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CHAPTER 1I.
INTRODUCTION

The main purpose of this master report is to analyze and experi-
mentally verify the performance of a given system (Figure 1) in which
the liquid level in a tank is to be maintained within a certain prac-
tical desired range using a fluidic on-off controller designed to have

a hysteresis characteristic.

level
measurement
tank — |

fluidic
controller

actuator

qout _ qin
outlet valve control valve

Fig. 1. A liquid level control system.




Fluidic level controllers have been sucessfully field tested in
mining and paper industries. Systems are contemplated for chemical
processing and marine fuel monitoring and control. Accuraqte measure
and display of rapid refueling lend themselves to fluidic solutions.

In extracting atomic fuels, end product composition depends on
flow rates and on the concentration of solutions in the extractors.
Fluidic controllers, with no moving parts and no electronic circuits,
are advantageous because reliability of electrical and electronic
gystem is a problem in high radiation environments.

Fluidics, a general study of fluidic devices and systems, is an
established and rapidly growing part of both military and industrial
control system technology.

Devices, through which gases or liquids flow in intricate and
precise channels, are called fluidic devices. Such devices can be used
to perform sensing, logic, amplification and control functions.

The advantages of fluidic devices are that they are quite rugged
because of the absence of mechanical moving parts and can periform
control and compututionalrfuntions in gdverse enviromments. Fluidic
devices can withstand wide temperature changes, extremely high temper-
ature, shock, vibration, acceleration force and radiation. In addition,
the simplicity of basic fluidic devices assures high reliability, long
life and very low maintenance.

As far as the speed of response of fluidic devices, they are
comparable to conventional pneumatic and hydraulic devices or electro-
nechanical relays.

In on-off or relay control systems, the actuator (see Figure 1)

has only fixed positions (outputs), — in many cases, either on or




off. This is in contrast with proportional or other control actions

in which the actuator is capable of continuous variation of its output
over a specific range. Since the actuator is switched abruptly between
discrete conditions, and if the abrupt transient can appear at the
closed loop system output, then this operation results in an unsatis-
factory jerky response. However the low-pass filtering effect of the
process being controlled will usually smooth the closed loop system
response to within satisfactory bounds.

There are several advantages of using on-off control systems (from
reference 2): First, on-off control represents the simplest possible
amplifier. Second, on-off operation of the actuator represents the
most econcmical use of the installed capacity. Third, with on-off
control the design and construction, indeed the entire principle of
operation of the output element may be simplified with consequent
improvement in religbility, economy, and saving in weight. Finally
cn-off control is in general the time optional control.

In practice, no controller cam be operated in such a fashion
that a very small change in the error signal shifts the cutput signal
from one extreme to the other. Consequently, in actual controllers
there is a differential gap between the points at which the output
signal changes from minimun to maximum or vice versa. Thus actual
on-off controllers are often designed to exhibit a hysteresis charac-
teristic in order to prevent too frequent operation of the on-off
mechanism.

Systems using on-off type of controller have following disadvan-
tages: First, being limited to two positions, the on-off controller

either supplies too much or too little correction to the system. Thus




the controlled variable must continuously fluctuate between the two
limits required to cause the actuator to move from one fixed position
to the other. Second, the wear of the system can be considerably large

if the frequency of control operation is high.




CHAPTER 1I

SYSTEM DESCRIPTION

The system which is the subject of this report is depicted in

Figure 2. It is located in the Mechanical Engineering Laboratory at

Kansas State University and consists of the following components:

1)

2)

3)
4)
5)

6)

The process:

A water tank of cross section area 112 square inches and ebout

30 inches in height,.

Fluidic controller

a) Bubble tube level sensor.(3/16 inches I.D.)

b) Two Corning “NOR" gates. (No. 190815)

c) Two Corning '"AND'" gates. (No. 190814)

d) A Corning Flip-Flop gate (No. 190415)

e) A Humphery interface valve (No. 250AL)

f) Three Honeywell fluidic restrictors of size 0.021,0.030,
0.014 inches diameter.

g) Plastic tubing (3/16 inches I.D.)

A Fisher positioner-actuator (3560-657/30)

A Fisher control valve (1-1/4', Design "A", single port)

A Fisher outlet valve (2'", Design "G'", V-port)

A water supply system regulated by a Fisher pressure control

loop.

A detailed description of each system component as well as a

description of system operation is made in this chapter.
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Process

The process (Figure 3) uses water although in actual industrial
systems liquid fuel or a chemical mixture might be used. It is desired
that the water level be maintained aqt some nearly constant height h
for variagble flow out. Assume that the pressure ahead of the contreol

valve is kept constant at Py and that outlet flow discharges to atmos-

ph&re .
‘ ’//tank
h
Yy 1— -— X
qout-———‘ o qin
outlet valve control wvalve ps=c°n5t‘

y = travel, outlet valve, inches
x = travel of control valve, inches

Fig. 3. Process to be controlled.




The linearized transfer function for this process is well known

(see reference 6) and for small changes about ¢ steady state operating

o

point is :
H(s) K
F (s) = = —= 2-1
X(s
(s) 1478
where:
H(s) = Laplace transform of water level.
X(s) = Laplace transform of control valve stem travel.
KP = process gain, in./in.
T, = process time constant, seconds.

1, Calculating process time constant and gain

The equations for the process time constant and process gain

have been derived in the reference 6 as:

At
LT 2-2
D
dqout aqin|
dh 2h |x
29in
- 2 x |h 2.3
P~ "3
Tout 2%
dh 2h b
where: 2
At = tank area, in.
x = control valve stem travel, inches.
h = water level (head), inches,
dqout

= derivative for the outlet valve

since qout=qout(h) only for a fixed opening.




29; ?9in
1“' _J = partial derivatives for_ the control valve
o2h k , Ox Ih since gj,=qijn(h,x), in.3/in.-sec.

Since the ocutflow, q o ? is nrorortional to the square root of
15}

the pressure due to tank level, then in general

* 1z
= o R
qout 2-4
and
dq c
—_——out - 2.5
= ———
dh 2}{5

also at steady state operating point

1
= 3
qoutss G hss
or
c - Qoutgg 2.6
hssg
substituting equation 2-6 into equation 2-5 gives
d Qout
9out - sS 2.7

4
dh 2(hhg,)?

*
Also see Control Valve section, pagel7
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¥ dqout . .
iWhen is to be evaluated at a steady state operating noint,

hzhss' equation 2-7 beccmes

dg qcutss 2.8

{1}

dh 88 Z Hgy

Applying the same approach to obtain the partigl derivatives for

the control valve, then

3qil’l qinss
2h s 2(pg/0.0361 = h_,) 2-9

Since the relation of flow to valve stem position is assumed

linear for smeoll changes about a steady state operating point, then

249. Qingg
in] _ - 2-10
X s Xog

For a geometrically fixed system the system time constant r is a
P
function of the operating point aend the control valve sunply nressure,
i.e. =T . i i i i
i.e ,tb ;;qés’hss'ps) The qualitative effect of choosing different

operating points or different supply pressures on the magnitude of the

time constant is shown by the following table:
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Table 1. Qualitative effect of 9gg7 hsa' and pPg ©on
the magnitude of the process time constant

29in dqou% T
7h 1] dh s

| denotes increase
|} denoctes decrease

* = =
dss qinss qcutss

For taking experimental data on the process it was considered
undesirable to have a large process time constant (several mimutes)
at least from the point of view of time required. Therefore it was
possible to pick an operating poing with a relatively small process time
constant by increasing the steady state inlet flow, reducing the supply
pressure while keeping the water level unchanged at a convenient position

for observation.
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2. operating point selected

Using table 1 as a guide the following operating point was

picked:

P, = 4.5 psig. (125 inches of water)
g = 49 in.3/sec.
ss
h = 20 inches
ss
x = 0.248 inches
ss
¥ = 0.565 inches (determined experimentally to

give hss=20 inches)

3. Evaluation of process time constant and gain at steady state

operating point selected

Once the operating point had been selected, the process time

constant and process gain could be evaluated. First, evaluation of

the derivatives and partial derivatives gave:

d95ut 9ss 49 2/

= = = 1.225 in."/sec.
dh __ 2hgg 2(20)
qun qss 49

2h ks 2(ps/0.0361—hs)= ~ 2(125-20)

2
= -0,233 in. /sec.

29 4 qss 49

i 2
= = =197.5 in., /sec.
ax | xgg 0.248

Then substituting these values into equations 2-2 and 2-3 as

required gave:
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_ B¢ 112

rp" e = = 77 sec.

dh 2h k

994in
K = — = 135.5 in./in,
P dq 29, 1.225-(-0.233)
out 1n|
dh 2h Ix

Fluidic controller

The controller was originally assembled by two mechanical
engineering seniors at Kansas State University as a laboratory project.
It was designed to be an on-off controller with hysteresis rather than
just an on-off controller. The controller characteristic, ideally, is

as shown in the Figure 4,

output

‘ l input

Fig. 4. On-off control characteristic with hysteresis.




The controller was assembled using fluidic hardware already
available in the M,E. Department at K.S5.U. and was intended to be an

experimental model only.

1. Bubble tube level sensing

BY - 0.014 in. dia.

Py, = 1 psig.
Rs)( Ry
. s luidic
—_— L, D gate
= c c. 1
Rz o AND
B output
to NOR
gate No. 1
to NOR
gate No., 2
\ J Rs = 0-021 in. diﬂo
. R} = 0.030 in. dia.
Ra =

Fig. 5. Bubble tube level sensing.

Bubble tube level sensing (Figure 5) utilizes the variable res-
triction of air flow from B to B! to vary pressures (and flow) to
both control ports of AND gdte No. 1 and also to the control ports of
NOR gates No. 1 and No. 2. The restriction at B' is directly pro-
portional to the difference in head between the end of the sensor,
point B!, and the liquid level.

The change of pressures at C] and C3, in relation to the change

14
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of level with respect to B!, is iinear (the proof is shown in the
appendix). However, care must be exercised such that the tube is not
submerged too deep, then linearity no longer holds.
The pressures at Cj and C2 may either be amplified by use of a
proportional fluidic device or used directly to switch an AND gate to
give an AND output (as was done in the controller defined herein).

The bubble tube level sensing method can be used only in vented tanks.

2, The operation of the fluidic controller

Closing the control valve (level too high)

As the bubble tube is immersed by increasing level, the pressure
at the end of the bubble tube (pressure increases with depth) increases.
Since the fluidic restrictors R] and R2 are different in size, the
pressures at C,; and C, are different. Also since Rj) Rjp, the pressure
at C1 is always the greater. When the pressures at Cj and Cg3 both
exceed the switching pressure of AND gate No. 1, it switches as in-
dicated in Figure 6. When AND gate No. 1 switches, it in turn switches
the flip-flop gate, which in turn causes the fluidic interface valve
to receive a contrel signal. The interface valve, upon receiving the
control signal, switches and supplies a preset pressure to the nosi-
tioner-actuator causing it to close down the control valve to a
minimum flow position. During the same series of events NOR gates No. 1
and No. 2 aqre both switched to their OR output ports, therefore there

are no inputs to the control ports of AND gate No. 2.

Opening the control valve (level too low)

As the level decreases, the pressures at C1 and C2 both decrease,
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Before the higher of the two, i.e., pressure at C reaches the switch-

1’
ing pressure, NOR gate No. 2 switches to its NOR output due to the

2° By the time the pressure at C1 reaches the

switching pressure both NOR gates No. 1 and No. 2 have switched to

insufficient pressure at C

their NOR outputs. The presence of these NOR outputs at the control

ports of AND gate No. 2 cause it to switch and give an AND output.

This causes the flip-flop to switch to its vented output. Now the fluidic

interface valve closes and pressure is no longer supplied to the posi-
tioner-actuator. The positioner-actuator then opens the control valve

until it reaches a preset stop which limits maximum control valve

opening.
switching of pressure at C,
AND gate No. 2
t» |(open control pressure at C,
s | valve)
B switching pressures
& for AND gate No. 1
M switching of
i AND gate No. 1
o l (close control valve)
a |
3 |
v
t L_controller
8 'j I hysteresis

error signal (liquid level),inches

Fig. 6. Switching of control circuit vs. liquid level.

*This graph is based on equations A-4aq and A-4b derived

in the appendix.
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The Positioner-Actuator

The positioner-actuator for the control valve is a Fisher type
3560 positioner combined with a type 657 size 30 actuator. The input
to the device is a pressure signal whose normal range is 3 to 15 psig.
The output is a stroking range of 3/4 inches. The transfer function

supplied by the manufacturer is:

K
F(s) = g 2-11
5 2 2T s
Y+
(mq)ﬂ %) d7 1
where:
Kq = 0.0625 in./psi.
@, = 37.7 tps
L =0.5

Control valve

The control valve is a Fisher, 1-1/4 inch size, design “A",
single port valve with a linear characteristic. Its flow is defined

by the manufacturer as:

22.7 x Gﬁpfi

Q =
where:
Q = flow, GPM
x = valve travel from the seat,
inches. (x = 0.75 inches)
max.
Ap = pressure drop across valve, psi.

Qutlet valve

The outlet valve is a Fisher, 2 inch size, design ''G'", single




port valve. Its flow is defined by the menufacturer as:

1
.-5

Q = C,(y)(ap)

where:
Q = flow, GPM
y = valve travel from seat, inches.
(y = 0.75 inches)
max.

Cy(y)= valve sizing coefficient, GPM/ p.si:l'..!'5
C,(0.565) = 28,6

18
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CHAPTER III

THEORETICAL ANALYSIS OF CLOCSED LOOP SYSTEM

Describing function analysis

The describing function method, originally developed by Goldfarb
and Kochenburger, is a frequency response techﬁique for analyzing
certain simple nonlinear systems and is useful in predicting the
limit cycle behavior of such systems.

Systems which satisfy the following assumptions and ccnsiderations
can be analyzed by the describing function method.

1, The system contains nonlinear elements n which can be separated
from linear elements g. A typicel form of such a system is shown in

Figure?.

= +
r=0 q; e 5 m g - c

Fig. 7. Block diagram of a typical nonlinear
control system,
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2. The system is autonomous (i.e,,unforced and time invariant)

3. The linear transfer contains sufficient low-pass filtering to
warrant excluding from consideration the higher harmonics in the output
of n.

4, The input to the nonlinear element is assumed to be sinusoidal.
The output of the nonlinear element m is a periodic function with =zero

D.C..level and can be represented by a Fourier Series.

The describing function is defined for nonlinearity n as

N_Pundqmental component of output from Fourier analysis

Amplitude of the sinusoidal input signal

The system which is the subject of this report can be represented

by the following generalized block diagram

=0 + e _[Fluidic m__(Positioner | X _l . cess i
- controller =actuator

Fig. 8. Generalized block diagram for liquid level control
system,
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Transforming the linear components of the system from the time
domain to the s domain and combining the linear transfer into one

block, Figure 8 becomes

+ Ko K | H

-® -l . e

2
| S S 2;5 _
[( e 1][1+ X

on-off-with-hysteresis linear
control characteristic transfer

note: The time domain variables h(t) and m(t) must be restricted
to small changes for linear transfer characteristic to
exist.

Fig. 9. Block diagram for liquid level control system studied.

Note that the block diagram in Figure 9 is identieql to the block

diagram in Figure 7.

With two position on-off control the input pressure to the
positioner-actuator is such that the control valve is either at its

most open position or at its most closed position, varying about aq
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steady state operating point. Thus the water rate is either a larger
positive constant or a smaller positive constant. As shown in Figure
10, the water level in the tank continuously moves between the two
limits of the controller differential gap causing the control valve
to move from one fixed position to the other. The output curve follows
one of two exponential-like curves, one corresponding to a “filling"
curve and the other to an "emptying' curve. Such cutput oscillation
between two limits is a typical response characteristic of a system
under two position on-off control. This output oscillation, which is
also the input to the nonlinear element, will be approximately sinu-
soidal if the linear elements are a good low-pass filter.

Since the natural frequency of the actuator, given by the manu-
facturer, is so high the predominent part of the linear transfer of the
system is the first order lag of the process which has a long time
constant. Thus the linear element will attenuate higher harmonics

considerably and is therefore a good low-pass filter,

PEE NS 3

Jo o - b= differential
2 e —-Scl—— TN T gap

v

-

2|/

e start

g up

time, t.

Fig. 10. The system output vs. time.
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Since the system has no disturbances and is autonomous, all of
the assumptions and considerations for application of the describing
function method of analysis are apparently satisfied.

The describing function (from reference 2) for an on-off con-

4M b
N = sin-1— 3-1
TE 2E

troller with hysteresis is

where:
N = describing function of the nonlinear element n.
E = amplitude of the input sinusoid, inches.
M = output of controller, psig.
b = magnitude of hysteresis, inches,

(differential gap)

Limit cycle analysis

The describing function (equation 3-1) obtained for the on-off
with hysteresis nonlinearity can be used to determine the stability
and, therefore, the limit cycle behavior of the system. The con-
figuration of Figure 7 can be used to illustrate the technique of
stability analysis.

The stability of this system is a function of the open loop gain,
i.e. the gain from a given point (such as the input of n) around the
loop and back to the same point. If the nonlinear element can be
adequately characterized by the describing function N, the loop gain
is simply -NG(jw), where N depends only on the amplitude of the
sinusoidal input to n (since b and M are fixed). Thus the study cf

stability involves an investigation of the zeros of 1+NG(jw), i.e.




the values of frequency and amplitude which satisfy the equation

1+ NG(jw) =0

or

1
TN ¢ G(jw)

this further implies
1 -
Ty G(ijw) 3-2a

1
e T = fG(jW) 3-2b

The stability is investigated by a modification of the Nyquist
diagram. Two loci are drawn in the complex plane: the plot of the
imaginary versus the real part of G(jw), and the variation of -1/N
with the amplitude of the assumed sinusoid input to the nonlinear
element n. The former is the frequency response locus, the latter
the amplitude locus. An illustration of an arbitrary example of the

modified Nyquist diagram is shown in Figure 1ll.
Im

real

Pl

7

1
"N intersection satisfies
equations 3-2a and 3-2b.

=G (jw)

Fig. 11. Arbitrary example of modified Nyquist diagram.

24




Based on the manufacturer's data for the positioner-actuator the
G(jw) locus was plotted as shown in Figure 12. Since o~ N =_~-sin b/2E
and E=b/2, this implies that O £ N * -90° or 180" < ~1/N < 27C° so
the first possibility for G(jw) locus and -1/N locus to have an inter-
section is at G(;iu’)'=-90° where ]G(jw)' = 0.11. Thus, from equation 3-2a,

-1/N =0.11 at _-1/N =-90" this leads to b/M =0.28. So for b=0.69 inches,
M=2.46 psi., E=0,345 inches and =1 rps. Thus a limit cycle of amplitude
0.345 inches and frequency 1 rps. is predicted. There are magny possi-
bilities for limit cycles of higher frequencies with different b/M
ratios for ,G(jw) more negative than -90 .

To determine whether the theoretically predicted limit cycle of
the system is stable or not it is assumed the -1/N locus intersects the
G(jw) locus at point A; (as shown in Figure 12}, which has a frequency
of no less than 1 rps., and a slight perturbation displaces the opera-
ting point slightly to the left of A . This represents an increase in
the amplitude of limit cycle oscillation. However it also represents
a decrease in the magnitude of N thus |NG | is less than unity. Since the
system is then stable, in the Nyquist sense, the amplitude of oscillation
decreases until the system once more operates at the equilibrium point.
A similar argument will show that a perturbation to the right on -1/N
will cause the system to become more unstable, which will encourage the
anplitude of oscillation to increase, returning the system to its equi-
librium point, Thus A; is a convergent equilibrium point and the limit
cycle of the system is stable.

However during preliminary testing of the complete system it was

found that a limit cycle did exist for b/M=0.64 and M=1.06 psi. at




Im

G- 8.47
[1- (@/37.7)2+337.7] (1+377%)
N = 4M/7E /-sin | b/2E

M=1.06 psig.

b = 0,69 inches

26

Real

Fig.

=

0.1

—

0.4

0.6 0.5 0.3 0.2
Aj

\.1/N (other M and b values)

E = 0.69 0,488 0,39

/ *
-1/N

12.

1-0 -

0.345

G(jw)

Modified Nyquist plot for the system based on the

manufacturer's data for the positioner-actuator.
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w=0,31 rps.. Since this frequency is less than half the minimum fre-
quency predicted theoretically it was decided to experimentally verify
the transfer functions for both the process and the positioner-actuator.
Experimental results indicted that the time constant for the pro-
cess is rp=83 seconds and the transfer function for the positioner-

actuator is:

K -Ts
Fa1= - ; (valve closging) 3-3a
1+TA15
Ko
Fpg = =—————— , (valve opening) 3-3b
1+Thzs

where:
K= 0.0625 in./psi.

T = 1.2 seconds
T.,= 0.66 seconds
UV 0.11 seconds

Thus the positioner-actuator actually possesses different transfer
functions for its two different paths of operation: valve closing and
valve opening. Therefore one can not really apply the describing function
method except in an attempt to get "ballpark'' figures for emplitude and
frequency of limit cycle. This was done first using Gy(jw), the frequency
response function for valve closing (which includes FAI)’ and then using
Gy{jw), the frequency response function for valve opening (which inclu-

des ?AZ)'
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Figure 13 shows the modified Nyquist diagram for the two
cases just mentioned. The -1/N locus, with b approximately equal
to 0.69 inches and M=1.06 psi., intersects the G, (j®) locus at
point A where Ex0.42 inches,w=0.33 rps. The intersection with
Gg(jw) locus is at point B where E=0.346 inches,«=0,39 rps, It
was hoped that these two points might indicate the upper and

lower boundaries of actuai limit cycle performance.
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CHAPTER IV

EXPERIMENTAL METHODS AND RESULTS

A list of instruments used in obtaining the experimental results
presented in this chapter is included in the appendix.

Megsurement of control valve travel

By applying a D.C. voltage across a linear potenticmeter fixed
to the movable control valve stem, the control valve stem travel

could be detected and measured. The set up was as shown in Figure 14,

r"M

-

XILfJ.-. - "

/9\.1
linear

control valve stem potentiometer

Fig. 14. Measurement of control valve travel
with @ linear potentiometer.




ax

The change of the valve stem travel in inches was determined
from the change of the voltage indicated by the voltmeter divided
by a calibration factor K,.

During dynamic testing the voltage output from the potentiometer
was fed into a strip chart recorder and recorded.

Measurement of the water level

Referring to Figure 15, the change of water level was detected
by a wooden float which in turn caused the pulley on a rotary potentio-
meter to turn. When a D.C. voltage was applied across the potentio-
meter, the change of voltage indicated by the voltmeter, after dividing
by a calibration factor Ky, gave the change of the water level in
inches.

During dynamic testing the voltage signal from the potentiometer

was fed into a strip chart recorder to be recorded.

rotary
potentiometer ]
i’h=Khh ]
counter
weight
floa

water level, h

Fig. 15. Set up for measurement of the water level.
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Adjusting system to steady state operation point

To adjust the system to the specified steady state operating
point the following procedure was used:

1. adjust the supply water pressure ahead of control valve to
be at 4.5 psig.

2, adjust the supply air pressure to the fluidic interface
valve so that the control valve will allow 49 in.3/sec. of
flow.

3. adjust the outlet valve, 0,565 inches open, so that the steady

state water level was stationed at 20 inches,

Measurement of process time constant

When the process was at its steady operation point the outlet
valve was suddenly opened such that the woter level would descend
approximately one inch. The time required for the level to reach
63.2 % of its total change was the experimental process time constant.

Since the change of the water level versus time could be recorded
by a strip chart recorder, the time constant could be easily determined
and was found to be aoproximately 83 seconds. This is 8 % greater

than the value of 77 seconds cbtained by calculation.

Measuring the response of the control valve positioner-actuator

This was found necessary because use of the frequency response
function for the positioner-actuator, given by the manufacturer, and
the theoretical frequency response function for the process,in the
describing function analysis predicted limit cycle behavior which

did not fit actual preliminary system performance as previously noted

in Chapter III.
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An approximate step pressure input (generated by supplying an
input control signal to the fluidic interface valve) was introduced to
obtain the transient response of the positioner-actuator. The step
pressure change was such that control valve travel was only 0.143 inches.
The input pressure, converted by a pressure transducer intoc a D.C.
electrical signal, was fed into one channel of a strip chart recorder,
while the control valve travel (detected by the linear potentiometer)
was simultaneously fed into the other channel of the recorder. The
response curve associated with valve closing, Figure 16, showed there
was a transportation lag followed by an approximately 0.66 seconds. (see
equation 3-3a for transfer function). On the other hand the response
curve associated with valve cpening, Figure 17, showed only an approxi-
mate first order exponential type growth with a time constant of
approximately 0.11 seconds (see equation 3-3b for transfer function).
Thus the response of the positioner-actuator was not symmetric as
anticipated. Furthermore neither of the responses is that predicted

by the manufacturer's transfer function, equation 2-11.

Measurement of controller characteristics

The nonlinear controller (on-off-with-hysteresis), as previously
noted in Chapter II, includes the bubble tube level sensing element,
fluidic NOR and AND gates and the fluidic interface valve. The change
of the water level is the input while the pressure output of the inter-
face valve is considered the output of the controller. Both input and
output, after being converted into electrical signals as already des-

cribed, were fed into an X-Y plotter with the level change as the
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independent variable. Both one cycle and several cycles of operation
were recorded as shown in Figures 18 and 19.respectively. In Figure

18 the controller exhibits a reasonably good on-off-with-hysteresis
control characteristic. However, FPigqure 19 shows the repeatability

of the controller is very poor, at both upper and lower switch points,
over several cycles of operation. This poor repeatability is more
serious at the upper switch point as Figure 19 reveals and for some
cycles this variation in switching is almost 50 % of the average
differential aap.

Also a fact revealed from both figures is that the water level,
while on its increasing path, keeps increasing even after the upper
switch point, where the control pressure changes from minimum to
maximum of its two extremities, is attained. After an overshoot of
approximately 0.12 inches it then starts to decrease. On the other
hand, the water level has little or no overshoot while on its

decreasing path.

Measurement of complete system response

Figures 20 and 21 show the complete system response curve for
one cycle and several cycles of limit cycle operation respectively.
Shown in the uvoer half of both figures is the trace representing
control valve travel (for maximum opening and minimum opening). The
controlled variable (water level), shown as the lower trace in each
figure, varies in a fashion which appears more like a trianglar wave
rather than the sinusocidal wave assumed for describing function analy-
sis. Both at the top and bottom of the water level response curve,

where the level reverses direction, exist flat spots due to the effect
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control pressure 0,03 psig. per line
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of friction in the rotary potentiometer. Figure 21 shows that the
amplitude of the water level is usuaelly different from cycle to cycle.
This is due to the poor repeatability of the controller. The limit
cycle of the system was experimentally determined from one cycle of
operation (Figure 20) for b=0.7 inches, M=1.06 psi., as E=0.,4 inches
and W=0.3 rps. or from several cycles of operation (Ficqure 21) for

b_,=0.69 inches, M=1.06 psi., as E=0.375 inches and ®=0.31 rps.
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CHAPTER V

DISCUDDION CF RESULTS

The experimentally determined limit cycle with«#=0.3 rps.
and Ez0.4 inches (evaluated from one cycle of operation), or
w=0.31 rps. and E=0,375 inches (evaluated from several cycles of
operation) does not quite agree with the attempt made to predict
theoretical figures for limit cycle behavior using G=G and G=G .
These predictions were w=0.33 rps. E=0.42 inches, or«#=0.39 rps.
Ex(.346 inches.

This disagreement (approximately 10 % for both frequency
and amplitude E) may be due to fluctuations in water supply
pressure (which was assumed to be constant at 4.5 psig. in the
theoretical analysis, but which actually varied from approxi-
mately 4.0 psig. to 5.0 psig. while system was operating) and
errors from evaluating the response time.constants and the trans-
portation lag of the positioner-actuator and the b balue which
was taken approximately from the average of values of some several
cycles.

The undesirable phenomenon, poor repeatability of the con-
troller, did affect the magnitude of the differential gep and,
therefore, did cause the frequency and amplitude E of the limit
cycle to change from cycle to cycle of operation. This change
for some cycles is approximately 25 % both in fregquency and
amplitude if Fiqure 21 is studied carefully. No study of this
phenomenon was attempted therefore exactly why it occurred can-

not be answered. However some possible reasons are as follows:




1. Hysteresis effects which are inherent in all fluidic
elements.

2. Non-uniformity in switching pressures for the fluidic
elements used.

43
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

1.

3.

The limit cycle of the system was experimentally deter-
mined from one cycle of operation for M=1.06 psi., b=0.7
inches as E=0.4 inches andw=0.3 rps. or from several
cycles of operation for b=0.,69 inches, M=1.06 psi. as
E=0.375 inches andw=0.31 rps.

Theoretical analysis can predict amplitude and frequency
for the limit cycle for this water level control system
within approximately 10 %.

The control operation of this system is in general satis-
factory except that limit cycle frequency and amplitude
tends to vary from cycle to cycle.

The positioner-actuator (used in this system) has differ-
ent transfer functions depending on the path of operation
i.e,, valve closing or valve opening.

Because of the poor repeatability of the nonlinear fluidic
controller, both frequency and amplitude of the limit cycle
change from cycle to cycle. For some cycles the deviation
from the average value is 25 % for both frequency and amp-

litude.
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Recommendations

If future research is done with Fluidic Liquid Level Control
Systems, it is recommended that a well established commercially avai-
fluidic controller be used, or that second or third generation fluidic

elements be used,
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NOMENCLATURE

Description
Distance from centerline of control valve to end of
bubble tube, inches
Intersections between G's and -1/N loci. Figure 13.
Possible intersection for G and -1/N loci. Figure 12,
Constant associated with bubble tube sensor.
tank area, in2
differential gap, inches.
average differential gap, inches,
Controlled varigble in a typical control system.
Inlet ports to AND gate No. 1.
Ligquid sizing coefficient, GPM/psi!5
Error in control system.
Amplitude of the sinusoidal input, inches

Transfer function for the positioner-actuator aessociated
with valve closing (valve opening)

Process transfer function
Linear elements in a control system.

Transfer function for the linear elements in a control
system,

Transfer function for the linegr elements associated with
the valve closing process (valve opening process).

Feadforward (feedback) transfer function in positicner-
actuator control loop.

Steady state water level, inches.
water level inches

Transfer function for water level.




Qb,Qsh,Qc1r
QRri1,.QRr2

Ry/,Rp,Re,Rg

€'s

Ta1r(Ta2)

Description

Process gain, in,/in.
Actuator gain, in,/psi.

output of the nonlinear element, psig.

maximum output of the nonlinear element, psig.

Nonlinear element in a control system.
Describing function for nonlinear elements.

Pressure in bubble tube, psig.

Pressure at control port of AND gate or NOR gate, psig.

Water pressure supply, psig.

Bubble tube sensor supply pressure, nsig.
liquid flow, in? /sec.

Steady state liquid flmqr‘r in.3/sec.

3
Flow in bubble tube sensor , in. /sec.

Input signal to contreol system,
Linear flow resistance,

Time lag, seconds,

Control valve stem travel, inches
Outlet valve stem travel, inches

Specific weight of water,lk¢/in.

2
Density of water in bubble tube sensor, lbg-sec /in.

Process time constant, seconds

4

Time constant for the positioner-actuator associated with

valve closing process (valve opening process), second-.

Process time constant, seconds,




Symbol

Description

Frequency, rad./sec.

Natural frequency of positioner-actuator, rad./sec.

Damping ratio.
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The linearity of bubble tube level sensing

Figqure 22 shows a schematic of a bubble tube sensor, The pressures

P in relation to the change of level, with respect to B!, is

c1 and B

linear. The proof is as follows:

By conservation of mass, steady flow
fsb%b = CR19R1 *fR2 U2 * €
assune constant € due to supply pressure less than 1 psig.
Qb = Qpr1 + Qr2 + @

since the Honeywell restrictors have linear flow-
pressure characteristics

Psb—P e P—Pcl % Pa sz_ + P- ‘l’(h-u )

Rg Ry Ry R
or
-1
P:...]_'_.|.-.}.-+_1_+L][ L c2 'r(_h.-ﬂ)_] A-1
s R} R R Rg Ry Ry R )

again using conservation of mass, steady flow across Rl and Rz

Pr1I%R1 = €c1%1 7 Cre%R2 T €292
where:

Qey,Qg2= combined flow to control ports of one AND gate
and one OR gate in parallel,
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Schematic of a bubble tube sensor.
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assume constant , therefore
Qri ® Q1 7 OR:= 2

since fluidic gate control ports have linear flow-pressure
characteristic and the interaction region is at atmospheric

pressure

P-Poy _ Pe1-0 P-Poa Pe2-0

Rl RC Rz Rc

Rc = combined resistance of control ports of one AND gate
and one OR gate in parallel

IT'P

PCl :[ 1 + 1 ] RP ; Pczz [Ri + = .

substituting equation A-1 into A-2 and letting

I
N A S U N S EOS S S &
Rc Rl Rl RS Rl Rz R

-1
1,1 ,.1]
R] R2 R

-
e Sl S
Re Rz " R2 Rg

then

By = [1- F_:L]‘IKI[.I?.: +Pc2 , #(h-a) ] A-3a
Ry Rg Rao R
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»_ Koi! (P, P (h-a)
¥ o [o- Ealgfln s B SRR

substituting equation A-3b into A-3a yields

Poyp = A + By (h-a) A-4a
where: =
_ Ky A Ko d - 47 Kyl [ Koot = P
A= [1-(1- El-) (1- E—) K,K R Ry (1- -ﬁl) K, (1- R_) Rsz"'l]R—sb
1 2 : 1 - 2 s
-}
Kyl ,, Ky ~ =1 Kzd. ., Ko d
31=[1_(1_ —1)"(1- =2) KjKzRRz| (1- L) K3 |(1- -2 R2K2+1]L
Rl Rgp 4 Rl L Ry 8

also substituting A-3a into A-3b, yields o similar results for

Pe2:
Pe2= B + By (h-a) A-4b

where

p— -]
- K o Ko =l - K1 =l P
A=1_1_K.L'1-_25.‘.KKRR'] 1- 22y, [(1- R1 RK+]_Sb
2_( Rl)( Ry 1212( Rz)z.( Rl)llle

e =1 -1 4 = - - -1 -
Bp= [1-(1- 23 (1 2] leleﬂ“z]u- 2 ke [(1- 217 Aarpr] T




The intrumentation

The instruments used in the experiment include:

1.

Sanborn Twin-Viso strip chart recorder model 60-1300

Honeywell X-Y recorder model 550

Pace Wiancko pressure transducer kit model KP15
Pace Wiancko transducer indicator model CD25
Hewlett Packard 427A voltmeter

KEPCO DC power supply model JQE-36-3M

Heathkit battary eliminator model BE-5

Bourns linear potentiometer model 108

BORG rotary potenticmeter model 901 S 590 60
Fisher and Porter Co, rotameter

Bourdon tube pressure gage
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The describing function analysis technique was employed to analyze
the performance of a liquid level control system which used a fluidie
on-off-with-hysteresis type controcller. The performance was also veri-
fied experimentally.

The characteristics of the fluidic controller, the transfer func-
tion of the positioner-actuator (for the contrel valve), the liquid
level process time constant and the complete system response were all
determined experimentally in this report.

The repeatability of the controller (assembled by two mechanical
engineering seniors at Kansas State University as a laboratory project)
was found very poor and the positioner-actuator for the control valve
was found exhibiting nonsymmetric response characteristics (disagreeing
with the data given by the manufacturer), The expected limit cycle of
the system was determined both analytically and experimentally. However,
because of the above two reasons, the frequency and the amplitude of
the experimentally determined limit cycle changesfrom cycle to cycle
of operation and the describing function analysis can only estimate
a rough '"ballpark" figure for the limit cycle of the system.

The limit cycle determined experimentally from several cycles of
operation for b,,=0.69 inches and M=1.06 psig. was E=0.375 inches and
w=0,3]1 rps.. However, for some cyclgs, these values change from 0,26
inches to 0.51 inches for amplitude E and from 0.26 xps. to 0.39 rps.

for frequency @.




