{TrJI»C (I KILB( Ty K)
PRINT 201y {K (21 «NML)
00 40 Iz1.NM1
NC =N -1
PRINT 202y NCe(B{TIs+K) +Kx=1 NM1)
D3 50 I=NsNA
NBz=Na+1I~-1
PRINT 204y NBs (BT eK)sK=1sNMI)
RETURN
STOP .
FORMAT (4IlleGA1C)
FORMAT (BF10.3)

CFORMAT (1IHI»4(2XT1)2X+68103
FORMAT €10Xs3(3H P{,yIls1H) B8X) )
FORMAT (uH CD(+Ils2H)=+10{E1D,3s3X1))
FORMAT (4H HNC»I1le2HI=»10LE1D.3¢3X))
END
SUBRCUTINE: PLYMLT (AsL+BeMeCeN)

MULTIPLY ONE POLYNOMIAL 8Y ANOTHER

_DEFINITION OF SYMBOLS IN ARGUMENT LIST o o e
A1)y MULTIPLICAND COEFFICIENTS IN THEORDER A(I) *Sax(1-1)

Ly NUMBER OF COEFFICIENTS OF A
—BUIY e _MULTIPLIER COEEFICIENTS . IN_THF ORDER BJI)2S%x({71-1)
My NUMBER OF COEFFICIENTS OF B

.C(1)ly PROQUCT COEFFICIENTS IN THE ORDER C{T)*S=*({1-1)

REMARKS

_JIF Nz e C(I)_SET_JO_ZFERO_AND_PRODUCT FORMED. OTHERWISE JHE PRODUC
AND SUM NEWC=z OLD € + A=8 IS FORMED.

_DIMENSION AC(10)y_ _B10)._C(20)
LPMzLeM=-1
IF (N} 10+10,12
JD0.11 L J=1eLPM
C{Jd)=D.0 .
DO 13 J=z=1.LPM
JMANEMAXO(JS+1 -Mel)
MIN=ZMINQ(L+J)
PO 13 L=MAX W MT
LCldYzAatIIxB{Js 1
RE TURN
END )
_SUBROUTINE PRNTRAT_{AsNNB +NDWDEPVARLINBVARI. .
DIMENSION A{(Z20)}eBl20)e HI20) 9 NL2D)« AT (20} «BT(20)
NE =1
DO 5 TR aoNN____
AT{I}=0.
IF [ ACI) ) UeBe3
CHONEYZ M,
AT I(NE) =AL{T)
G0 TO &
_HINEY=1H~ ___
ATINEY ——afT!}
NI{NE)=I—-1}
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CNE=NE+1 - |

CONTINUE

NE =NE-

FRINT 10N

MINZMING(NE s 10)

PRINT 101 (NI{I)eTz1sMIN)

PRINT 10Z¢(H{I)»AT{(I} e INODVAR »I=1+¢MIN)
IF (NE-10) 3+3+7

PRINT 101+ (N(I)eTI=11«NE)

PRINT 102+ (H(I)eAT(I)e INOVAR oIz 11 NE}
NF =1

DO 16 Iz1sND

BT(I)=0a _

IF ( B(I) ) 14¢16+413

H{NF)}z 1H+

BT (NF)}=B({I)

GO 7O 15

HINF) =z1H-

BT (NF)=—B{I!

N{NF)=I-1

NF ZNF+ 1

CONTINUE

NF =NF~-1""

HH =1 H~

NH=MAXC(13*NEy I3*NF)

TNHZMINDC13DeNHY 77 7

PRINT 103+DEPVARYINDVARy (HHy I=1sNH)
_MINTMINOINF,20)
PRINT 101+ (N{TTeIz1sMIN)}
PRINT 102+ (HLT )BT (I} INDVARSIZL+MIN)

IF INF-1D) 28+28¢27 e
PRINT 101s(N(I)s I=11eNF)

PRINT 102¢ (H(I)¢BTUIJ)s INODVAR »I=11sNF)
CONTINUE

FORMAT (1HO)-

FORMAT (6X1D{11Xs121) '
FORMAT (6Xs10UA1+GLlO.4 +A1s1H ))ﬁ
FORMAT (IXsAlsIHUsAL+2H) 4 1308 D)
RETURN

END S
SUBROUTINE TMXINV (Ry RIi

SUBROUTINE TO FIND THE "INVERSE OF A GIVEN

MATRIX R. N IS ORDER OF MATRIXs RI IS INVERSE _

MATRIX. SUBROUTINE USES GAUSS-JORDAN REDUCTION,

R MATRIX IS PRESERVED. OLAGONAL ELEMENTS OF R MUST BE NONZERO.
DIMENSION R{35+36) sRA(36+72) v RI(36436)

STATEMENTS 20-26 ENTER R ARRAY INTO RA ARRAY
CAND SET LAST N COLUMNS OF RA ARRAY TO IDENTITY

MATRIX
20 00 26 I = 1+ N
2100 24 J = 1o N __
22 RAtI+J) = R{Ied)

23 NJ = N « J

24 RACINJ) = Q. _

25 NI = N +« I

26 RACLNI) = 1.

TSTATEMENTS 1-17 REOUCE MATRIX RA SO THAT FIRST N
COLUMNS ARE SET EQUAL TO THE IDENTITY MATRIX


http:28.28.27
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1NP:2*N‘ 47 -
2200 12 I = 1+ N

C STATEMENTS 3-9 ARE USED T0 SET MAIN DIAGOMAL

C ELEMENT 1O UNTTY

3 ALFA = RA(I.I)
4 DO 5 J4 = I+ NP
5 RA{I+J) = RA{I+JT / ALFA

C
c STATEMENTS 6-11 ARE USED TO SET ELEMENTS OF ITH
C COLUMN TO ZERO
£ 00 11 K = 1+ N
7 IF (K ~ I) 8+ 11 8
8 BETA = RA(K,I)
9 D0 10 J = T+ NP
10 RA(KsJ) = RA(K+J) ~ BETA * RA(IsJ)
11 CONTINUE
12 CONTINUE
c :
c STATEMENTS 30-33 SET INVERSE MATRIX RI EQUAL TO LAST
C N CCLUMNS OF RA ARRAY
30,00 33 J = 1+ N__
31 JN = J + N
32 00 33 I = 1« N
.33 RI(ISJ) = RA(IJN)
34 RETURN
END

— e __SUBROQUTINE PLYSGQ (CeNs»B)

DIMENSION C(40}BL4D) ’
C RETURNS 8{S} = C{S}=*C(-S)} T0 MAIN PROGRAM,
Lo B(GI) IS COEF.. OF. S#*=1-1 IN 8ASYuu oo
C
o

C{I)} IS COEF. OF S=*I-1 IN C(S).
N-1 IS NUMBER OF COEF. IN B{S) AND C({S).
N1z=(N-1) /2
00 20 Iz1eN1
MO =-1 ’
_BltIlzn.
IT = 2=+1-;
DO 20 K=1s» 11
v e M0 = = 1% MO, L. -
20 BIIVY=BL{I}Y+MO*C(K)=C(2%T-K)
NM1zN-1
e N2 ZN 1+ Y L L
00 30 I=NZ. NM1
IINzZ2=1I-NM]
—ee  BOIY O e s e
MO=Z({~1} ==+ NM1
DO 30 K=zIINWNM1
[T 1 ¢ BB 1 X 1 ¢
30 BEI)=B(I)+MO*C(K)=C{2xI-K)
RETURN
—_— _END ..
SUBROUTINE INTSGIAYC +N+S ).
OIMENSION B(IOJ}»ACLIY)eC(10)

C______RETURNS SzINTEGRAL OF CU(S)*C(-S)/A(S)*A{=S5).. 10 MAIN_PROGRAM...
C B(S} HAS N-1 TERMSe A{S) HAS N TERMS.
C BiIl IS COEfF. OF S*2=(21-2)
LG C{I) IS . COLF. OF S*=x(I-=1).
C IF THE LOWER ORDER DEN. AND NUM. COEFF. ARE SMALL (LESS THAN
c 0} THEN OIVIDE B8OTH NUM. AND DEN, BY S=*x2,
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LA
0-1.0E -5
IF (ABS{ACL1}Y)-0) 2+2+2D
IF (ASS(CU1))=0) 44420
IF {K-1) 5:5+5
PRINT 200
PRINT 201+A011+ CL 1)
KoK+l
NoN-1
DO 10 TI=z1.N
A{I)zA(I+1}
IF{I-N} 3841010
.8 C(I)=ClI+1)
10 CONTINUE
GO TO 1
20 CALL PLYSG {CsNeB)
nU NM2=N- 2 ’
DO SO K=1eNM2
NK =N -X
T BAZB(NK) ZAINK+1)
AAZD.
IFtK.EG.1) GO TO upQ
AAZAINK+2) 72 {NK+1)
40 NMK= IN-K}/2
D0 50 Iz1ls KMK
NKI=NK~22I+1
BINK-IJ=BINK~-T)-BA*A(NKI)
ACNKI+1) cAUNKI+1)-AA=A(NKI]
50 CONT INUE
S=8(1)/{2.#A(23*4a0 1))
o RETURN ) o - . L ] L
200 FORMAT (*D THE FOLLOWING COEFF. WERE FOUND TO BE SMALL AND CANCELL
1E0 IN THE NUMERATOR AND DENOMINATOR#)
201 _FORMAT {(* THE DENOMINATOR COEFF.=#* £10.3 * THE NUMERATOR. COFFF.

Lo n T & 5 TS =R 0N I

1=% £10.3)

END
0303 CASE STUDY ILs» THIRD ORDER SYSTEM
1000. '
1000 200... 20. 1o
1000.

2500 . 100. 1.

700 80. i,

?
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Appendix 4 - MODOBS4

Discussion

MODOBS4 uses the matrix relating the coefficients of CD(s) and
HN(s) to the coefficients of P(s) and also the coefficients of P(s) to
determine both the series compensators and the feedback compensators.

The roots of the compensators are included.

Input format

Card No. Columns Description Format
1 1 N = order of plant G(s) S !
2~-80 ID = Identification 8A10
2 1-10 CD(1,1) coeff of array from MODOBS1 E10.3
11-20 Cb(1,2) coeff of array from MODOBS1 E10.3
3 1-10 CD(2,1) coeff of array from MODOBS1 ELO0.3
11-20 CD(2,2) coeff of array from MODOBS1 E1C.3
N+2 1-10 HN(1,1) "coeff of array from MODOBS1 E10.3
11-20 HN(1,2) coeff of array from MODOBS1 E10.3
2N42 1-10 P(1) ~ coeff of s~ in P(s) E10.3
11-20 P(2) - coeff of s' in P(s) E10.3
ete.




Flow Diagram

Read CD(I,J)
BN(I,J)

P(I)

/

Compute

N

I C(I,J)P(J)
J=1

N

Z HN(I,J)P(J)
J=1

h

c(J3)

H(I)

h\
Compute roots of

P(s) and C(s)

Print H(s),
P(s), C(s) and

roots of P(s) and C(s)

50
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PROGRAM MOODOBSY{INMPUT,OUTPUT »TAPE4ZINPUT)

C PROGRAM TO CALCULATE CO¥PENSATORS WITH P{S) AND RESULTS OF MODOUBS1
DIMENSION TO{8)sCD(1Re18) e NILB18)CLIB),H{18) s UtZ23)sVI20)¢P.L20).
N IS THE ORDER GCF THE PLANT. G(S) AND NO, OF COEF 1IN P(S5),

1. READ 100 N+ ID
IFIEQF o4} 93,42

2 PRINT 200+ Ne ID
00 10 I:zlsN

10 READ 101+ (COCI9Jd) e Jz1le NI
00 15 Izl+N

15 READ 101 (HN{I+Jd)s J=1sN)

READ 101+ (P(I)}s I=1e¢N)
DO 20 Iz1eN
CiI)=zQ.
HII}=0. __
DO 20 JzleN
ClIN=CUtIN+CO(I vJ)*P( ))
HUT)YHOI )+ HNCI o J =P J)
PRINT 204
CALL PRNTRAT (PN +ColNs1HC #1HS)
PRINT 205 . _ ...
CALL PRNTRAT (HeN+PsNy IHH: IHS)
NM1=N-1 '
CALL PROOT, {NM1+.CrUr Ve 1)
PRINT 201
PRINT 202 (UCI}oVII)eI=1oNML)
LALL PROOT(NMI1 P sUsV 1)
PRINT 203
PRINT 202+ tUCIYsV(T)+I=1eNM1)
CALL PROOT INMIy+HNsUsV sl .
PRINT 220 )

PRINT 202¢(UCT o V{I} Izl NM1)

B0 7O 1

Yy - STOP
100 FORMAT {I1+8410)

_101_ _FORMAT_(8£1i0.3)  _ —
200 FORMAT (1H1s2X»I1¢2X+8A10)
201  _FORMAT (1HD+SX*THE ROOTS OF C(S) AREC#*13X*REAL PART*1OX*IMAGINARY

e e PARTAYL .. - :

202 FORMAT (32Xs2E20. 7)
203 FORMAT (1HOD+SX*THE ROCTS OF P(SJ ARE *] 3IX *REAL PART*IDX*LHAU{N&RY

e 1PART*). . . et e e e e e e

220 FORMAT (lHD'SX*THE ROOTS OF HN(SI ARE*IBX*REAL PART*IDX*IMAGINARY

1PART %)

204 . .FORMAT._(IHD+*THE TRANSFER. FU NCTION_ OF _THE. SERLES_COMBEINSATUR ISa).

205 . FORMAT (1HOs *THE TRANSFER FUNCTION OF THE FEEDBACK COMPENSATOR IS
1*) ’ )
.END
SUBROUTINE PRNTRAT {AsNN3+ND+DEPVARVINDVAR)
DIMENSION A{20)¢B{20)eH{20)sN{2N}Ye8TE20Y .ATI2N)

__ [N,

WNE=Z1. L
DG 6 Tz1sNN
AT{(I3=0.

e IF L. ALY} _) UsRaZ
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3 HINE)Z 1H +
AT{NE)Y zaA (1)
GO T0 &

y H{NZ Jz1H -
AT{NE) =--A(1I)

S NINEIZI-1
NE=NE+1

2] CONTINUE
NE =NE-1]
PRINT 100
MINZMINS (NE. 1G)
PRINT 101¢{N(I)seI=-1sMIN]}
PRINT 102¢ {HIID) o AT(T )y INDVAR +I =1 ¢MIN}
IF (NE-10) 887

Y AN ~PRINT 101+ (N(I)JeI=11leNE). ..

PRINT 102+ (H(I)vAT(I)e INDVAR vIZ11eNE)
B NF =1

DO 16 I=isND
BT{1I1=0D.
IF ( B(I) } 14¢16+13
13 _HINFIzZ1H+
BT {NF)=8(I)
GO TO 15
_14  HINF) z1H-
BT(NF)=—8I[I)
15 N(NFI=I-1
 NFzNF+1
16 CONT INUE
NF =NF—1
_HH=1H- — .
NHZMAXQO( 13*NEys 13*NF)
) NH=MIND(130sNH]
20 _PRINT 103,DEPVARSINDVAR, (HHy I=1¢NH)
MINZMINOINF+10)
PRINT 101+ (N(I)+I=1sMIN)
_PRINT 102+ (H{T}sBT(T), INDVAR yT=14MIN}
IF (NF-10) 28428927 .
27 PRINT 1G1+¢(N{I)s I=11sNF)
B _PRINT 102+ (H(I)YsBT I}y INOVARYI-11aNF}
28 CONTINUE
10¢ FORMAT (1HO)
101 | FORNMAT (6X»10(11XeI2}) o
102 FORMAT {(6Xol0UALeGI0.4 +ALelH })
103 FORMAT (1XeAle1HCe AL ¢2H) = 13GAY)
_RETURN_ _
END
SUBROUTINEPROOT(NsAvUs Ve IR) ~
DIMENSION AC202 U203 V{203 H{2L)YeBL 2109 CL21 ).
IREV=IR :
NC=N+1
_DO1I=1eNC_
H{TI)=A(I)
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|53

i CONTINUEL
Pz{.
G=0.
Rz=0-.
3 IF(H(1)Yue2yy
2 NC=NC-1]
VINCIzZD.
UINC}z=D.
DOICOZIZ1eNC
H{IYzH{T=+]1)
J002 CONTINUE .
GOTO3
g IF {NC-135,100,5
5 IFINC-2)7¢607
B Rz-H{1)/7H(2)
GOTQ50 i
—T7 IF(NC~319+8y9...
g8 PzHU21 /H(3)
G=HIUI) 7H(3)
————ee. _GOTO7O - ——
9 IF(ABSIHINC—1) /JHINC) J-ABS{H(2} ZH (1)) )1 0¢19+19
10 IREvV=-IREV '
~MzNCrs2__ _
DO11T=1+M
NL=NC+#1~1

F=zH{NL}
HINL }=H{ I}
11 H(I)=F
_ __IF(0113e1221 3
12 P:(]-
GOTO1%
13 PzPro
Bz1./0
15 IF{(R)16+19.16
16 Rz1./R _ __
19 £x5.E-10
BINC)zHINC}
_CINCIZHINC)_
BINC+1)=D.
C( NC+1 ):U-
_NP=NC-1 .

20 DO4g9J=1,1000
D02111z1 NP
I=zNC-I1 . . .
B{I}=H(I)+R=3(1+1)

21 C{I)=B(II+R*C(I+1)

e LF(ABSEB(I)/HI1)I-E)SO+50s 24

24 IF(C(23123+22423

22 R=R+1.

_GoTo3n ... .. _ ..
23 R=R-B(1)/C(2)}
30 DO3711=1+NP
e e I=ZNC-TL oo e
BII)ZH(I)-P*B{I+1) ~UsB(I+2)

[EEN———
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37 CHLIN=B(I)=P2C(T+1)~0*C(T+2)
IF(H(231 3253132

31 IF(ABSIBI2I/7HOIYI-E) 33433, 34
32 IFCABS(B(ZI/HI2))-E) 33+33s 34
.33 IF(A3S(B(LI/HILY)-E) 7070, 34

34 CBARzC(2}~8(2)
B=CU3)**x2-CBAR*C (4]}
IF(D136+35+35

35 p:P—Za
QzO*={R+1.)

"GOTOY9

36 Pz P+(5(2}*C(3)‘8{1)*C(q})/D
Qz-04{-3(2)*CBAR+R{I1)*C {31y /N

49 CONTINDE
E-E+]0.

GO0TO020
-50 NCz=NC-1._.
VINCIzO.
IF(IREV)IS1 +52+52
S1_UINC)z e 4R
GOTO053
52 U{NCIz=R
~53_D054Iz1sNC_.
H{I)=B(I+1)
54 CONTINUE
—eee == GOTOG .

70 NCz=NC-2

IFLIREVITL 72472

_ T3 GPZl./e
PPZP/{Gx2.0)
601073

72 OGP =0
PP:P/Z-U
T3 Fz(PP} **72—-GP
L IF(F)74+75,75__
74 U{NC+1)z-PP
UENCI=-PP
VINC+1 V=SORT (—f
VINCI=-VI(NC+1)
GOTQ 76 .
_75_  _UICNC+11=-(PP/ABS (PP} )+ {ABS(PP)+SQRT{F))
VINC+11=0e
UINCIZQP FU(NC+ 1)
CVINGIZO.
76 DO77Iz1eNC
H(I1=23(I+2)
77 CONTINUE
GOTOY
100 RETURN
END


http:53-DO54.Iz

35

Appendix 5 - STVFDBK

Discussion
A'discussion of this program is given in reference 6. The input
is formed from the state equations: x = Ax + bu, y = cx where x is the

state vector,.u is the input and y is the output. The major use of thie
program is to convert the state variable form of the plant to the equi-

valent open loop transfer functions.

Input Format

Card No, | Column Description Format
1 1-20 | Identification of problem 4A5
.21-22 | N = right order of A matrix, an 12

integer right justified in the field

2 1-10 a11 = first element of A matrix 8E10.0

11-20 a12 8E10.0

‘3 N 1"10 a2‘1 - 8E10-0
l¥-20 a22

2 1-10 i:l 8E10.0

11-20 b 8E10.0




Input Format (cont'd)

Card No.

Coluun

56

Description Format
n+3 1-10 cl 8E10.GC
11-20 62 8210,0
etc. . .
nt+4 1-80 Blank card
Notes:

As many problem may be run as desired by repeating the above set

of cards for each problem.
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PROGRAM STVFDOK (INPUT, QUTPUT . TAPEH = IKPUT)
C CPEN LOOP CNLY
DIMENSION  A(13,10}»B{10)+sHOIN)«CUI0NAME(U) s AA(10,102,0(10)
DIMENSION OCLC)sPLIOY10) +CCU10) o HH{1I D WP INIIO120,U(30),VI10}

2000 FOPMAT{45HD AF R KK S E TR ASER AR SR F R N AR Ak AR Rk A E F % Sk 2k 2 % & )
2001 FORMAT (24101 2)
2002 FOPMAT(8EL10.0)
2033 FORMAT [ 1H1+5X14HPROBLEM IDENT, vSXe 24100
2004 FORMAT(1HD#SX» 12HTHE A MATRIX/) -~
20CS FORMAT(GEZD. T}
2006 FORMAT{1HD #SXe 12HTHE 3 MATRLIX/)
2007 FORMAT(IHOWS5X» 41HTHE CLOSED-LOOP CHARACTERISTIC POLYNQOMIAL/)
2008 FORMAT(1HD+v5Xe 25HTHE FLCEOBACK COEFFICIENTS/)
2009 FORMATU{1HO»5Xs 1OHTHE GBIN = [16.7)
2010 FORMAT{1HD«5Xs 12ZHTHE € MATRI X, 5X uSHt*t**/]
<011 FORMAT (1HO 5 X ZUHDENOMINATCR COEFFICIENTS/)
2012 FORMAT{1HD +SX, 22HNUMERATOR COEFFICIENTS/)
2013 FORMAT(1HO+5Xs23HTRE NUMERATOR OF H-EQUIVALENT /)
T 2014 FORMAT (1HD+5Xy 22HOPEN~-LOOP CALCULATIONS)
2015 FORMAT(iIHD«SXe 2oHMAXIMUM NORMALTIZED ERRDR = E1D0.2/7)
2316 FORMAT (11}
T2017 FORMATUIHD +SXo 24HCLOSED~LDOP ¢ CALCULATIONSY
2018 FORMAT(LHD «5X»BHKEY = T1 e3Xs SH¥¥2xx)
- 2019 FGRMAT(lHDrSXv Z23HPLANT 15 UNCONTROLULABLESXs JICH® #* #2230 %)
2020 FORMAT{(1HO +& Xy 35HPLANT IS NUMERICHLLY UNCUNTROLLABLEIGXt
1 16HMAXS DEVIATION = EI10.285%Xs 10Hsss*xx224%x%)
2821 . FORHAT(IHDnSX_g J1aHTHE R RGOTS ARE + 13X+ OHREAL PART, 10Xe JUHIMAGINARY,
1ART)
2022 FORMAT (25X » ZEZD- 71
. 2023 FORMAT(1HD) -
C READ INPUT DATA
1 READ 2001« (NAME(I)eIz1e 2} «N
o IF(EOF »411 04800
800 PRINT 2003 »{NAME(T) s Iz1s 2}
. PRINT 2004
i BbO0 2 IzZXN
READ ZDDZv(A(I rd led= I.oN)
2 PRINT 2C05+(A(TsJ}vdzl +N)
—— PRINT. 2006 . .
READ 2002+(BIL}yI=1eN)
PRINT 2005(50I)+Iz1 N}
L CHECK. CONTROLLABILITY
DO 7 Iz1+N
AAtlel)=BLT)
" CONTINUE. ...
DO B8 Iz=2N
t=1-1
R DO 8 Jdz11N
AAtJyI}z=0
00 8 Kz1lN
S AACJ I TzAALGT » I ALy KX AAL K L)
8 CONTINUE
CONTRzDET{AA N}
——— IF{CONTR) 3»4.3.
4 PRINT 2019
GO T0 9
L NOTE_USE OF _DUMMY. ARGUMENT_CALLED_
3 CALL SIMEQ(AAvCsNePIN2C)
D0 43 Iz1+N
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00 43 Jz1l.N
P{I,J)z0.
DO 43 K=1sN

PUIoJYzP{L oJI+AA(T+R 1*PIN{KeJ) .

43 CONTINUE
ERRORzD.
DO uy Iz1.N
DO 44 Jz1+N
IF(I~J) 45+46445

46 | ERR = a8S(P{I.J) 1,07 __
GO 7O 4y

45 ERR = ABS(P(I,»J))

44 _  ERROR = AMAXIUERR+ERROR)

IF(ERROR~1.E-5) 944747
47 PRINT 2020+ERROR
€. ... OPEN-LOOP CALCULATIONS_
g PRINT 2000
PRINT 2D1u
NNzZN+1
PRINT 2011
CALL CHREG(AWNsSD} .
PRINT 2005+{0(I)sI=1 NN}
CALL PROOT(NsODrUsVe+il}
PRINT 2021
PRINT 2022 +tU(I)oVAI)eIz1sN)
D011 I=1eN
P{I,N}Y=B(I)
31— CONTINUE ...
DO12J4J=2N
D012 T=14N
e o dZN=J A+ Y .
KzJd+1
P{I+J)2D(K)I*BLT)
DO012_L.=1N _
PUIyJl =P T+ J)I+A(ToL)*P (L 4X}
12 CONTINUE
iy READ 20602y, LC(1I 0y Iz1e N)__
0C 70 Izl N
IF(C(I)) T1e7C+71
By J o CONTINUE -
GO TO 1
71 PRINT 2023
e PRINT 2010 c— e
PRINT 2005¢ (CCIDvIZ1eN) .
49 D013 I=z1N
L CCUI)=0uee.en
D013 J=1 N
CCHINIZPLJsTI%CHJ)+CC ()
13 _CONTINUE ...
DO 100 I=1N
MZNN-I
— e IFACCEM) V10101 00 9 1.0
100 CONTINUE
101 PRINY 2012
PRINT 2005 CCCUT.) 9 T=0 9 M)
MzM-~1
IF{M} 10Ss105+103
— 103 . CALL. PROOT.(MCCeUsVs+1.
PRINT 2021
PRINT 2022 v(ULTI) sViIdeIzis M)

‘58
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105 GO TO 72
10 STOP
END
SUBROUTINEPROOTI(Ny Ay Ue Vs IR ) i
DIMENSION AC203¢U(203eV(Z0)oHI22)9B121 2y C(21}
IREVZIR
NC=N+1
DO1Iz1+NC
H{I)=A{I)
1 CONT INUE
P:Do
G:Uo
Rz=0.
T3 IF(HI1)) 44208
2 NC=NC~1
VINC}=0.
TUINCI=D.
D01002Iz1sNC
HOI) ZH I +1)
T1p0277 CONTINUE ~7 7 T
60703 .
] IF!NC"I)S'IUU!S
TETIFANC-2) T8 T
B Rz-H({1)/H{2)
GOTOS50
"7 IF(NC-3)9+8s8
8 PzH(2) /H(3}
OsHE1Y /H(3Y
GOTO 70
9 IF(ABS{H(NC~I)/H(NC) }=ABS{HI2) /H(1}) }10s 19 13
_-1D0 IREV-=--IREV.
M=NC/2
DOL1Iz1eM
__NL=NC+]-T1
TTFzH{NL)
. HINL)=H(I)
11 _H(I)zF
IF(0)130 12v13
12 P=0D.
. GO0TD1S.
13 P=P/0
0:1- /9
15 _IF{R)16+ 19016
16 Rzl./R
19 €=5.E~10
_____BUNCIZHINC)
CINCIZHINCY
B(NC+1)=0.
CCINC+1)z=0.
NP=NC-1
20 DO43aJz 11000
L. bo21T11z1eNp
IT=NC-1I1
B(I)-H(T)+R*B(I+1)
J21 CLIy=B(D)+RxClTI+Y
IF(ABS{3(1)/H{1) —E) 50 +50s 24
24 IF(C(2))23¢22423
22 RzR# 1.
GOTO 30
23 R=R-B(1)/C(2}



31
32
33

I0 DO37LI1z] eNP
“I=NC-TI1
B{I})=H({IN-Px3(I+1)-G=3(T+2)
37 C(I)_8(I1-D*C(I+IJ-G*C(I*¢}
IF(H{Z)) 323137

IF(ABS(3I2}/HIIN =€) 334330 3y

IFCABS(BIZ2I/HEZ)I-EY33+¢33+ 34
IF(ABSE{B(1}/HIL1))I-E}TO 70 34
34 C3ARzC{2I-R12}
D=CU31#«2-CBAR*C (4}
IF{DI36+ 3535
35 PzP-2.
Q=3*x (Q+]1.}
6GoTOYL9
36 PP+ I(B{2)«C(31-B{1)*C{4})/0

Q=B+ (-8(2)*CBAR+B{ 1) *C(3)) /D

49 CONTIMUE
E-Ex10.
2

“5p NC=NC-1

VINC}=0.
L IFLIREVISIvoceoe
51 UINC)I=14 /R
GOTOS3
52 UINCIZR
53 DOS4I=1¢NC
H{I)=B(I+1)

_S4___CONTINUE.

60704
70 NC=NC-2

e e F CIREVY 71 072472

e BOTO76 . S

15

71 6P =1 ./@ .
PPzP/(08%2.0)
Borers o
72 OGP G
PPzP rs2.0

73 Fz{PP)ax2-QP

IF{F)TY4s 75975

T4 U(NC+1)=-PP
U{NC}=-PP __ . __
VINC+1)=SORT{~F])
VINCIz—-VINC+I),

ke s it s s B i b

U(NC*l)_“(PP/ABS(PPl)*(ABS(PP)+SORT(F)I

VINC+11=0.

—  UCNCI=OP /UCNCEL)

17

VINC)=O.
76 DOT77Iz1+NC

158 1=1:1 & 2

CONTINUE
GOTO4

~100 _RETURN.....

O

C

END
FUNCTION DET{AN)

DIMENSION A{13+10)+B{10,10)

SET '8 EQUAL TO *A' BECAUSE WE DESTROY

00 1 _IKzZ1sN
DO 1 JK=1+N
BUIKsJK] = A(IKeJK)

YA Y

FUNCTION DET DETERMINES THE.DETERMINANT_OF . THE. .MATRIX *A*

IN THE PROCESS



1 CONTINUE . seL -
NN = N-1 ’
D = 1.0
C IF Nz1 THEN BYPASS PTVOT PROCEDURE. G0 DIRECTLY TO CALCULATION
IFINN}YE2+69, 3 OF DET.
C START PIVOT SEARCH PROCEDURE
3 00 100 L=zl sNN
LL = ©41
AMAX = af{l+L)
¥ =z
UM =
DO 15 IzLeN
0O 15 J=L#N o L
IF (AMAX-ABSCA{I»J}}) 10415915
10 IM = 1
JM g ) N
AMAX = ABSUCA(I»J})
15 CONTINUE
C JFOUND PIVOT AT ROW *IM® AND AT COLUMN *JM* _ o
c "IF alL REMAINING TERMS IN THE MATRIX ARE ZEROs SET DET=0. AND
IF (AMAX) 7047014 RETURN,
C NOYW CHANGE RCYS AND COBTIIMNS TF NFCFCSSARY
14 TIF(IM-L) 16+20.186
16 DO 17 J=1.N
T = A(IM.J)
A{IMsd) = A(LsJ)
17 AlLed) = T
.. .D = -b e
20 IF(UM—L) 2192542
21 D022 Iz1+N
LT = A{I.aMy
A{TIsdM) = A(I.L)
22 AMTIWL) = 1
——.b =z -0
c PIVOT NOW AT A{L'thDIVIDE ROW *1* BY A(LsL)}
25 DO 30 K1z=LLsN
— o RULeK1) = ACLLKLI/A(LsL)
30 CONTINUE
C NOW PROQUCE ZEROES BELOW MALN DIAGONAL #A(JsL1=0.
—e D0 50 Jz=LL eN___
BO 50 Kz=LL «N
ALJrK) = ACJeKI-ATUI L) #ALL oK)
50 CONTINUE
100 CONTINUE
o MULTIPLY MAIN DIAGONAL FLEMENTS TO GET VALUE OF THE DETERMINANT
69_D0 20D I=1.eN_
0 = DeAlIs1}
200 CONTINUE
DET. 0 . . L i
o NO W RESTORE THE VALUES OF THE °®A* MATRIX
DO 2 IKz=1IsN
e, DO 2 JK=1eN_
ACIK edK) = B(IKeJK)

—— o ——

2 CONTINUE
- -RETURN
70 DET= 0.

00 4 JK=1IeN
DO 4 IKz=1eMN_  _._
ACTK»dK) = BIIKsJK)
4 CONTINUE
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162"
RE TURN .
"END
SUBROUTINE SIMEG (AsXDOT +XCe AINV X}
DIMENSION A(IC»10) »B(10,10)e XDOTC10) oX {1 D) AINV{1IT«101
D01 Iz1ls+KC
DOl JzleKC
ATNVII+J)}=D.
1 BUIeJ)ZALT vd)
0G2 Iz=1+KC
AINV(I?I_}:I-
2 X{Iy=xpoT1(I}

D03 I-1«KC
COMP =0 .
KzI

IFCABSU(B3IKI))~-ABS{COMP)Y IS o5 044
4 COMP=B(K. T
NzK
5 KzK+1
O IFIK-KC)Ge&e 7T
IF(BIN+I11Bs51+8
IF(N—I)SI:IZ-S
9 D010 Mz1WKC
TEMP =B {I +M)
BI{I+M) =BIN+M}
_BUNsM) =TEMP -
TTEMP =AINV(I.M}
AINVII +MIZAINVINM)
JO_AINVANSMIZTEMP
TEMP =X {1}
¥(I1) =X (N}
KX ONYZTEMP L
12 X(I),X{IIIBIIpI}
TEMP = B8{I.I)
. DBOXZ Mz=1«KC . ___
AINVIIsM) = AINVII«MI/STEMP
13 B{I+M) = B(I+M}/sTEMP
e D016 Jz1.XC... .
IFtJd=1114es 16910
14 IF(B{J+I1})15+16+15
WAELX(JY =X (D) B LI T) #X L 1)
JEMPzB{J+I)
D017 N=1+KC 3
e ~AINV I oNIZAINVAJONI-TEMP A IN VL T+N)
17 BUJs N)-B(J'N)ﬂTEHPvB(IrN)
16 CONTINUE
.3 _CONTINUE__
RETURN
51 PRINTSZ2y I+KC
52 _FORMAT L 18HD ERROR JIN_COLUMN_I2:2X03HOE_MATRIX .o 5X e 3HKC=I2/7)
RETURN
END
e SUBROUTINE_CHREG(AWN.C)L S—
DIMENSION JOI1)eCL{1i)eBCI0«10)+A{10v10}sDL{30D)
NNZN+1
_..D0O2G. I=1sNN_
Ciiizon.
20 CONT INUE
—CINNYL = Jae.
D014 M=l N
KZD

WD~
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50

2000

L=z1

Ji1) =zl

60 TOQ0 2
JILY=a{L Y+

IFIL-M} 3+%5450
MM M -1

DO 4 T=L MM
IIzI+1

JIIDIzJ(Iy+1

CALL FORM{JMeAB)
K=K+ 1

D{K) ZDET (B +M])

DO 6 I:l'M

L-M-1I+1
IFLJELYI-(N-M+LJ) 1+6¢50
CONTINUE )
Ml = N-M=+]
D01y I=1.K
C(Ml}:C(Mlliﬂt}[ijl.[ttﬁ“*
CONT INUE
RETURN
PRINT 2000
RETURN

FORMAT (1HO+5Xe14HERROR IN CHREQ)
END

" SUBROUTINE FORMIJyMy Ae8)

DIMENSION A{10+101+8{10Gs10)sJ(11}
D01 I=1eM__ - ’

D01 Kz1sM

NR=J(I1}

NCzJ (X} .

B{IeK)ZA(NR+NC)

RETURN

-END

.63
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Appendix 6 -~ BODE4

Digscussion
This program is used for providing phase and log magnitude versus
frequency plots for the resulting open and closed loop transfer functions.

The author is indebted to Dr, L. F. Huelsman for this program.

Input Format

Card No. Co lumn Description Format
1-80} LTR = Title of problem 80A1

2 3 NC = No. of functioms -to be plotted I3

3 1-3 NP = No. of values of frequency in 13

the plot (1-100).
4-6 NPD = No. of frequency points/decade| 13

7-9 FHE = LOglG of starting frequency in{ I3
Hz )

10-12} NSCAL = Max. ordinate of magnitude 13
on frequency plot in db.times SCALM
{minimum value is 100 SCALM) db

lover).
13-15] NPHS = Indicator for phase plot, O 13
" if no plot desired, 1 if-plot is
desired
16-18| MSCAL = Max., ordinate for-phase I3

plot in degrees times SCALP
(minimum ordinate (100 -SCALP}
lower)

21-30] SCALM = Scale factor for magnitude |E10.0
data (1.0 if no scaling desired) '

31-40] SCALP = Scale factor for phase data [E10,0
(1.0 if no scaling desired)
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Input Format (cont'd)

Card No. Column Description Format

4 1-3 ND = Max. degree of numerator and I3
denominator polynomials (1-19)

5 1-80 A = Numerator coefficients for 8E10,0
first function (in ascending order,
use 10 columns for each coeffi-
cient)

6 1-80 B = Denominator coefficients for 8E10.0
first function (in ascending order,
use 10 columns for each coeffi-
cient)

Notes:
1. The maximum magnitude in db which will be plotted is NSCAL/SCALM;
however; the maximum value indicated on the plot will be NSCAL.
2. The minimum magnitude in db which will be plotted is (NSCAL-100/
SCALM; however, the minimum value indicated on the plot is
NSCAL-100.
3. The above comments also apply to the phase.
4, The actual values of the variables are listed in the printout
for every fféq;ency.
5. The frequency range in Hz is from IONHZ to IONHZ + NP/ND.
6., For each functioni?o be plotted cards 4 through 6 must be
repeated. As many cards as necessary may be used to specify
A and B when ND 8.
Examples

If the function varies from +10 to ~10 db then choose SCALM = 5,

and NSCAL = 50 since
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NSCAL/SCALM = 10

_(NSCAL-IOO)/SCALM = ~-10

If the minimum frequency is .01 Hz and the maximum frequency of
the plot is 100 Hz with 20 points per decade then the totzl number of

points is

" NP

decades(points/decadel = (log 10 (max. freq.) - NHZ) NFD

4 - 20= 80



PROGRAM BODEY (INPUTOUTPUTs TAPE 4zINPUT)
DIMENSION LTR{B80)
ODIMENSION Y{5,100)

DIMENSION X{10)
1 PHSB =0 .
READ 16Oy LTR
_ IF (EOFs4) 993+2
2 PRINT 101« LTR
READ 105NC
- pRINT lln'Nc - - - PRy 4 - = = PR T - - F— [ - - -
102 READ 105 +NPsNPOrNHZe NSCAL sNPHSeMSCAL +SCALMISCALP
PRINT 112+NP+NPDsNHZ
DO 140 K=1+NC
""PRINT 115+% '
READ 77+ (X(1)eIz=1s51}

77 FORMAT (BF10.4)
T T PRINT T89{X(I}eIzZ1s5)
18 FORMAT{* X(I)% 7 1XelCF1l2Z.3)
NX =1
TTTTTTPRINT 201

DO -140 J=1 NP
FROzXLY{NX »NHZyNPD)
" RAD=6.28318¢FRQ
CALL MAG77(RAD+FMeXePHSD)
137 FML=20.%*ALOGI0(FM)
T UTTTTY K JY SFMUASCALM T
140 PRINT 202¢JsFRE+RADFMWFML +PHSD
PRINT 145 SCALMILTR
CALL PLOTG4{YsNCyNP¢NSCAL)
GO TO 1 '
899 STO0P .
100 FORMAT (80Al)
101 FORMAT (iHl. BOA1)
105 FORMAT (6I342X+2E10.0)
110 FORMAT (1HOD+ I6HNUMBER OF CASESZvr iz
112 FORMAT (1HOsI3+7H POINTSs 110+ 7H/DECADEs5X s 1BHSTARTING FROM 10*%,
1 I3).
115 FORMAT (1HO»/12H CASE NUMBER, 12}
145 FORMAT (1H1»14HMAGNITUDE DATA +14H SCALE FACTOR-- E10.3+1X+80AL7:

201 FORMAT (1HU¢25X05HHERT2113X-7HRAD/SEC-17Xs3HMAGv18Xv2HDBv17K:3HDU
17)

202 FORMAT (1X+IS5s5X5E20.8)
__END :
SUBROUTINE PLOTQ(YrM:NFvNS)

c .SUBROUTINE FOR PLOTTING 5 X 100 INPUT ARRAY (FORTRAN 4}
_DIMENSION Y(5+100}r LINE(1O1 Y2022} e ML (5]
DATA (JL{I1s1cz 1.51/lHA-IHB.IHColHnolHE/eJN,JP JI:JBLANK-JZ/
11H=-s IH++ IHI s I1H ¢ 1HS/
D0 99 I=1v+101 . .
LINE(TI=JBLANK
ag CONTINUE
N=0
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c PRINT ORDINATE SCALE
DO 101 Izl.11
LII)-10«I-110+NS
101 CONTINUE
PRIMT 105+ (L{I)}sI=1s11)
105 FORMAT (3)(;11(1'496)() t6HY (11 )}

G0 TO 115
110 IF (N/10-(N-13/10) 12591254115
C._...CONSTRUCT ORDINATE GRAPH LINE
115 ND=0

D0 120 I 1.10

ND=z=ND+1
LINE(ND) z=JP
DO 120 J=1.9
NUOZND+Y ___
120 LINE(ND) zJN
LINE(1D1)=JP
.. IF N} 135+121+135.
121 PRINT 170+N+LINE
GO TO 185 .
€ _CONSTRUCT 1_LINE OF ABSCISSA GRAPH LINES
125 D0 130 Iz1,101+10
LINE(T Yz JI
_. 130 CONTINUE_ _
C CHANGE NUMERICAL DATA TO LETTERS
135 D0 160 Iz1eM
_XNSzNS

—— -

JAZY{IyNV+ 101 49999- XNS .
IF {(JA~1017 140+155¢3145"
L 140 YF (JAY 15091509155
145 LINE(1013=J42
GO TO 160
150 LINE(1)=JZ
GO TO 160
155 LINE(JA) =JL(I)
160 CONTINUE . e
C PRINT LINE OF DATA
IF (N/I0-(N-1)/10) 175¢175¢165
— 165, PRINT 170+NsLINEY.C1 N2
170 FORMAT (IXeIfe101A1v1Xy E12.5)
GO TO 185
.175 .PRINT 180+LINEsY{1sNY_ _ ._
180 FORMAT {5X+101A1+1X¢E12.5)
C SET LINE VARIABLES TO ZERO
185 D0_1°0.1x=1,101_
LINE(T Y= JBLANK
190 CONTINUE
. 185 Nz=N+1 N
IF {(N~NF) 110¢110s200
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200 RETURN
END
FUNCTION XL4& (NLOLLP}
AN N
AL 0zL0
ALPzLP
AA=AaN/ ALP+ALO
IF (AA) 100 100+105
100 XLUz-1la/1D0e**x{-AA1
G0 TO 110
105 XL 4-10.**AA
110 N=N+1
RETURN
.. END
SUBRODUTINE HAC??(S-TAMP-X.PHASE)
DIMENSION X(10)
. COMPLEX GN+GDs ONeDDs FN2CNe CO T
GN =CMPLYX{79.8+S5+172.0)*CHPLX{79.8+5172.0) = 385,0 =+
1] CMPLX(1760+¢S+331.0). * CHMPLX(176.0sS-331.0) =
.2 CMPLX(8DeB8sS+575.0) *CMPLXIRO.B8¢5-575.0) =
3 CMPLYX (B2 8¢S+S45,0) * CMPLX{32.8¢5-945,0}
GD —CMPLX (UG OeSY*CMPLE {4 U, S5 S+2B2.0)*CMPLX (4 HB.595-282,0) *

1 CMPLX (B4.b4+S+478.0) * CMPLX{30,4s5-478.0) *
2 CMPLX{130+5»5S+7840.0) * CMPLX(130.5¢$-740.0) =
3 CMPLX(191.5+541082.07 & CMPLX(131.,5+5-1032.0)
ON=5.15E+419%CMPLX(1030.015 ) .
DD -CMBLX (650095 )+ CMPLX( 1260 +01S+583 .0 14 CMPLX (12604095 -5 88.0)
1 #CMPLX(2E1.0sS+147D,0)+#CHPLX(261.0+5-1470.0)
2 #CMPLX(3910.0+5+1810,0)*CMPLX(3910.0+5-1810.0
PN = CMPLX{1010.0S} / 1010.0
CNZ1.335%CMPLX {142,095+ 248, J*CMPLX(142.+5-248,)
COZCMPLX(DO.sS)*CHMPLX (SO0 .+ S)
TZ(GN*DD*CD) /{GO*DD*CO+GN+ ON*CN*FN)
TAMP ZCABS(T)
AZREAL (T)
BZAIMAG(T)
PHASEZATANZ(Bs A} %#57.3
RE TURN o
CNZX (3 )% CMPLXIX{ 1) +S) *CMPLX (X (4)+S)
COZCMPLX (X {21y ST2CHPLX{ X{5) S} *CMPLX (O.sS)
T=IGN/GD)* (ON/DD}* (CN/CD I (PN)
END
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Appendix 7 - Case Study 1

Second Order Plant

Discussion
A second order plant has bsen selected so that some insight into
the effect of compensators can be obtained before the computer programs

are used. Suppose that the plant transfer function is

100

G(s) s(s+b)

(6-1)

and the desired transfer function is a Butterworth type respouse for

maximum bandwidth,

I(s) = 100

5 (6-2)
$“+y2+10s+100
The feedback compensator will be of the form
H.+H.s
I )
H{s) = P1+s (6-3)

where arbitrarily P2=1 since the numerator and denominator may be multi~

plied by any constant. For zero steady state error at low frequencies

The transfer function of the series compensator is of the form

P1+s

“) s (6=

From the relation between the closed loop transfer function and the open

loop transfer function,
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G(s)C(s)
14G(s)C(s)H(s)

T(s) =

(6~5)
100(P1+s)
s(s+b)(CD1+CD23)+100(H1+H23)

100
6242 10s+100

Cross multiplying, and eqﬁating coefficients result in the

equations,

3
s i = 002
2
5 J2'10¢2; = cD+1 CD,
st 100647 10 P, = bCD +100H,
0
s P1 = H1

Solving for CD CDl’ and H,, the above equations become

2}
, = 1
€D, = V2 104P,-b
1 1
Hy = L+(P=b)({2/10 - b/100)
H = P

Thus the compensators are specified except for b, and Pl.

Sensitivity
The sensitivity of the closed loop system to variations in plant
gain is

K_ _T(s)  _ s(stb) (CPr*e)

S =
T = G(s)C(s) s24J7 10s+100) (P, +s)

(6-6)
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The low frequency semnsitivity is

b.CD, rs
T _ ___ 1 _
Sg < 100, (6-7)

]

which is minimum for CD1 0 which implies

n

. /2 10+P,=b = 0

b=¥2 10

ch

(6-8)

~d
1

Unless P1 is positive the feedback compensator will be unstable and the

overall system will be infinitely sensitive to variations in P If P

1° 1
is positive, then (6-8) is a restriction on the plant time constant. The
only alternative is to make P1 sufficiently large to keep the seasitivity

low. cif, eqn. 6-7. 1t is interesting to compare the sensitivity of this

system with the Heq compensator and the Guilleman-Truxal compensator.

Heq Compensator

Choose Heq to be Heg(s) = l+k,s. Then

2
— G{5)
T = T5(e)beqls)
100 - 100
52+1o/§ s+100 S(S+b)+100(1+kzs)

Equating coefficlents,

102" = b+100k

2
- l0/Z-b
2 100
RN ST
s°+1047 s+100
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Guilleman-Truxal

Choose

- &tb
C(s) = s+¢
100 100

5241042 s+100 s(s+c¢)+100

Cross multiplying and equating coefficients,
c = 102

Thus, the sensitivity is

¢ T o —_s(s+1047)
(s2+J2 10s+100)

K

The above sensitivities are plottea in Fig. 6-1 for the case of

where b = 20, and CD, = 0,

1
If b = 10, then for P1 positive, the sensitivity is minimized

if Pl is made large. CDllP1 is nearly one if Pl = 40. The three sensi-

tivities are shown below.

MODOBS
¢ T _ _s(s+10)(s+66.14)
K 2
(s“+104/28+100) (s+40)
Heq
g T - s{s+10)

(s24+10Zs+100)


http:s(s+10(s+44.14

20

10 |
0L
Gain (db.)
: 100 545,86
6(s) s(s+20) C(s) = s
~10
T(E) - 2 100 H(S) - loasi§+gég6
s+ 2 10s+100 AR
-20
"30 i ‘
.1 1 10

Frequency (Hz.)

Figure 6.1 Semsitivity of High-performance Plant

2!
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Guilleman-Truxal

s(s+10v2)
(s2+10 J25+100)

woH

Notice that for b = 20 the MODORS system is significantly better
at all frequencies below 1Hz. The Heq compensation is both unrealizable
and largest in sensitivity for this case. When the forward gain is small
then no compensation will help the sensitivity. Thus all the proposed
systems have a sensitivity near one for frequencies above 1Hz.

For b = 10, the low frequency plant gain must be greater to
achieve the same T{s). The Guilleman-Truxal compensation decreases the
forward gain proportionately, so that the sensitivity is unchanged. The
Heq compensation does not change the forward gain; therefore the sensitivity
is reduced from the case where b = 20. The MODOBS system also improves
in sensitivity, but this system will only be as low in semsitivity as the

Heq method when P, is infinitely large. Nevertheless, the MODORS

1

compensation has the advantage of being realizable.

Integral Sensitivity

For the plant with a pole at -20, the integral sensitivity

(weighted by 1/s5) is

2
joo s{s+20)(s+P_~5.86)
s=5= ;1- 5 — 1 ds
- 500 (s“+10§2 s+100) (s+P,)

This integral can be evaluated directly from Newton, Gould and Kaiser,

p. 372,

The minimum low frequency sensitivity was attained for P1 = 5,86

which from MODOBS3 has an integral sensitivity of 0.12, The minimum


http:s+20)(s-4-P1-5.86
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integral sensitivity is 0.085 for Pl = 8. 1In this simple case this can be

determined analytically by plotting 8 as Pl is varied.

Final Design

From the integral sensitivity data, a final design choice is

The following graphs are shown in Figs, 6-2 to 6-4,

Fig. 6-2 Plant transfer function
Fig., 6-3 Sensitivity function

Fig. 6-4 Loop gain function

Conclusion

From the above figures the design demonstrates the dependence of
the sensitivity on the plant parameters. I1f the time comstants in the
closed loop transfer function are much greater than those in the plant,
a sacrifice in the system sensitivity at low frequencies must be made.
In addition the compensator will have large gains associated witb the
feedback which complicate the design of the compensators and increase

the effect of the measurement noise.
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-10

Gain (db.)
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-30

open loop

100

G(s) = STer20)

closed loop

T(s) =

100

s2+y2 10s+100

Frequency {(Hz.)

Figure 6.2 Open and Closed Loop Transfer Functions
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Appendix B - Case Study I1

Third QOrder Plant

Discussion
A third order plant has been selected to compare the computer
results with hand calculations. The results agree in all the calculations

discussed balow, The plant transfer function is chosen to be of the form

1000.

3 2
s +GD35 +Gst+GD

G(s) =
1

and the desired closed loop transfer function is again chosen with a

Butterworth type denominator,

1000
T(s) = 3 0

57+2 08 242 00s-+1000
MODOBS2

g )
1+P25+P3s which give

minimum low frequency sensitivity were derived in Appendix 2. For N=3,

The equations for the coefficients of P(s)=P

P, = 1

P2 = GD3 - 20

Py = GD, - 200 - 20(P,)

These equations are satisfied if

GD3

il

20

sz

i

200

Low frequency sensitivity will be improved if the plant is "Type 1" or
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equivalently, has a pole at the origin; thus

The poles of the plant are the roots of

s (52+2 0s+200) = O

s = =10 + j10
For the plant to have real roots then,
2
GDy - 4GD, > O

and in order for Pl and P2 to be positive,

GD3 > 20

GD2 > 200 + 201-"2

These rzquirements can be met if

GD, > 68.28
2
20(6D, - 10) < GD2< GDy / 4

GDl =0

1f GD3 is near 68 then Pl must be near zero., Under these circum-
stances the zero of CD(s) cancels the pole at a low frquency,‘and the

low frequency sensitivity suffers. Suppose that

GD3 = 100



Sensitivity
(db.)

~10

-15

=20

MODOBS

Guilleman-Truxal

01

1
Frequency (Hz.)

'Figure 8.1 Sensitivity of Third Order System

(4]
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Then

1800 < an < 2500

P3 = 1
P2 = GD3 - 20= 80
PL = GD2 - 1800

To keep the low fraguency pole of P(s) as large as possible it is best to

make GD2 large; thus

GD3 = 100
6DZ = 2500
GD1 = 0

P3 =1

P2 = 80

P1 = 700

Sensitivity

If the plant can be selected as above, the sensitivity becomes

T T(s) _ s(s>+100s+2500) s>

5T - =
R G()C(8)  (634905242005+1000) (s2+80s4700)

For this choice of the plant the system will have minimum low
frequency.sensitivity and a stable feedback compensator. A comparison
of the sensitivity of this system with only a series compensator which
achieves the same closed loop response is shown in Fig, 8-1. Except
for frequencies between 1l.41 Hz and 14,1 Hz the sengitivity is improved

by using the MODOBS system.
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Discussion

Again, the importance of choosing a plant which is consistent
with the requirements of the overall system is evident. 4 slow system
cannot be made to react quickly and also have good sensitivity charac-

teristics using second order compensators.
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Appendix 9

Case I1l In core Thermionic Reactor

The plant and the desired transfer function for an in core
thermionic reactor have been discussed by Weaver et alti]. The charac-
teristics of the system are given in the above report. This appendix
dddresses itself to the question of realization of the desired transfer

function for the fourth order model when-only the output is available.

The plant transfer function is given by

G(s) = (s+.0326) (s+.1)(s+1.79) 200
(s+.0119+3.0164) (s+.0119~ §, 0164) (s+. 00663) (s+1.85)

and the desired transfer function is

Y(s5) - 200(5+.0326) (s+.1){(s+1,79)
R(s) 100(s+.0326) (s+. 1) (s+1.79) (s+2)

When these terms are multiplied out the resulting transfer functions are

1.16708+48.12285+384.5252+20053

G(s) = -6 -3 2 3 &
5.03585.10"041. 0542 1072+, 056863952 +1. 88045 "+s

¥(s) _ 1.16708+48. 12285434, 52542 005>

R(s) 4

1.16708+48.706358+408. 5815524392 . 265+100s

This problem reprasents a special case’ in that the numerator of G(s) and

(o)

Y/R is the same. Equating the real and desired closed loop transfer

functions yields

G(S)C(s)
1+G(s)C(s)H(s)

T(s) = 2(s) =

and in terms of the numerator and denominator polynomials,


http:5.03585.10
http:200(s+.0326)(s+.l)(s+l.79
http:s+.0119+j.0164)(s+.0119-J.0164)(s+.00663)(s+1.85
http:0326)(s+.1)(s+l.79
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IN(s) GN(s)CN{s)HD(s)
TD(s) GD(s)CB{s)HD(s)+GN(5)CN(s)HN(s)

Since CN(s) = HD(s) = P(s) and TN(s) = GN(s),

1 - P(s)
TD(s) GD{s)CD(s)+GN(s)HN(s)

Equating the like terms in the above equation and expressing the result

in vector matrix form, one gets

an(1) 0 0 o ||y [avay o 0 0o | |mv()
GD(2) GD(L) O o |lep)| leme2) enci) o 0 ||m2)
6D(3) GD(2) 6D(1) 0 |{ep(3)| |em(3) eN(2) en(i) 0 | |HN(3)
ap(s) 6p(3) op(2) en(L)|leps)|  [emea) w3y en(2) anquy | mve)
o5y o) e ) | o oy ey ey
0 GD(5) GD(4) GD(3) 0 0 GN(4) GN(3)
0 0 .GD(5) GD(4) 0 0 0 GN(4)
0 0 ¢ GD(5) 0 0 0 0
EO N 0 o | [2e0)
TD(2) TD(1) © o |r2)
TB(3) TD(2) TH(L) 0 | | P(3)
TD(4Y TD(3) TO(2) TO(L)| | B(&)|

TD(S) TD(4) TB(3) TD(2)
0 TD(5) TD(4) TD(I)

0 0  TD(5) TD(4)

0 0 0 TD(5)
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Plugging in the appropriate coefficients from the above expressions for

TD(s), GN(s), and GD(s) the unknowns GD{s) and HN(s) are equal to

[co(1)!

CD(2)

HN (&)

—

1.19114E4+01
1.41485E+02
9.32689E+02
3.31178E-14
9.99949E-01
4.96319E-01
5.09230E-01

4.66345E+00

The resulting expression can

is,

P(1)
P(2)
P(3)

P(4)

If one selects CB(1l) equal to

H

1.10028E-01

=3.32179E~01

-2.19815E-01
0

=5.44224E4+00
«2.12494E4-02
~1.65161E+03
3.56005E~14
2.34842E-05
1. 00486E+00
7.61501E-01
8.25805E+00

alsc be solved for P(s) in

1.28262E-03 -5.27575E~04

1.62916E-01
9.04156E-02
0

93.63714E+00 -1,72292E401
~7.00789E+02
-5.28468E+03

3.91935E+02
2.96273E+03
-1.10191E-13
-4.15859E-05
-8.68215E~03
5.35279E-01
~«1.47636E+01

~2.04714E-02
~1.09084E-02
0

1, 00000E+01
7.43467E-05
1.53222E-02
8.30837E-01
2.82909E+01L

[R—

P(1)
P(2)

P(3)

P(4)

terms of C(s), that

6.47151E-04
2.61570E-02
1,92750E~-01
1.00000E-01

Co(l)
Cd(2)

CB(3)

CDh(4)

zero then there will be an integrator in the

forward path which results in a system with zero low frequency sensitivity.

The requirements for open loop stability are positive coefficients and

CD(1) ¢p(4) < CD(2) €D(3)

P(1) P(4) < P(2) P(3)

These requirements can easily be met when CD(1l) is zero if

cp(3) < CD(2) + CD(3)
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The choice for CD(s) 1s arbitrarily made

Cbh{s) = s{sz+s+1)

then

3 3

P(s) = 7.227-107° + .1686 s + .27226 8% + .1 s

The resulting system has a stable open loop compensator and zero low
frequency sensitivity and zero steady.staté error. These characteristics
are an improvement over the response of the state variable feedback
system while both have the same closed loop response. In addition only

the output state needs to be measured; however, two third order compen-

sators are required,



