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ABSTRACT

A continuous liquid flow system consisting of an inflow pipe,-‘ an open
vessel, and an outflow pipe containing an orifice can be represented by
a first order nonlinear differential equation. The changes in the lineari- i
zed dynamic properties; - steady-state gain and time constant -, of the
nonlinear system with three mathematically expressible pulsesarid step
forcing have,belen studied. It was found that the width of the forcing pulse
was the best criterion for estimating the linear model of the physical a}w
system and that the linearized dynamic properties varied linearly with -
pulse strength. This behavior '»-vas represented by the equation ‘Y=A+BX,
where A and B were polynomial functions of the pulse width, Y ."was the
dynamic property and X was pulse strength. It was observed that the
optimal pulse width, i.e., the pulse width that yielded the correct linea-
rized dynamic properties, was about twice that of the time constant of the
systems in this study. For the step testing, the correct linearized dynamic
properties were obtained by extrapolating to the steady—staté operating
condition to zero step height. All the calculations were carried out on an

IBM model 360/65 computer.
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NOMENCLATURE
ak ’bk Féurier series coefficients.
A Constant in pulse reduction formulas, or cross-sectional

area of systems.
AO, Al Coefficients of polynomial.

A2,A3 Coefficients of polynomial.

AL Fourier integral coefficient.
B Constant in pulse reduction formulas.
C Constant in pulse reduction formulas, or arbitraryconstant

( see Equation (4.1 - 2)).
CO(TP) Intercept, function of pulsé width.

CI(TP) Slope, function of pulse width.

D Constant in pulse reduction formulas.
e . Base of nature logarithm.
f (t) Arbitmryfunction of time.
F() " Denotes Fourier transformation.
G Steady-state gain.
G (Gw) .Transfer function in le'equency_doma.iqn.v
G (s) Transfer function in s-domain.
h Interval of the Runge-Kutta numerical integration.

IM (w) Imaginary part of G (jw).

i -1

k Arbitrary index.



R (w)

Re (w)

1]

(W)p

2]

(W)

N

Level height of system.

Denotes Laplace transformation.

Arbitrary index.

Influent flow rafe of system.

Effluent flow rate of system. . .

Input magnitude of sinusoidal wave applied to linear device.
Output magnitude of sinusoidal wavé from linear device.
Arbitrary index.

Truncation error of fourth order Runge-Kutta formula.
The first term of fourth order Runge-Kutta formula.
Steady-state value of step forcing, defined in Figure 22,
The second term of fourth order Runge-Kutta formula.

Steady-state value of step response, defined in Figure 22.

“The third term of fourth order Runge-Kutta formula.

Resistance.of the discharge orifice.

Magnitude ratio.

Real part of G (jw).

Complex variable of the Laplace transform.

Frequency content of a pulse function.

Normalized frequency content, = s (w)/s (0) .

Zero frequency content, Or pulsc;, strength of input pulse.
Freq‘lency content of input pulse.

Frequency content of output pulse.



t Re al time.

T Tin';e constant, or period of a periodic function.
TP Pulse width.

Ty Width of system input pulse.

TY Width of system output pulse. -
At Interval width on forcing function.

A ty Interval wi@th on re~s.ponse function. -
v The fourth term of fourth order Runge-Kutta formula.
W Firequency.

w £ Fundamental frequency of a periodic function.

x (s) Laplace transform of forcing function.

x (t) Input or forcing function.

¥ (t) Defined in Equation ( B.2 - 1). o .
y (s) lLalpla.ce transform of response function.

v (t) Output or response function.

y'* (t) Defined in Equation ( B. 2 - 2).

p (w) Coefficient density of a periodic function.

fi(w) Phase lag, = ¥.

SUBSCRIPTS

ss Steady state.

n Normalized.

x For input, defined at point of uée.

- X1 -

For output, defined at point of use.
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o At zero frequency, or center of Téylof series ¢xpansion.
i " Arbitrary index. |

ABBREVIATIONS

Rec. Recfangular pulse function.

Tri. Triangular pulse function. N

H-S. Half-Sine pulse function.

L!D.P. Linearized dynamic property.
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CHAPTER 1

INTRODUCTION

It is possible to derive the dynamic model of the physmal system
from the a"pplicatmn of appropriate mass, energy and momentum
balances. The mathematical'expression is said to be linear if the
dependent variable and it's derivatives are of the first order péwe_r,
otherwise, it is nonlinear. Also, if any of the coefficients vary as 2
function of the dependent variable, the differential equatlon is conS1dered
as nonlinear. However, systems of chemical engineering mterest are.
almost universally nonlinear in nature and one of the most important
problems that confronts the chemical engineer is the study of the
dynamic characteristics of nonlinear systems. |

In its most general interpretation, knowledge of the process dynamms
implies cognizance of the functional relation between the input and output
of a system. In practice, this functional relationship is determined |
by testing the existing system and representing the results as a
linearized model of the system.' This approach has certain advantages
because a vast sources of analytical and control system design methods
have been developed using linear differential equations. The problems
as soaated with testing nonlinear systems to obtain linearized models
of the system have not been studied. This study represents a preli-
minary investigation into these problems usinga simple nonlinear
system and two of the common test methods; pulse testing and step
testing. Both test methods are based on the assumption that the system
behaves as a linear system during the test. The objective was to
determine the effects of the amplitude, width,and shape of various
forcing pulses on the resulting steady-sfate gain and time constant of

the system which were computed from the test results. The results
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were compared with the true steady-state gairi and time constant computed

analytically from the " linearized " equation representing the system. «



-3 -

- CHAPTER 2

REVIEW OF CURRENT LITERATURE , )

Most current control system design methods are based on the use’
of a linear model of the physical systems. The study of the behavior of
nonlinear system dynamic properties obtained by .dyqami"c testing has |
not been reported in the literature. Thus, a study of the problem of
aetermining a linear model of a nonlinear system and the relationship
between the system dynamic properties and the forcing functions
appears to be a worthwhile project. In order to meet this end, a review
of some testing techniques, which a1"e pertinent to this study, seems
‘essential.

The most fruitful techniques for process control and analysis are
based on the frequency response method (1, 2) and thus are valid only
for the linear system. In order to obtain enough poinﬁs to define a fre-
quency response curve adequately,' it is necessary to make' a nurnber
of sinusoidal tests at various frequencies. This is a significant
disadvantage in many cases. Furthermore, the sinusoidal method is
imcompatible with many systems, for instance, one involving a fast

chemical rea.ctmn.

The pulse test1ng method was developed (3,-7) to cu'cumvent
difficulties encountered in the frequency response method. It is very
simple in principle and in application. The system input is given an
arbitrary closed pulse and the resultant output recorded. If certain
precautions ( described later ) are observed, the entire useful portion
of the frequency response curve can be mathematically derived from
these data alone. Several wo-rk‘ers (4, 8 -17) recognized the value
of pulse techniques and used them to determine the dynamic response
a.reund,the operating conditions for chemical processes including heat

exchangers, reactors, even the whole plant ( 18, 19) . Reeently ,

S



Marino et al (' 20, 21 ) and Thusoo (22) both sh;wed that the pulse
technique was a reliable method for obta.iningr dynamic response data
- of the distillation column.

Another forcing which is easy to generate experimentally is a
step-forcing function. This method consists of forcing a step change
on the input and recording the transient of the output. “'I'his technique is
valid for the linear system only (1, 23, 24 ) . However, if the magni-
tude of the step change is small compared with the steady-state operating
condition, the technique can be applied to nonlinear systems to obtain
the dynamic response. Several investigators ( 25, 26, 27, 28) have
published detailed discussions and applied this technique to vsome;:

practical systems.



CHAPTER 3 | ‘ S
THEORETICAL BACKGROUND

In general, the theoretical background used in this study is based
on linear system analysis. The response of linear systems is well
known. When nonlinear systems are tested using linear system testing
technique to obtain dynamic information, one must as sﬁl:ne that the
system behaves linearly during the test. Whereas linear systems
respond linearly with forcing functions nonlinear systems do not.

The output response from a nonlinear system is a function of the input
forcing shape and magnitude. Small devia.tior;s from linearity can be
1gnored if the magmtude of the test disturbance is small. If a sinusoid-
al testing technique is used, these deviations can easily be detected by
observation of the distortion of the sinusoidal output S1gna1 However,
nonlmeant],es cannot readily be detected in the output signal from pulse
and step tests. Thus, if these testing techniques are used there is a.
trong possibility that errors will be 1ntroduced in the paramete_rs
describing the linearized model of the system. The magnitude of
these errors and their behavior are the subject of this thesis. The
analysis of the results of this study are based on linear system theery;
in particular, the frequency response technique. The theory concerning
the various testing techniques is cons1dered essential for this study and

is now reviewed.
3.1 SINUSOIDAL TESTING

The frequency response of 2 system is the response of the system
to steady-state sinusoidal forcing over a wide range of frequency. Con-
sider the linear system of Figure 1, which is forced by a sustained
sinusoidal signal at constant amplitude M and constant frequency w .

The response signal will be another sine wave having the same frequency
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but with a different amplitude and a displacerrient-‘of the output with
respect to the input wave. In the figure this response is identified as .

N SIN (wt +{), where s//is the angular displacement of the output wave

from the input wave.

—ﬁ EEY

MSIN (wt) | NS]N(ﬁvt-h/,)

Figure 1. Sinusoidally forced element

The frequency-response characteristics of a.linear system are
given at each frequency by the ratio of the amplitude of the response
sinusoid to the amplitude of the forcing sinusoid-, and the phase shift

between the two sinusoids. Thus the frequency-fesponse characteristics " :

rare
, . . N
Magnitude Ratio R(w) = v
Phase Angle ¢ (w) = %
then G(jw) = R(w)e‘]¢(.w)

‘The complex quantity, G (j w), where amplitude is R ( w ) and whose
phase angle is¢( w ) will then be defined as the frequency response

function of the system (1).




3. 2 PULSE TESTING

The transfer function, G (s ), of a single-input and single-output
linear system may be defined as the ratio of the Laplace transform of

the output and input. Thus, using the definition of the Laplace transform,

© -s t '
L(y(t))_fo“”e dt (3.2-1)

L(x (t) ) ffx(t)e-Stdt -

‘G(S):

where x(t ) and y(t ) are the input and output functions respectivély, '
and s is the complex variable of the Laplace transform. It has been
shown ( 29 ) that the frequency response can be derived analytically
from the transfer function by substituting jw for s. In this form,

the transfer function

j‘”y(t)e‘JWtdt
[a}

G (jw)

fmx(t)é—jwtdt

[o]

R (w) e P(¥) (3.2-2)

becomes a Fourier transform.

Consider the case when the system inputx(t)isa closed pulse,
i.e., it is zero att= 0, assumes a finite value for a finite time interval
T,, and returns to zero at the end of the interval. Itis possible to
make the assumption,which is valid for most systems, that the output
resulﬁng from the pulsed input is a pulse of the same typé, existing
only for 0&tg€ Tyu after which interval y(t ) has returned to its steady-

state value so closely that any difference can no longer be distinguished.



Then Equation ( 3.2 - 2) becomes

A 3.2 - 3 )

It can be shown ( see Appendix A ) that the frequency content, s( Wv); ,

of a ncnperiodic function is given by its Fourier transform

s(w):F[f(t))zrf(:t)e'jmdt (3.2-4)

-0

If only the pulse function is considered, it follows that

: T . _
s(w):Iopf(t)e‘det - (3:2-5)

where Tpis pulse width. The frequency content of the input pulse,
x(t), 1s given by the absolute magnitude of its Fourier transform.

Therefore, the magn1tude at zero frequency is given by

Tp -
s (w)g = on(t)dt L (3.2-6)

This integral is just the area under the curve x ( t). For this study,
__this value is referred to as the input pulse strength. '
Meaking use of the properties of complex numb'ers, the magnitude
ratio is the ratio of output frequency content to input frequency content,

and the phase angle is the phase angle_between s(w )Y and s ( W)
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where the subscripts indicate frequency content of system output and input,

respectively. Thus from Equations ( 3.2 - 3)and (3.2 - 5), it follows
that

s (W)y‘

R(w) =
v |S(W)xl

T -
Hoyy(t)e'-’mdtl

_‘J'T(‘)Xx(t)e—thdt‘

(3.2-17)

(P(w) = angle[s(w)YJ - angle[s(w)x] (3.2 -8)

If the Fourier transform integrals of Equation (3.2 - 3) are evaluated
numerically, frequency response of the system with the use of Equations
(3.2-7)and (3.2 - 8) can be obtained; The pulse reduction pro-
cedure is presented in Appendix B.1.

The frequency content of a non-periodic function is a continuous
function of frequency ( Appendix A ) and contains a continuous frequ-
ency spectrum. If sucha pulse is applied as the input to a physical
system, the system will be excited by all frequencigssimultaneously,
and the system output will consist of the éombined responses to these
frequencies.

The close relationship between the frequency content, especially of
the input pulse,and the frequency responase derived from a pulse test
is of paramount importance to the efficient recovery of frequency
response data from the pulse test. For purpose of comparing pulses

of different shape with regard to {requency content, it is 2 common
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practice to plot a normalized frequency conteht, s (W )n , rather than

s (w)itself. s (w )n is given by -
s {w)
s(w)n=..——-—-— - (3.2-9)
s (0) : '

i.e., the ratio of the frequency conteht at w to the content at w = 0.
Behavior of frequency content depends on both pulse shape and pulse

width, T If the normalized frequency content is plot;téd against

P E4
w-Tp , it will depend on pulse shape only. In Figure 2, plots for
frequenciy content of some simple pulses are given ( 4, 30 ). Theo-

retically, with the pulse test, frequency response can be obtained over

the frequency range exce t where s (w)_is zero. But ractical
Yy g P a p: .

limitations, like the accuracy of the numerical evaluation of the Fourier

transforms, data reading errors etc. limit the valuable results to the

value of s (W )n going down to 0. 3 before first zero occurs ( 4, 6).

3.3 STEP FUNCTION TESTING

The step function testing consists of changing the input variable
that is initially at a constant value up to tirhe zero to a different cons-
tant value ( higher‘ or lower ) after time zero. The corresporidihg
transient output is then obtained with a different magnit.:ude. In this
study, the forcing strength of the step function has been defined as its
magnitude.

The conversion of transient response to frequency response is of
considerable practical importance, because; theoretically, a single
response curve is sufficient to generate the response to the entire fre-
quency spectrum. The data reduction principle is presented in

Appendix B. 2 .
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CHAPTER 4

DESCRIPTION OF PHYSICAL SYSTEM AND

TESTING PROCEDURE

4.1 DESCRIPTION OF PHYSICAL SYSTEM

The system studied in this investigation was a liquid-level system con-
sisting of a cylindrical tank, an inflow pipe, and an outfloW. pipe that con-
tained an orifice. If the volumetric rate of flow through the discharge
orifice has a square root relationship to the liquid level, then by material
balance, the system can be described using the following nonlinear differen-

tial equation:

dL

Since m, = C Ll/2 ‘ (4.1-2)
a L 1/2

SO Adt + CL = m, | (4.1 - 3)

where A is the cross-sectional area of the vessel and C is the coeffi-
cient of the orifice. The values of A and the coefficient C for the
different cases are tabulated in Table 1. The systems are shown in
Figures 3 and 4.

In case IV the nonlinearity was a cube rooi relationship and case \'
consisted of two first order noninteracting tanks in series. In the latter
case, two vessels both with the square root nonlinearities were arranged
so that the outlet flow from vessel 1 discharged directly into the ‘atmosphere
before spilling into vessel 2 ( see Figure 4 ). Thus, the variation in L,

did not affect the transient response occurring in vessel 1.

At steady state, the term da 1/d t in Equation ( 4.1 - 3 ) is equal to zero,
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. dL
f | — A "'+CL1/2=:.mi
L - dt :
L " A ] Whex;e my =. C Ll/z
+C
bm,
Figure 3. First Order continuous Liquid Flow System. ‘
mi -
d L
1
| L - Ald . * ClLll/Z = my
T
- d L
L A2 6% = myg
; - 2 = m
_L A' — ’Zbdt’_ 2 : 10
= G y
l m where mj, = Cl' Lll/z
lo ' _ g
La2| ™
| 1 C2
' 3'“"'2.:

Figure 4. Second Order Noninteracting Flow System.
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then the Equation reduces to Lssl/Z = mi/C . The steady-state operating
characteristics of inflow rate and steady-state level of the systems are
also tabulated in Table 1. By means of a Taylor-series expansion,the
systems were linearized by expanding the nonlinear variable, mO(L),

around the steady-state value Lgg ; thus

mq " (Leg) (L-Lss)
2]

= 1 -
m mO(LSS) + my (LSS) (L-Lgg) +

(4.1-4)

where mg'(Lgg) is the first derivative of mg evaluated at L g, mo”(LSS)
the second derivative, etc. If we keep only the linear term, the result is

m, = mg(Lgg) + my' (Lgg) (L-Tgy) (4.1-5)

Introducing Equation (4.1 - 2 ) into Equation (4.1 - 5) and applying the
technique of deviation variable (23), the linearized system could be exp-

ressed as

dL .

A + L/R = m, 4.1-6

i / , (4.1-6)
-1 -1/2 . .

where R~ = C L_g /2 . Rearranging Equation (4.1- 6), the

time constant of the system can be expres sed as T = A R, which is the
product of a resistance and a capacitance and has the unit of time, and the
steady-state gain is equal to R. The term R is simply the conversion
factor which relates L(t) to m;(t) when the system is at steady state.

The desired dynamic properties for this study were the steady-state
(zero frequency ) gain and the time constant of the system. These pro-
perties of the linearized systems are listed in Table 1.

The means of obtaining the transient response in this study was the-
Runge - Kutta method (31, 32, 33 ). The concept of this method first
assumes that the function can be a.pproxihugaf.é.cf'ﬁir‘a truncated Taylor
series expansion and then makes use of a numerical procedure to appro-

ximate the truncated Taylor series. The fourth order Runge - Kutta
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formula is comparatively simple and is by far thé most popular. This |

formula is given without proof:

Yigl = yi+(p‘+ 2q+ 2r+ v )/ 6+ O(hs). (4.1-7)
where p = hi(x, v) ' 7 (4.1-8)
q = BE(x+ /2, v+ p/2) (a1 9)
r = hE(x+ /2, yj+a/2) (4.1- 10)
and v = hf(xi-l-h, yi+ T) (4.1-1)

When using these equations one must find the terms p, q, r and v for-
each point in the solution. This means that the function £ ( x, y); must
in general be computed for four different sets of arguments. The incre-
ment on y for second interval is computed by the same formulas, with
{ X5 Vi ) replaced by ( x i1 Vit l ). - Thus all intervals are computed
in the same manner, using for the initial . values the values at the -
beginning of each interval. The method does not need any special for-
mulas to get the solution started and it adapts itself very nicely to a

computational form.
4, 2 TESTING PROCEDURE

In applying the pulse technique to investigate the particular non-
linear systemns, one varied the influent liquid flow rate as the input
variable in a pulse-like manner. This meant that the variable wés
" displaced from its equilibrium positioh for only a finite time. Before

and after the duration of the pulse, this variable was held constant.
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The output, change of level, of the system would also behave in a pulse-

like shape.

In this investigation, three pulses; rectangular, triangular and half-
sine, in mathematical form were varied in width from 0. 3 to 1.5 minutes
for systems Iand II, from 0.7 to 2.8 minutes for system IIL. At each
pulse .duration, the amplitudes of the three input pulses were conducted
by 4%, 10% and 16% deviation from the steédy—state value. For the
system of case I, IVand V, step forcing was done on the influent flow
rate. B

Recording both the time histories of input and output, which were
simulated by using the Runge-Kutta method, frequency response of the
system was calculated as the ratio of the output and input Fourier trans-
form. The time constant was then calculated by taking the reciprocal of
corner frequency, thatis, the frequency at -45 degreés phase shift. The
steady-state gain was the amplitude ratio at zero frequency.

To facilitate the computational requirement, the auther has written
a program based on Equations (4.1 - 7)) through ( 4.1 - 11) for an IBM
360/65 computer which carried out the pulse traces generation. Also,
computer p'rograms which carried out the pulse evaluation using the
trapezoidal rule ( Equations ( B.1 - 3 ) through ( B.1 - 15 ) and Equations
(B.2 - 7) through ( B.2 - 12)) have been written. |

The programs calculate numerically the area under product curves
as specified by Equations ( B.1- 16 ) through ( B.1 - 20 ) and Equations
(B.2 - 7) through ( B. 2-10). These areas are calculated separately
for the interval At, being set to 0.01 in both input and output traces,

and then summed to yield the total values of A, B, Cand D. Magnitude
| ratio and phase angle are then computed using Equations (B.1-10),
(B.1-1), (B.2 - 11) and ( B.2 - 12), beginning at a specified value
of w and incrementing it by 2 specified amount for each additional point

until the highest value desired has been reached. Also calculated and
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punched simultaneo.usly is s (w )x , the frequency content of the input
pulse at the w-value in question. It would be more meaningful for
s (w )xwhen w was equal to zero ( that is, the strengh of the input
pulse ). The effect of the zero frequency content of input pulse on the

dynamic property will be discussed in detail later. -
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CHAPTER 5 -

RESULTS -

» This chapter presents all the test results. For the nonlinear system,
the dynamic properties differed with different strengh of forcings applied
on the systems. The results tested by pulse forcings of the systems I,

II and III are shown plotted on Figures 5 through 10 and are tabulated
iﬁ Appendix C.1. These are followed by the step-testing results of
systems I, IVand V shown in Figures 11 through 13, also tabulated in
Appendix C.2. The test results of the dynamic properties of the linea-

rized systems are tabulated in Table 2.

Table 2. The Dynamic Properties of the Linearized Systems

System Time Constant Steady-state Gain

( min ) ( £t/gpm )
1 0.35076 0.01784
. | 1 © 0.35076 © 0.03571
I 0.70152 0.03566
v 0.52600 0.02679
v 0.54841 0.01786

0.14560




‘1 walsdg 10 y38uaaig osind YItmM uted o1e}s ~Apeoig Jo UOIIBIIBA ‘¢ 2andiq
HLONIYLS 287i0d
(0)3) 08 O Cce 02 Cl
L} [ ¥ ] ()
- oﬂ%o@o‘wll"l.ﬁwﬁ
OO0 ® @ O 5=H , 1%0
. VAVAVREAR 15 ST
onoD 3 8 002 bm.wcc
, 12101805080 6L - «&
«? .1
i O «9 Q
a- ©
v @
7 ©
. G
13
. a K
(3




- 21 - -

-
. ; ‘
4

1 wieysdg jo ﬁwcwuum asTnd ym jue}lSUOD oSS.H. jo coSme.m.?

I._.wzwm._.m wm.._:n_

‘9 aandi g

o9 o oy ~og o0z O

L

O

-
0
o <
uw.l ¢ J._NV_".LS?MOQ

mm.o

620



- 22 -
' €3
ol .
0036

69
=]
N m

e

& €]
t L8]
el Ty
o 0..#

e
D

(“)

f
9

1]

° ’%2’

A ? '\‘.';

VRlP Y

Y . , g
1%

ot

2 U=x»

)
e o
&

Y

(‘5:"1 ~
{
[
5“4
g
3
[ 1

SaN
)y &

End L0053 o H-8 B .

b GOBEE 875
@i;é} {f_j_/
o
AR S
Bl I 3 0
.
Q‘") )¢,\_3L¢.*.n.~_..~‘__.~ - - ] ' -

G 6”20 30 20 50 60
PULSE STREMGTH

Figure 7. Variation of Steady-state Gain With Pulso Strength of System IL



- 23 -

R i ST RAINE W G AR R N e -
. R . : - -
. , )

o 11 wayshg jo ﬁwcﬂwuum asInd WM Jueisuod dwilL JO uoljelIeA

mxrwzumpw 35710d

*g 2an3tg

09 05 oy oe 02 O 0

¥ T 1 ¢m.o

.n.__u . .
©00®© @ O S-H 3% . -
BRAZZAA ML | =
ooe @ @ o3 Yo 0 m
g121018060€0 d1 g %&a .
R LA S
o 9 g >
@ z
® 5

. c J j2¢0.-
@ 3
3

@




4

HLONIYMLS 3ISTNd

— 7

oL 09 05 Oy Og 02 O

LVLS AQVALS

)
)
|

d

.ﬁ..mﬂdll
i ©C0 Q0 O0S-H e
V9 79 v ldd G Ee
oo 2o 003 © o
8212@v10140 di o Y
c @ B @
N ! ¥ B
_ ®
&) v e
o
g &
- @
v g 4
£ ©
O
| o

-

Q;;/ugw—u ‘.'0 IR pNIY



B I PO SR SRRy § 1o f R Ty =¥ o Sp 7 LN 28 SRS SE N g

- 111 wiayshg 3o yiBuaalg asind YIM IURISUOD SWILL 3O uvoyelrep ‘01 2an3Lq

HLON3¥LS 357Nd

o ©09 o5 op -o0g 0z O O
_ .. | - ,. | a © | |
A | . 2%
@ © © @ 0 s-H o CRO |
vovev'iul e i
@ 0@ @0 93y o =
. g8212v10120 di @ %O 9 ._N.O_._.-
. i . :
LU 3 8
. g ©°Y Z
; @ P8 {2L0 4
] N Q V
© =z
& Z
. ©v ler03
2
g
v © . |
. 1v2°0
()
o




768%9

0

~rnin

- 26 -

Ot9}-

570 556 500

NFLUENT FLOW RATE

(stcody S

&
]

gte at 29 O §%/min)

Figurc 11. The Step Response of Steady-state Gain and

Time Constant of System I.



Lal

€.

min/ee?

n 8 o
[»\é ﬁ'g"&‘n

[
4
.

A
y
g

ol

U
~

]
P
2
4
\ur

3 L
© k:" é._;ﬁ

&
g

£O

[

02

- 27 -

~
ﬁ_'
<

i

R

o

Cé) s

5 i 5 1 " v
250 7o 290 35060

& 1 T

INFLUENT FLOV RATE

f1</rnin)

&Y

(s-m@@y gt ic @t 2590

Figure 12. The Step Response of Steady-state Gain and

Time constant of System 1iv.



- 28 -

= .08

e

STEADY STAH

PRI A %, T £ AT SR O W AT S TRy

/

290
INFLUENT FLOW RATE
( sicady siato of 260 fiFmin)

Figure 13. The Step Response of Stéady-state Gain and

Time Constant of Systém V.

'2‘55

in)

i

TANT {

Y

8¢
AV

TIME €O

00



.29 -
CHAPTER 6

DISCUSSION

It is interesting to note ( Figures 11 to 13 ) that the changes of the
steady-state gam with a few step forcings formed a lmear relatmnship?
and by extrapolatmg to the steady- state operating condition ( zero step
height ), the steady-state gains were identical to tha.t of linearized .

- gystem listed in Table 2. A linear relationship also held for the time
constant except at a low ma.gmtude of step height. | |

Pulse testing results are shown in Figures 5 througl'; 10. The linear
relationship still existed between the system dynamic prbperties and
the input pulse strength. However, these lines did not extrapolate to give
the true linearized system properties. S,epa.ra.te curves were obtained
for each pulse shape and width, i.e., with,differént pulse widths, the
siopes and the intercepts of the lines changed.

In Figures 6, 8 and 10, at small values of Tp , the intercepts
tested by the rectangular pulse are much lower than that of linearized. . h
system. This situation, in general, agrees with that obtained by |
Hennig ( 19 ) who has pointed out that a square-wave input in most cases
caﬁses large error. This type of signal must therefore be avoided
where a nonhnea.nty is suspected. -

From Figures 5 through 10, it is obvmus that the width of the pulse

'is the parameter of the sets of lines. An attempt was made to correlate
the slopes and intercepts of the sbe lines as a function of pulse strength

and width. The following relationship were used,

0
]

CO(TP)+CI(':EP)-S(W)0 . (6.1-1)

-

CQ'(TP)fczv(Tp{-s(w)O (6.1-2)

H
"
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where s (W) is the pulse 'strength or the zero freciuencjr content
of forcing pulse, and Tp is the pulse width. ,'

Taking the trend of half-sine pulse as the basis ( data shown in
Table 3 and plotted on Figure 14 j, 'it'wé.s found that CO (Tp) and
Cl (Tp) could approximately be expressed as a third order poly-

nomial as follows:

| ' 2 aa.m 3

CO (Ty) = AO+ ALTp+ AZTp + A3 T, (6.1-3)
| '- - 2 . 3

CI(T,) = AO'+ AIMTp+ A2 Ty + A3-Tp (6.1-4)

Applying the least square method ( computer program is presented
‘in Appendix D ), the corr’elated constants AO, AI, A2 and A3 were
obtained and tabulated in Table 4. The polynomial expressions of
intercept and slope are shown graph1ca11y as the solid lines in"
Figures 14 through 19 . ‘ . )

It was found that the Equatmns (6. 1 - 3 )and ( 6.1-4) dév’eloped
for the half-sine pulse also pred1cted the steady-state gains and time
constants obtained using rectangular and tr1angu1ar pulses. Comp2a-
rison of the system dynamic properties. ca.lculated from test and
that from Eciuations (6.1-1) and ( 6.1 - 2 ) for the various pulse
shapes with known values of s (w)g and TP are shown on F1gures
20 and 21 and tabulated in Append1x E. Dev1a.t1on between these two
| sets of values was within £ 1% except for the time constants obtained
by using shorter_rectangulé.r pulse duratmn '

When the pulse strength s (W)b in Equations ( 6.1 - 1) and
(6.1 -2)is zero, ‘the mtercepts [ofo)] (T ) and CO' (TP) yield the

dynan'nc propert1es Gand T of the linear system. Thus, the value
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of pulse width Tp'( in Equation ( 6.1 - 3) ) that gives the correct

value of intercept CO (Tp) identicalﬁ to G or T in Equations( 6.1-1)
and ( 6.1 - 2) is taken as the optimal pulse width. The optimal pulse
width was read from the CO or CO!' line in Figu'reslfll through 19. The
| results are tabulated in Table 5. ':"It was found that this '§a.1ue of Té
was approxxmately 1.6 to 2.6 times the t1me constant of the lmea.nzed
system. A further ob servation resultmg from F1gures 14 through 19 |
shows that the lower the apphed pulse w1dth, the h1gher the error of

the linear dynamic property.

The error effects contributed by the calculatmn procedure w111 be

disc_ussed here. The fourth order Runge -Kutta formula ( see Equa.tmn, '

(4.1- 7)) gives Vit 1 W1th a fixed truncation error of,order h5 .

that is, the right hand side of Equation ( 4.1 - 7 ) agrees with the first -

four terms of the Taylor series of y; ;. The integration interval, h,.

used in the computer program was set to 0.01. Thus, the effect of the

truncation error on the transient response calculation was undistingui-

shable., Furthermore, Walsh ( 34 ) pointed out that the Runge-Kutta
method is limited by stability consideration to a minimum interval of
10~4 . This means that the integration procedure is unstable when the
interval is less than 10-"’t . Therefore, _the inte_rlva.l that used in this
study was reasonable. |

In this study, since the pulse traces generated from the computer
program baseci on Runge-Kutta theory were ﬁrsﬁt‘ _stored in machine
memory and then called to the program subroutine for the frequency
response calculation, the artificial readihg and data truncating error
were eliminated. ' |

A frequency response which is evaluated by using the Fourier

transform of input pﬁlse and resp’bnse will yield exact information.

- Although the analytically mathematical expression of the tested records

were not known, the Fourier transform calculated by the trapezoidal



- 42 -

numerical approximation and choice of integration step size were
-very precise in this study. This can be seen by comparison of the «

results given in Table 2 with the analyﬁcal results given in Table 1.

Table 5. The Optimal Pulse Duration Estimated
From Figures 14 Through 19. )

System Dynamic Property Optimal Pulse Width

( min )
1 G ' 0.93
I T 0.58 )
11 G 0.74
i T 0.74
\ .
I G 1. 60
I T 1.18
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-~CHAPTER 7 -

CONCLUSIONS

For the systems studied, it was found that the distortion of
dynamic properties due to nonlinearity could be dete.rmined by
applying different forcing strengths on the systems. The stronger'
the applied strength, the higher the distortion. Howe\?er, there
existed a linear relationship between the variation of 11nea.r1zed
dynamic properties and the forcing strength. The slopes and
intercepts of these lines varied with respect to the shape and w*dth
of the forcings. From the correlated resnlts, rega.rdles_s of the -

applied shape, the variation of dynamic properties Wa_.s a linear

function of the strength of forcing Vﬁth 'specified pnlse width as a
parameter, except for the time constant obtained by us1ng shorter -
~---rectangular pulse duration. The pulse width that predlcted -the: true

- —ralue-of the linearized system dynamm property was taken as the

optu:nal pulse width. It was found tha.t the opt1ma1 pulse w1dth was

about twice the value of time constant of the system In other
words, applying a few pulses of any shape with the optimal W1dth -

on the existing system, the linearized system characteristics-

could be evaluated by extrapolating to the zero pulse strength. - The |
. techniques presented are considered useful for determining the

linear model of nonlinear system.
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CHAPTER 8

RE COMMENDATIONS

The pulse testing and correlation techniques presented are easy
to undertake and practical for the design purposes. It is advisable
to apply these techniques to more complicated systems experimen-

tally for determining the linear model of physical systems.




10.
11,

12,

13.

14,

15,
16.

- 45 -

REFERENCES

Caldwell, W, I;, Coon, G. A and Zoss, L..M., ' Frequency
Response for Process Control ', McGré.w-Hill, New York, 1959.
Chestnut, H. and Mayer, R. W., 'Servomechanisms and Regu-
lating System Design ', vol. I, Wiley, New York, 1_959.

Draper, C.S., McKay, W. and Leeé, S., ! Instrument Engi-
neering ', vol. II, Chapter 25, McGraw-Hill, New York, 1953.
Hougen, J.O. and Walsh, R. A., Chem. Eng.Progr., 57 : 69

{ March, 1961 ). v |

Clements, W.C. Jr.and Schnelle, K.B. Jr., Ind. Eng. Chem.,
Proc. Des. and Dev., 2 ( 2): 94 (1963 ). |
Clements, W.C. Jr., !'Pulse Testing for Dynamic Analysis !,
Ph. D. Thesis, Vanderbilt University, 1963.

Hougen, J.O., Chem. Eng. Progr. ( Monograph Ser. No. 4),

60 {1964 ).

Lees, S., Trans. A.S. M.I‘i., 80 : 857 (1958). .
Dreifke, G.E., D.Sc. Thesis, Washington University, 1961.
Lees, S.and Hougen, J.O., Ind. Eng. Chem., 48 : 1064 ( 1956 ).
Morris, H.J., Automatic and Remote Control, Proceeding of
the First International Congress of the IFAC, Moscow, 4 : 354

( 1960 ): |

Head, F.E., Hougen, J.O. and Walsh, R.A., ibid, 4: 312 (1960).
'Dreifke, G.E., Hougen, J.O. and Mesmer, G., Trans. ISA.,
4:353(1962).

Dreifke, G.E. and Hougen, J.O., Fourth Joint Automatic Control

Conference, University of Minnesota, 608 (June, 1963 ).

Hougen, J.O., Chem. Eng. Progr., 59 : 49 (April, 1963.).
Hougen, J. o. , Hagberg, C.G., Fricke, L.H. and Martin, O.R.,
Chem. Eng. E;rogr. , 60 : 74 ( August, 1964 ).

DY A ek h b A AR

i

i

;

X

i

&

§
]
g
1,




17.
18.

19..

20.

21,

22,
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

- 46 -

Law, V.J. and Bailey, R.V., Chem. Er_lg. Sci., 18 :189 (1963).
Hougen, J.O., International Federation of Automatic Control,

Tokyo Symposium on Syst;ar'n Engineering for Control System

Design — Proceeding, 403 (1965 ).

Hennig, T., Control Eng., 95 ( March, 1964 ).

Marino, P.A. and Stutzman, L.F., A.L Ch.E. Jouzrnal,

12 : 603 (1966).

Marino, P.A., Perna, A.J. and Stutzman, L.F., A.I.Ch . E.

Journal, 14 : 866 (1968). -

Thusoo, A.K., M. Sc. Thesis, University of Ottawa, 1969.
Coughanowr, D.R. and Koppel, L.B., 'Process System.Analysis

and Control ', McGraw-Hill, New York, 1965.

Harriott,P., ' Process Con'grol ', McGraw-Hill, New York,

1964. | “
Nyquist, J.K., Schinder, R.N. and Gilbert, R.E., Chem.
Eng. Progr. { Symposium Ser. No. 46) 59 :98 (1962 ).

Schechter, R.S. and Wissler, E.H., Ind. Eng. Chem., 51 :
945 ( August, 1959 ) .

Koppel, L.B., Ind. Eng. Chem. Fundamentals, 1 (2): 131

{ May, 1962 ) .

Wollaston, E.G. and Swanson, B.S., CEP Technical Manual,
P. 1, Published by A.L Ch.E., 1967.

Bower, J.L., ' Introduction to the Design of Servomechanism ‘!,
P. 58 - 59, John Wiley and Son Inc., New York, 1958.

Smith, G.A. and Triplett, W.C., Trans. A.S. M. E., _7_9_ : 1383
(1954 ) .

Beckett, R. and Hurt, J., 'Numerical Calculations and Algo-
rithms ', McGraw-Hill, New York, 1967 .

Kopal, Z., 'Numerical Analysis ', John Wiley and Son Inc.,
New York, 1948 .



33.

34.

- 47 -

Willers, F.A., !'Practical Analysis ', P. 398, Dover, New

York, 1948 .

Walsh, J., 'Numerical Analysis ', Thompson Book Company,
P. 180, 1967.




- 48 -

APPENDIX A -

DERIVATION OF FREQUENCY CONTENT

OF THE NON - PERIODIC FUNCTION



- 49 -

PEREApRERORIRP e o

DERIVATION OF FREQUENCY CONTENT OF THE NON-PERIODIC
FUNGTION o R . }

et LA oo

Consider a periodic function, f ( t ); of period T with the -F_au.rier'

series expansion, it can be expressed as a summation of individual

trignometric components, each possessing definite frequency and mag-

A b T L T A,

nitude. Thus f { t) can be expressed as the series,

Mg

£(t) = [akSHQ(kWVT)A?%KCOS(kWVT)]

k=0

(A-1)

where J a.k2 + bkz represents the total amplitude of the component
of angular frequency kw/T . The identically equivalent complex

exponential form of Equation { A - 1) can be expressed as

co

£{t) = > A_ eV . (A-2)
' n=-0
where . 'I'/Z .
VA = %J f{t)e P™ta¢ | . (A -3)
n tiT/2 -

By inspection of Equation ( A - 3), itcan be seen that the Fourier
coefficients A, approach zero as the period T becomes infinitely

large — that is, for the case of a non-periodic function like amon-
recurrent pulse. To avoid this difficulty, it is convenient to define

‘the coefficient density;

jnwt

T/2 )
p(w) = TA, =.[ f(t)e

-T/2

dt (A-2) 'W
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and to regard p (w) as defining the ' frequency content " of a periodic
function ( 30 )'. For such a function, p (w) exists only at discrete fre-
quencies that are integral multiples of the fundamental frequency
(we= 21 /T ), corresponding to discrete terms in the Fourier series
expansion.

For the case of total non-perioéic pulse, T — 0 , the fundamen-
tal frequency, wg¢, becomes infir}itesma.l,' and Equation (-A- 4 ) can

be written as

, 00 ) '
s (w) = lim p (W) =J. f(t)e-Jwtdt (A-5)
T— 00 -
which is the Fourier transformof £ (t) . ‘
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THE DATA REDUCTION PROCEDURE

B P PR R S

by e T A e e SS AE ARG L T o s




- 52 -

B.1 THE DATA REDUCTION FOR PULSE TESTING

Recalling Equation ( 3.2 - 3 ) and making the identity, e

COS wt -jSIN wt , one obtains,

-jwt _

T
-y .
- =jwt
o Yitre™
G{jw) = * -
~T -
X x(t)e Jwt
~0v
AY nTY |
o Y{t)COSwtdt - y(t)SINwtdt
=T , —
xx(t)COSwtdt-jrxx(t)Sletdt
\0 J . '
{B.1-1)
where the integration limits are extended only over the actual pulse ‘

widths T and T_ .
x v

Servomechanism theory { 29 ) tells that the magnitude and phase of

G (jw) are the magnitude ratio and phase angle of the frequency response

of the syétem whose transfer function is G (s ). For brevity, Equa-

tion ( B.1 - 1) can be written as
N

A-jB
G{jw) =
' CcC-jD
where "TY .
A = y(t)COSwtdt
Jo
"TY ,
B = y(t)SINwtd t
Jo )
. #Tx :
C = x(t) COSwtdt
JO

{B.1-2)

(B.1-3)

"(B.1-4)

(B.1-5)
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and

- Tx .
D:J‘ x(t) SN wtdt ~ (B.1-6)
0

Then, the complex function becomes

G{jw) = Re(w) + IM(wW) ) (B.1-17)
where
e AC+ BD -

Re {w) = (B.1-8)
c? 4 p? -
AD - BC

IM{w) = (B.1-9)
C2-1~D‘2

-,
\|
»

From the rules of complex algebra, the magnitude ratio and the phase

shift are given by

R{w) = IReZ(w)+ M% (w ) (B.1-10)
\ _ _ -1 M (w) -
¢(w)= tan (B.1-11)
Re (w)

respectively, The frequency content, s (w), of the input pulse, x (t),

is given by the absolute magnitude of its Fourier transform

(B.1-12)

Ty - jwt
s(w), = o x(t)e dt

C-jD\ )

[+ p? (B.1-13)
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The normalized frequency content is defined as s (w)x/ s (0)X . Setting

w = 0 in Equation { B.1 - 12 ), one gets

TX
5(0)X=IO x(t)dt (B.1-14)

SO

jcz+ D%

s{w), =
" Fxx(t)dt
0

(B.1-15)

The computationél problem is the evaluation of A, B, Cand D
from experimental data. The most direct method is the applicafion

of a quadrature formula, such as the trapezoidal rule,

Jb f(tydt = At(fp/2+ 5+ f+ - +f gt £/2)
a .

(B.1-16)
into the trignometric integrals in Equations (B.1- 3) through_

(B.1-6). Thus, Equations ( B.1- 3) through ( B.1 - 6 ) become

, n-1 ’
. A = AtYE y(kAty)COS(WkAtY) (B.1-17)
k=1
n-1 '
= z t B.1-18
B Aty y(kAtY)SIN(kaY) ( . )
k=1
m-1 .
C = At, E x(iAtx) COS(WiAtx) _ (B.1-19)
i=1

m-1
D = Ath x(iAtx)S]N(W'iAtx) (B.I-ZO)
i=1 ) )

where ( excluding zero end points ), n- 1 points are read on the y (t)

Ll b e U D

him ikt TAe fa £t 0w kT ad
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curve at intervals AtY and m -1 points are 1;ead on the x (t) curve
at intervals At . Substitution of a particular value of w in Equa- -~
tions ( B.1 - 17 ) through { B.1 - 20°) and performing the indicated
summations using experimental data for x (t) and y (t) will yiéld A,
B, Cand D. R (w), 4#) (w) and s (W)n then follow from Equations
(B.1-8) through (B, 1-1).
It should be noted that the approximation formula for thei Faurier
transform using trapezoidal rule was carried out by Draper et 2l (1).

Their expression is .

{ SIN (wAtY/Z) }
Aty (wAty/2)

At [Sm(WAtx/z\ ]2

2 _' kaAt
E: ly(kAtY) e y
m

& (I.fAtx) o -ijAtX
4=1

(wAt,/2)

(B.1-21)

It shows that the nimerical approximation for the Fourier transform
factors into two terms. The first depends only on the polynomial form
of the a"pproximation function; whereas the second depends only on the:
endpoints of the intervals, the data points. The first term is defined as
the correction factor which is independent of the function values. |
Hougen and Walsh ( 4 ) pointed out that Equation ( B.1 - 21) gives
the exact Fourier transform when apphes to a pulse composed of
straight line segments, if the segment boundaries coincide with At-
boundaries.
When the same correction factor and integral interval are used
for both input and output, then Equation ( B.1- 21) leads to Equation
(B.1-1). '
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B . 2 THE DATA REDUCTION PROCEDURE FOR STEP TESTING

Fourier transformation is valid only when output and input traces
are clqsed curves. However, if the inputis a sfep change — thatis,
neither x (t) nor y (t) returns to its original value — the ihtegrals in
Equation { 3.2 - 3 ) do not exist. Figure 22 shows a typical step inpat,
x (t) starting at zero ( the steady-state value for t < 0 ) and ending at
the value P, and a typical response to this input, y (t), starting at

zero and reaching the value Q.

F G GuEs GEN GEa TMETE CELMMNG SRS GIEEG Seameus (MSEN Sutemb AR

S Q= '

o P S y (t)

5 PP

o

— N .
= \\ %

Q. No ox ~_v ()

= \\Xx-(-t) \\\

TIME —

Figure 22, Typical step-response curves for a system.

The ratio Q/P is the steady-state ( or zero frequency ) gain of
the system and includes a conversion factor if mput and output are
not in the same units., The following functions, also shown in Figure

22,

% (t) = P-x(t) : (B.2-1)

Y*(t) Q-y(t) (B.2-2)
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are used as the basis of the theory for the de.velo-pment.
Multiplying the Laplace transfornﬁ of a function by s yields the -

transform of the first derivative of that fu.ric;tion ( provided the function

has a zero initial value ), If the numerator and denominator of Equation

{B.2-1) are multiplied. by s, therefore, the result may be written

- 00
dy(t) ot
G{s)- sy (s) _ J 0 dt e 9.t
s x (s) [P a4 x (¥) S-Sty
J, Tat
%k
©ayey
~Jo —TT e dt
= .- (B.2-3)
_|Pax" ) _-stg,
o dt

where the last equality is obtained from the definitions of Equations
%* R
(B.2-1)and ( B.2- 2)of y (t) and x* (t). If Euler's relation

is applied to Equation ( B.2 - 3 ) it is seen that G ( jw ) becomes

ay*

: @ dy* (t) ©
- COS (Wt)dt-i-jo—a—t——SIN(Wt)dt

o dt

G(jw) =

Cw) @0 g x* (t) 0d x (t)

-J LX B cos (wt) dt+ j| el SIN (wt) 4t
o dt , 4t

(B.2-4)

.* ." .
Rather than evaluate dy* (t)/dt and d x (t)/dt from the experi-
mental response curve, the integrals in Equation ( B.2 - 4) can-

first:-be evaluated by parts. For example, the first integral in the
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numerator becomes

00 £ —— O .
[ A cosemar s @l W[y 0 sme o a
Q _ 0

(B.Z:S)

*
taking into account the fact that y (0) = Q. This process, repeated

for the other three integrals; yields the final result -

A+ jB
G(jw) = ‘ (B.2-6)
C+ jbD
where
(v + B
A= Q - wj vy (t) SIN (wt) d t (B.2-7)
)
(= & A
B =—wf v (t) COS (wt) d t ~ (B,2-38)
o
o0 E
C=P-WI x (t) SIN (wt) d t (B.2-9)
o]
and - D = — r’ %" (t) COS (wt) d t . (B.2-10)
o

Since x™ (t) and y* (t) eventually reach zero, the integrals in Equa-
tions ( B.2 - 7) through { B. 2 - 10 ) may be approﬁmated by nume-
rical techniques.

Reduction of Equation ( B.2 - 6 ) to frequency response is accom-

plished by the Equations

A2+ B2 -
R(w) = G(jw)l = - > (B.2-11)
c®+ D
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and

-1

¢(w)=AG(W)= tan'l% - tan % (B.2-12)

It should be noted that in the special case where the input is an
instantaneous step change from zero to P , the denominator of Equa-
tion ( B.2 - 6 ) reduces to the value P , and only two integrals ( B.2- 7)
and ( B. 2 - 8 ) need be evaluated in order to obtain the frequ_ené:y

response.

B .3 COMPUTER PROGRAM FOR REDUCTION OF TRANSIENT
RESPONSE TO FREQUENCY RESPONSE :

The following is the computer program based on the trapezoidal

rule for the evaluation of Equations ( B.1 - 3 ) through ( B.1 - 15.).

o
i
|
|
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APPENDIX C o

DATA OF DYNAMIC PROPERTY TESTED BY PULSE

FORCINGS ( Tables.6 Through 8)

DATA OF DYNAMIC PROPERTY TESTED BY STEP

FORCING ( Table 9)




DEYIEG Ly810° ¢ 9169€* U 91
LOBSGE® Y 928135 ZL5EL 2T ul *S-H g0
86ESE" O 66L10° 0 Le260%S Y o
9919€ * G SEBTU' G JU000°9T 91
OYLSE® O 91810 QUoUo *01 01 *ldd 3°0
9EEGE" G6L19° U SE00SY y e
TS GL81C 0 Q20u00 *2t 91
€LESE®D 6ESTU® Y GUUOL *0Y UT *J3y 80
2HSHES G 90815°u JLIG0" 3 4 o
(L6GE"0 TEG TG0 W g18eL el 91
LBSSGE®( 2181 116562 o1 *S—H 3V
9EEGE "L Y6L1G u 40281 "€ 'a S ,
8LLGE®G 12810°3 GUo0d *ul 91 .
SOPSE® O Lu8TU® o oU0set Y o1 *lul S0
9ELESEU . SELIC O CUO0s ¢ y L

! 1995€°0 956100 QUUG ¢ ud 91

~ BeovEs 92810 v JU056° 21 91 *J3u 5y

_ Z9EHETD CO8TC COUOU S Y o
GZY4E*T 181U G Y42€E9° L 91
€ZVGET U Y0810V LCILL Y Gl " S—H g0

_ TGEGE" u §8L1U° U 118061 o o
bOVSES 6I8T0% U 30005 91
199G€°C G6LTG G 3GUSL "€ "t *14dl SR
_ 11%5€" ¢ €8L13°0 R R A ‘
BZOHYEL T T€8T0* G 3060021 91
G6SWE €1810°0 GG09G L ol *33y g0
26 2HES G £6LT0% U ICIB0E 4 o
(N Ik ) (3F/UT-3F )NIVY  HLSNIWLS (&) NUTLVIASD  3aVHS (1)
. INVISNOD 3WIL  3JIViS AGVILS 3$ Mg 3$I0d L0dNI __ 3SINd  HLUIM 3S g
I 39V9 WILSAS 4U HLONIWLS 3STWid GNV S311¥3d0ud J1WVINAG U3iS3zi “[=Q 378vi




y

COELE G 69810°u LE961°8E 91
€CG69¢° U 8EBTIV® Y L92LE ¢ 01 *S—H G*1
GU9SE®C 9uBTIC® 106%5° 6 Y o o
1%69€°0 YGE 1y OLdUU e 91
2€29€° U g2E1J*u 0LuGL 81 ot *lat 9|
- 98 76C 0 _1g8tots  oluustL 4 L
1¢s8€E° U Lo61U Y GUULGUY 91
¢igleo 99g1u*J yuuus®lt vl * D3y Gl
LUDSE "G 52810y Ueuvi® sl y e
H969L°C 1981u*0 80966 *LE 91
§629¢€* 0 ECETU* U 6%L6G 61 01 *S=H ¢
o THEGGE U €610 0 96BEY L -y

€099c Y Bv8is®y Cudud e 91 .
S1i9€° 0 %Z810° 0 w035 61 Jl ‘ol ¢°1
BHEGE®U 66LTS T SHVRTAL b -

! 226LE°0 2I6T10%u NIVRIIVA R 91

J 0G69E°* T %9813°0 ST IS A1 01 *J3y 21

. $9LGE D $2813°0 GuUC.*?l &
5€L9E°U S58TI%U 29E99%°6e 91 T
TLCI9€*C 62815 U £1%16%6¢1 01 ¢ S Ul
19%6€*0 206150 1959€°9 4
GBE9E* U w813 G ccocuﬁqw 91 T S
T686¢E ¢ 12813°0 NECVITR A ul *ial 501

~ CLESE" 56LTU% Y SUubots ) o
OSG9ET U LTI WGaUGt Uy 91 ) -
BLIGE S e 100 INIVIO N ¥4 o *IJ3s Gl
SE9VEST gu810°3 JUCLO U1 v L
(N Tiv ) Am:xcmgv¢wvzw<o HLO9NIGLS (%) NOILVIA3UG 3 GVHS (NIR)
INVLISNGD 3nWld 51VLS AOJV3ALS 3$1Nd 3$7iNd LNdNT  4Sid  HLUIM 351N

I 3SVI] W3LSAS d0 HLON3wlS 3S70d UNV

S311¥3dU0dd J1wVNAU

G31S3: €=O 3avi



9G%9€ 0 969€0 °0 9169£°02 91
2€6G€°0 069€0° 0 210€L°21 0T *S-H 8°0
. 86€5€ "0 209€6°0_____12260°6 Y e
9919€°0 ZL9€0°0 00000 °91 91,
G9LGE® O %€9€0° 0 00000°01 01 “ 14l 8°0
. ceeSE€C0_ _ Y¥6GE0°0 . 00000°% _ % .
9919€° 0 1%7L€0°0 00000 °2¢ 91
86ESE* 0 819€0°0 00000° 02 01 23y 8°0
R 99GHE*0_____ %T9€0°0____09000°8. ' e
¥866€°0 %99€0°0 8182L 2T 91
GZYGE"D 0€9€0°0 11666° L 01 *S-H G0
I ‘ 9LESE *0 £66£0°0 v0281°€ % ) )
BLLGE® O S¥9€0° 0 00000°07% 91 _
0055€°0 L19€0°0 00062°9 0T B G*0
. 9€28E°0 GBGEC*O 20006°2 y e
; 984GE* 0 ZOLEC® O 00000°02 91
= G90%€ *0 €69€0°0 00006°2T 01 23 G*0
T . U0%%E*D £09€0°0 00000°S Y% . L )
1696€°0 9£9€£0° 0 Y92€9° L 91
B5E6E°0 Z19€0°0 LZ0LL"Y 01 *S-H £°0
...... . 112%€°0 $8G€0°0 11806 °1 b e 3
¥26GE°0 029€0° 0 00000° 9 91
9£ESE "0 009€0°0 0006L°€ 01 ‘1Yl €°0
. , 1 1725€°0 916£0°0 000061 . %
G96%€ "0 €99€0°0 00000°21 91
209%€ 0 829€0°0 00006°L 0T 23y €°0
U A Lwewec0. . 16G€0°0 _____00000°€ _ W% .. . __ X
(NTW) (¢33/UT-3 )NIVO  HLONIWLS (%) NOILVIAIQ 3dVHS (NTW)

INVISNO3J 3WI1

3LV 1S AGQV3LS

. 3s70d.

~73S3nd 1NdNI

3Snd

HIGIM 3S7Nd

11 3SVD W3ILSAS 40 HION3¥LS 3STNd ONV S$311¥3d3dd IIWVNAG 031SIL "I=4



T T600LE°0
0669€°0 -
1G9GE° G .

5569€°0
1L29€°0
. H255€°0
1663€°0
LZELE®O
L665E°0

L€0.¢°0
%8¢29¢°0
72G6G6¢€°0
0€99€°0
3¢09¢°0
IT#8€°0

1662¢°0
0069¢°0
#086¢€°0
1649¢°0
L219¢°0
19%6¢°0

0E%9E"0
LO6GEO
86€GE*0
€969€°0
1696€° 0
989%€ 0

(NP
 INVLISNOD 3WIL

"8ELE0"0
9L9€0°0
€19€0°0
60L€0°0
8S9€0 °0
. 609€0°0

€T8€0°0
€ELED O
169€0°0
€2L€0°0
L99€0°0
509€0° 0
969€0°0
6%9€0°0
T09€0°0
$08€0°0
0ELED®O
£69€0°0
T1L£0°0
099¢€0°0
909€0° 0
S89€0°0
€49€0° 0
865€0°0
6GLE0°0
069€0°0
519€0°0 _

(¢3/UT-33)NIVO

JLV1S AQY3IS

LE9sT1°8¢ 91

LS2L8°€ET 01 *S—H G*1

106%5°6 v e

00000° 0¢ 91

0006L°81 01 *ivl ¢* 1

00006t v o

00000° 09 91

00006°L€ 01 *23Y G*1

00000°ST

80966° 0€ 91

5%160°61 01 *S=-H 2°1

968€9°L ¥

00000°* %2 91

G0000°s1 0t *I¥l 21

00000°9 X4 o e

00000°8% 91

00000 °0¢ 01 * 33y 2°1

0000021 Y

2929%°6¢ 91

€I¥16°ST 0T *S-H 0°1

1969€° 9 Y o

00000°0¢2 91

00006°21 01 *1YL 0°1

00000*s \Z

00000 GY 91

00000°62 01 *33y 0°1

goooo*otr_ &

HI9NIYLS (%) NOILVIA3Q 3dVHS (NTW}
3STNnd ° 3S7Nd 1NdNI  3STNd  HIGIM 3S7Nd

11 3SVD WILSAS 40 HLON3WLS 3ISTINd ONV S3I11¥3d0¥d ITWVNAG (31531 "g=4378Vi



4

6942L"y $89EC" LS6%9 °6¢ 91
€L9TL"C 199€0* y £6082°22 ot *S-H 71
12L0L°0 Y55€0° 0 1£216° 39 Y
86U2L0 295€0°0 SRRCIAET 91
9LZTIL LZ9ETU®D J0B06° LT 0t *lul vl
1L9GL°0 L850 Geou9”L 7. U
TeBEL"C 95L€0°0 SNV VALT 91
Y9RELE L69E0" G 000Ut SE 91 "33y vl
€2UTLC YE9EL " Y DI RRA ¥ _
ZYo1L®{ 299€5* G 2929 °5¢ 91
SZZIL* 0 L2YED* S €1416° 61 01 *S-H Ul
TLIOLO LBSED "D 1969€°9 Y. o o
26aTL® U EP9E0° D VNIVIVAoY 91 _
€LUTL®O $19€0°0 oLovseel 01 ‘1Yl Al
SLIGL®O ELSEL®D RVIVIVALS v

: 1681L°C 1JL€0° 0 GGU0UT Y 91

2 2L8GL°0 269¢L° s STUNIVIVAR Y 01 M ET u'l

. $§L69° U COYES® G VIR VY v e
6IHTIL S SRRV €€22u" L1 91
ceolL 219€3°4 €egeT 11 01 *S-H L*y
1490L°0 6LGEI D 9GSGY 9 Y
HZLTLC $29€3° 0 SIIVIVEE S 91
2L U 139€u°e $Lo6L 8 Ot "18i L*s
TLLOL®G LLGEDY viuls® s v o
YL1TL*C ELOES® T JOOUU " 8e 91
€LECL®U YE9EuTL ULUUG LT gl *J3u L%
98969° ¢ COSEUC 3L00UtL o e

(NIR) (c3F/UTW-3 INIVS  HIONGYLS NOLLVIA4Q ddVHS (NIw)
INVISNOD 3WIL — 31VIS AJV3LS 3$70d  3SINd INdNI  d4S7Nd HLGIM 35700

111 3SVD W3LSAS 40 HLONFELS 3STNd GV S31Lydeldd IIWVNAD G345l

"1-8 318Vl



2

9LSHLG €ELE IS U 6LI0L 1L 91
9Gg8EL U €LYED® U EUVIS Y 1 *S-H 67 ¢
YLTTL®O GI9€E0 0 ¥8528° LT Y. I
BEGEL® ¢ SULED® D JLUGG* 98 91
6SETL U $69€0° 0 GLUTU® St T ‘Tul s* 2
2ZHUL" 0 T39€0°0 MOV 3 Y _
- §Z99L" ¢ 96LEU° D GGulu® ¢l 91
~ VHLYL U LILEV U wGILs UL o1 MOER g ¢
_ 9ELILD LEGES®L 38000 08¢ v o ,
YESEL U PLLEG D 995LY S 91
LGEZL®G 199€0° G CTELY €€ Ul *S=H 1°¢
2eouloy $I9EL" U 2169¢°€1 y
G88EL" G LBYED* T GGaGaT LY 91
6£81L°0 LH9EG*C GUuse "92 o1 *lut (¢
— TLLULSG G6GEL°U CUo0g Ll Y, - e 1
S2SL*G 08LEG"U STVIHIRRAY 91
89€EL T GULEG G 50006 %S 01 *Jdy 1°¢
6LETL®G GEIER* Y SIDIIN AR T Y
(NI ) (c33/uta-37 )N1V9  HLIONIULS (%) NOLLVIA3Q 3dVHS (NIw)
ANVISNGD 3WIt — 31ViS AJV3 LS 3$70d 3STNd _LNdNI  3SINd _ HLUIM 3504

I11 3SVD W3LSAS 40 HLON3 LS 3S10Nd GNV $S311i493d0¥d JIWVNAC U3i534

-G 318vl




- 77 -

Table 9. Dynamic Properties Tested by Step Function

System  Input Magnitude Steady State  Time Constant

Deviation ( %) Gain( ft-min/ft3) ( min )
I + 4 0.01822 0.360
I + 8 0.01857 0.375
I + 16 0.01929 0.400
IV 4 2 0.02714 0. 540
IV + 8 | 0.02894 0.587
v + 20 0.03248 0. 685
%
\' + 4 0.01821 0.562
0.151
v + 10 0.01875 0.584
0.159
\' + 16 0.01929 0.605
0.168

ate
Ad

Thesebvalues are calculated by using the method proposed

by Harriott( 24 ), P. 48.
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CAPPENDIX D

THE CORRELATION COMPUTER PROGRAM‘
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