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CHAPTER I

INTRODUCTION

Statement of the Problem

The purpose of this thesis was to design and bulld a closed-loop
control system to be used as an indicator of the level of high tempera-
ture liquids contailned in a tank. The system was required to indicate
& level within one per cent of the actual value and follow a level change
at rates up to two inches/second.

The liquids used are highly corrosive at all temperatures of in-
terest; therefore, the design of the primary sensing element was a sig-
nificant part of the overall problem. Also, the primary sensing element

must operate for 3000 hours without maintenance of any kind.

Status of the Art

Commercial level indicators are in existence for low temperature
operation.l However, none of these indicators approach the requirements
of the system discussed herein. All such commercial indicators have a
maximum limitation of 1000°F because of the materials and techniques
used. Since the temperature range of interest for the system developed

in this thesis varies from 1100°F to 15000F, the commercial systems were

not satisfactory.

1Theodore R. Olive, "Prccess Instrumentation,"” Chemical Engineer-
ing, 59, May 1952..




The Method of Solution

The method used to solve this problem was as follows: First, a
system was proposed as shown in the block diagram of Figure 1. Second,
the primary sensing element was designed for transmission of the level
indication through a non-magnetic pipe, by means of changing the induct-
ance of a coll connected in an alternating current eircuit. Thus the
rrimary sensing element was made up of a coil mounted on the outside of
this non-magnetic pipe and an iron core e¢lad in chrome suspended from a
non-magnetic float on the inside of the pipe. Third, a suitable error
detecting circuit was designed to use with the Primary sensing element;
thus a dummy core and coil of similar‘construction were mounted on a
chassis and a drive was designed to move the coil back and forth on the
core as shown by Figure 5. By connecting these two coils as shown in
Figure 1, an error circuit was obtained whose output could be used to
drive the servo system. Fourth, a complete analysis and synthesis of
the entire closed-loop system was carried out using existing theory for
systeme with modulated sine wave error signals.

Throughout this thesis the major parts of the primary sensing ele-
ment will be referred to as coil number one and core number one. The
dummy coil and core on the chassis will be referred to as coil number two

and core number two.

Organization of the Study by Chapters

The entire system 1s discussed in Chapter II. This chapter ex-

plains the overall operation of the system and the bases for selecting
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the different components.

Due to the lmportance of the error sensing component, all of Chap-
ter III is devoted to its discussion.

By means of standard techniques of synthesis a stable closed-loop
system was designed. This design is covered in Chapter IV, and the re-
sponse curves of the system as built are shown in the conclusion.

The transfer functions for each component of the block diagram are

developed in the appendix.




CHAPTER IT

GENERAL SYSTEM CONSIDERATIONS

System Operation

The complete operation of the system of Figure 2 can be described
as follows: Normally under static conditions the locations of the two
cores are such that the voltages induced in each secondary are equal;
therefore, the input voltage (error signal) to the isolation transformer
is zero and the servo-motor is not turning. When a level change intro-
duces a small amount of linear motion at core number one, a signal is
generated in proportion to the magnitude of the movement and in a phase
related to the direction of motion. This signal is amplified and the re-
sultant output signal is applied directly to the servo-motor, which then
rotates in a direction to position coil number two in the same position
on core number two 85 coil number one is on core number one. This posi-
tion then produces a voltage equal and opposed to the voltage of coil/
number one, and zero voltage (error signal) is again obtained at the in-
put to the isolation transformer. Thus the servo-motor 1s again at rest,

and a proper level indication is given.

Selection of Components

The type of sensing element used was chosen because of its abili-

ty to transmit a signal through a non-magnetic pipe, and the possibility

of operating above 1100°F. Also, the same unit may be used to indicate



absolute levels from a fraction of an inch to many feet by changing the
cores, since the voltage in the secondary of the colls depends on the
volume of iron within the coil's field.

In order to Increase the frequency response of the system, a
bridge-T circuit was used at the amplifier input. An isolation trans-
former was used to separate this circuit from the error sensing element.

Since the Brown servo-amplifier and balancing motor satisfied the
requirements of the system and were available, these were adapted for
use without appreciable change.

All components of the system were placed on one chassis except
coll number one and core number one. Figures 3, 4 and 5 show the com-

pleted assembly.



FLOAT

"LINEAR MOTION

—_— =

LIQUID LEVE

REMOTE
SENSING UNIT

= CONTROLLER
> UNIT

UNCLASSIFIED
ORNL-LR-DWG, 13531

NOTE:
1. ALL CAPACITANCE VALUES GIVEN
IN MICROFARADS

0.15M

|
|
l ™
i — ]
|I SiE ;- _____ 920K 0.05
s COIL ASSEMBLY NUMBER ONE —
| ~H |AND CORE NUMBER ONE ¥ 12ax7
H _[ 1 4
t ot }
PRIMARY 2| |2l ©© seconpary 48K ) A
- —a—o _—
! 1k ! 015 C .015
t a8 t
-1 800 . 1
| s | . Lo T
£ L 1SOLATION
: rl : TRANSFORMER 0.14 § 10K ]»25
| CL I |
] |
L - 70
1 SERVO-MOTOR
CONTROL I 10
— N WINDING s
2.0 - T
PRIMARY SECONDARY -
i U000 \reFerENCE
T -
| ~
3.5voLfs _——— e —— —— _-
_ﬁ_\’“o:!’_i__ — } 1.0
STLR L} I
L INDICATOR
—— POWER
TRANSFORMER
L N
Y 110 voLTS f
60 CYCLES/SECOND
124u7

FIGURE 2. SCHEMATIC DIAGRAM OF THE CLOSED-LOOP SYSTEM,










A
0655 Fueren o e E-2-02-054-798
0SS MABCHINE STREN r—
o7 L8 % AloD | o vt Gon UNCLASSIFIED
2522 42 PiTcn -2 REGD 2 :
sar— L PRTA Kz
T
T e @ b
- b T N0 G2 x BTG UISTER 4D, No.8-32 x 337 (G FILISTEE Y
B . [ REH ~ E PE BRASI MCH SEREW - £ REQD
~ - \
o ?f/ﬁ.:;;'ﬂw i p @ 1 % 82 ] 'b
- NO4-TEx /046 FT RN TIT T UL T T T
MG oD £o23 | ], H & |‘Il'['II'I'H‘|'I|‘|‘H'[‘H' T H']‘H'I'H'I'H |'ll m Ill L l'!l Kl [‘TI'|rH']‘II'|'ﬂ l l
B-8r2 [aa) o) ol i ! @&
s ! I R | Bv ®} 0 / 2 3 4 ] 6 7 4 8 9 0 7" _J@
cavs i — - : N : e e e e =
‘ | | L /
1 .
V0. 832 x 375 s AULTR 582/ - IREGD ! caor soes
.7/ MEH XREN 1EXIBLE COUPLY [
WITH | HENIT !
—Zrrab IZL24NE THIN BRASS "
2 RE92 /-/[!‘M/vgr Bay i PILOT LIGHT DASE \
® ) pj/vz-‘ zgxzor LIGHT )}
| @©
)
) SESL ToRalh BTk
sz&:/ ¥
t
HEURT 8 M, | - 2
ke . C ]
£20 0J'+m5 f i D-70¢8
¥
.
]
b
BROKN h | U
AHPULIER ur Nl 3 |
YWRT *3253/70 ] I
(MODIFIED) . i
b | t
X . !
SEF F-799 o :
(. !
¥ |
: BROWN INSTRUMENT DIV ) !
- DRIVE CABLE - 2 REwD_ L i
| ’
Iy
]
. i
1
- TERINIL STRIF i
4'/— :
e foa /01 Q7J'ﬂﬂ LALL
LULLEY ASSY
B0 g0 § THI BSRASS -
4 REOD —\ BEB06 t] f’z/:r /v;;’/mv rﬁg p? ”'3” B-&08 —&
sz N\ , SRS AE AL L LLAA A NRANARAN ~ TS
2 REQD B —_ ‘ i} N\ AN SN SN AN \\;\\\ ANANNNN
L L] | [ ] NGI0-32 5 37546 FUSTER 8-830
27 *é% T s ||P P 0 LA AL S 2 28020 z
I§ \ P e ; R ;
AN l MO.8-32 x 100 L6, FU.
| S b -l % HD._BRAZS MACH/NE SCREW . N0 8-32 x L2ILE FILISTER
ISTER \ 505 ]” A 4 REQD. LR _BRASS MCH SCREW
A55 MACHIN, wTH “ 5 __/L WLTH + HEE LT - | RERD 1
= - A . __]J f¥c—ea9 (REF) oo 5814 B8o6 (A’f/‘)—/ 4
4
PULAN 4]"4 /—w/r/mo _"—BL
O assacssSs AN I L LI LN A A AL AR AL A R AR R R L R L " < 3
OVOSOONSSNSISNONNNNNYN SO TR XESSSISSSSSSN ALRRRRLLRR R
—fi— LOQTYRN EACH PRIMARY —

ANO_SECONBARY E0/L,
5804

JEL_DRWG £2-08-054--799 B-Y/
| —sezmr)  pmp_SiFILAR (ﬂ%N

. a

; ra0o—"

A NO_[0-32 x . 375Ls. FRIBTER

E 0. Y -4:..64,5—“/. LJ’CI{: HO BRAST MACHINE SCREW
) 8 REQD

! 2 REQD

:

i

- "
SECTIQN ﬁé

FIGURE 5. CONTROLLER CHASSIS LAYOUT SHOWING INDICATOR. Sheet 1 of 2 10




CHAPTER ITI

DESIGN OF THE FRROR SENSING ELEMENT

Preliminary Considerations

As previously mentioned, the error sensing element was a key com-

ponent of the system because of the severe operating conditions. Briefly,

core number one was required to operate in a pipe containing corrosive

liquid under a pressure of 200 pounds per square inch and at a temperature

of 1100°F. The liquid was paramagnetic; however, since the core was made
of iron in order to establish high flux density in the sensing coll, the

paramagnetic was of no consequence.

Coil Design

The cqil design was based on the amount of space available around
the non-magnetic pipe and the required accuracy of indication. Approxi-
mately two hundred turns of #22 gage wire were used in each primary and
secondary coil. A number of coiié'éf different thicknesses were buillt
with the same cross section of one-half of a square inch. The experi-
mental results of tests made on these coils showed that as a coil was
decreased in thickness its ability to detect a given change in the cdre
cross section (and thus a given level change) increased. The maximum
diameter of the coll form was fixed by the dimensions of the available
high temperature insulating material; therefore, the winding space was

limited to one inch in depth. In order to operate the coil at 1100°F,



12
special insulation was needed for the wire; also the wire had to be of a
material that would not oxidize. Therefore, silver wire with a special
fiberglass insulation was used. The coil form used is shown in Figure 6.
Since coil two did not operate in the high temperature reglon, its
coll form was made out of a low temperature insulating material. In all
other respects the two coil assemblies were identical. The inductances
and resistances of the two coll assemblies at room temperature and with-

out the iron cores are listed in Table I.

Core Design

The coil inductance depended upon the area of the core cross sec-
tion within the coil.l A tapered core could be made of any length, that
is, from a few inches to many feet. Since the core operated in a high
temperature corrosive liquid, the surface was chrome plated. The perme-
ability of iron decreases with increasing temperature and this has an
effect of decreasing the useful length of the core. The iron core was
operated in the linear portion of the hysteresis loop and the loop en-
closed in a small area. The small area enclosed by the loop meant a
small hysteresis loss.2 Therefore, when the core was operated at 1100°F
the hysteresis losses could be neglected. A tapered section seven inghes

long was used with three inches of straight section on each end. The

lﬂoward C. Roberts, Mechanical Measurement by Electrical Methods.
(Pittsburgh: The Instruments Publishing Company, 19%6), p. 43.

2W1lliam H. Timbie and Vannevar Bush, Principles of Electrical
Engineering. (New York: John Wiley & Son, Inc., 1930), p. 289.
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TABLE I

VALUES OF COIL PARAMETERS

b e — ——— —  ——— __—— —— ——

Item Coil Number One Coll Number Two
(Iava Form) (Formica Form)
Resistance of Primary 1.86 ohms 1.94 ohms
Resistance of Secondary 1.86 ohms 1.93 ohms
Inductance of Primary 1.9 mh 1.8 mh

Inductance of Secondary 1.9 mh 1.8 mh
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diameter of the large end was governed by the inside diameter of the
Inconel pipe which was used to gulde the core. The inside dliameter of
the pipe was approximately 0.825 inch. The drawing of the core is shown

in Figure 7.

Design of the Error Sensing Circuilt

In Chapter I, the method of solution deseribed how the secondary
of the coills should be connected. The primaries of the colls were fed
from a three volt, sixty cycle source. This in turn produced an output
from each secondary coil that could be varied from one to one and three-
eighths volts by moving the core from the small end to the large end of
the taper. When the colls were connected as in Figure 2 and when both
coll assemblies were located at the small end of the taper, the output
was 0.032 volt. When either core assembly was then moved six inches, the
output changed to 0.500 volt. Therefore, the error sensing output was
0.078 volt/inch. An error signal was generated by having the secondaries
of the two colls connected in series. |

The resistance of coil number one increased with temperature;
therefore, a variable resistor was added in series with the primary of
coll number two in order to obtain the same voltage outpuf from each
coll at different temperatures. Figure 8 indicates the difference be-
tween actual level and indicated level as the value of the added series
resistance is varied. Thus from this set of curves 1t i1s seen that the
most accurate indication 1s given for the resistance of one ohm. If

the liquid level is at some temperature other than 1100°F, a similar set



of curves must be plotted to determine the proper value of the series

resistance for that temperature.

16
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CHAPTER IV

DETAILED DESIGN OF THE SYSTEM

Calculations for the Uncompensated System

The following calculations show how the resonant frequency and
system gain of the uncompensated system were determined, and hence the
speed of response approximated. The evaluations of the circuit con-
stants and the transfer functions used in these calculations are found
in the appendix.

A trace of the entire right half of the S plane was made and the
corresponding locus of G(S) as sketched in Figure 9 showed system sta-
bility for low values of gain. The resonant frequency and the maximum
allowable magnitude of gain were evaluated by using the Bode plotl in
Figure 9, and the Nichols diagram in Figure 10.

The system gain was increased until the locus of Figure 10 was
tangent to the constant MP curve and the resonant frequency read dir-
ectly at that point. The figures of merit Kp and Ky were then obtained
by manipulation of the transfer function and were relative indications
of the steady state error to a step function and ramp function respec-
tively.

The gain was found to be 29.8 volts/radian and the resonant fre-
quency 4.37 cycles/second. These values were obtained from the following

calculations:

1gordon S. Brown and Donald P. Campbell, Principles of Servo-
mechanisms. (Fourth Printing. New York: John Wiley & Sons, Imc., 1950)




The transfer function, KG(S), of the original system was

K1Ko
S{1 + 0.015)(1 + 0.029)

Ka(8) =

a8 obtained in the appendix.

Thus the positional constant was

Klo = limit KG(S) =00
S—»0

and the velocity constant was

Ky = limit SKG(s) = KK,
S—0

From Figure 10:

KlKé = 29.5 decibels
W = 27.5 radians/second
_ g Yolts
Therefore > KlKQ = 29 . m

and the velocity constant was

K

- = 29.8

20

(1)

(2)

(3)
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Calculations for the Compensated System

The investigation of the uncompensated system showed that the
values of system galn and resonant frequency were low. Therefore, it
was desirable to add a network to give the locus of Figure 9 a positive
phase shift in the -1 + jO region, thereby incfeasing the resonant fre-
quency and allowing an increase in system gain. A lead network was used
in order to obtain the desired effects.

The resonant frequency and the maximum magnitude of gain was evalu-
ated by using Figure 11 and Figure 12.

The investigation showed an allowable system gain of 11B volts/
radian and a resonant frequency of 21.9 cycles/second as indicated by
the following plots and calculations.

The following bridge-T network! was used to increase the frequency

response of the system.

Ry

f o T
St I

For this network, the transfer function given in the appendix
is

Koy (i) = A& Hﬁgﬂ (%)

lCharles H. Weaver, "Servomechanism Class Notes" (Unpublished
Notes, Department of Electrical Engineering, The University of Tennessee,

1955), p. 203.
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where
Wm = modulating frequency
W. = carrier frequency
A = 2R,C
B = C(2R, + Rq)
C = ¢, = 02
and
k = 2
ABW 2

The values chosen for the bridge-T circuit were

920,000.0 CHMS

2]
[
I

6,800.0 CHMS

n
]

thus the new transfer function was

]

XG,(S) KG(8) x K3,(8) (5)

1+ 0.06895 1Ko
0-0M6 x -i5oors. X ST T oom Ty (O

KG,(S)
From this the positional constant was

K, = ;imig KGp(S) = oo (7

and the veloclty constant was

Ky = limit SKGo(S) = 0.0146 K (8)
v S SKGp 1Ko

From Figure 12, the pertinent values after compensation were

0.0146 XK,
YR

41.5 decibels

138 radians/second

Therefore,

8080.0 volts/radian

KK



and

FR = 21.9 cycles/second

thus the new velocity constant was

Ky = 118.0

25
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Experimental Considerations

Four other bridge-T circuits were used to secure an experimental
check of the chosen bridge-T circuit, and the results are tabulated in
Table ITI. The experiment showed that by shifting the lead network through
the five sets of values the rise time of the system could be changed from
less than one inch/second to 2.25 inches/second. This shows that although
the ealculated circuit did not give the best results, it did give satis-
factory results.

Experimental response curves were made of the system and Figure 13
shows the amount of overshoot for a step input. Two of the curves were
made with a chart speed of 0.2 inch/second and the third with a speed of
one inch/second. Different chart speeds were used in order to secure a
better over-all picture of system response. The curves were made with a
pre-amplifier added at point "A-A" in Figure 2, which allowed the calcu-
lated value of system gain to be obtained.

The plot of actual versus indicated level at 1100°F is shown in
Figure 14. The dotted line shows the ideal curve. Temperature affected
coil number one and caused a shift in indicated level, as shown in Fig-

ure 15.
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TABLE II

EXPERIMENTAL VERIFICATION OF THE CHOSEN BRIDGE-T CIRCUIT

Speed of
W Wy C(pT) Rl(ohms) Ry (ohms ) in&ﬁ:gz::zznd
5 34k 0.015 318,400 2350 1.82
10 689 0.015 636,600 4690 2.25
"14.5% 1000 0.015 92k, 000 6800 2.08
30 2067 0.015 1,911,000 14,100 1.00
50 3445 0.015 3,183,000 23,450 -

aChosen bridge-T circuit constants
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The system shown in Figure 2 was bullt and tested. It may be seen
from Table III that the chosen lead network gave satisfactory results.
The addition of this network brought the system operation within the limits
of the requirements of the problem. The network used satisfied the ori-
ginal requirement fo£ a rise time of two inches per second.

The system indicated a level within * one per cent of the actual
level when coil and core number one operated at a controlled temperature
of 1100°t50°F.

This system can be used to indicate liquid levels operating in the
temperature range of room temperature to 1100°F, if suitable changes are
made in the series registor of coil number two. However, the range of

temperature over which the desired accuracy is within one per cent of ac-

tual level is limited to x50°F in any such case.

Recommendations

The core used in the error sensing device was made of hot roll steel
which has a curie point 6f approximately 1428°F. This core could be made
from cobalt and operated at even higher temperatures than used in this
problem.

A faster rise time could be developed by using a faster motor and




3h
drive assembly. Since the requirements of the problem were satisfied,
further development was not necessary: however, it is hoped that these
recommendations can be built into the indicator in the near future.
Another use for the syﬁtem as described would be as a flow meter.
Figure 16 shows the complete assembly for a high temperature rotameter,

and Figure 17 shows the core used inside the pipe.
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TABLE III

COMPARISON OF RESULTS

Compensated
Ttem Uncompensated System Systemb
Mp 1.3 1.3
Kp oo oo
K 29.8 118
wr 27.5 138
. 437 21.9

Drhe third lead network listed in Table II (wi=1u.5) has been
added, and gain readjusted accordingly.
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APPENDIX

In order to plot the various transfer‘functions and investigate
the system characteristic equation, values for the circuit constants were
obtained as described below.

These circuit constants and the methods of obtaining the various
transfer functions are presented on the following pages. The derivations
for the transfef functions used will not be presented in this paper. How-
ever, reference for such derivations are listed.

The G(S) of a two-phase servo-motort is

G(s) = K
( S(7S + 1) (9)

2

A typical schematic representation of such a motor< is given in

the following sketch

Control <::>-—— % F <__--_-J

Reference

Here J is the moment of inertia and F is the damping constant.

lyeaver's notes, Op. Cit. p. 197

®Robert A. Bruns, Robert M. Saunders, Analysis of Feedback Control
Systems. (New York: McGraw-Hill Book Compeny, Inc. 1955) p. 58-
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The time constant, T, of the motor is

T =_J_ , where F = &L in ft-1b/rad/sec. (10)
= )

&

From the motor curve, Figure 18, AT = 1.05 ounce-inches and 4S =

10.6 rpm. Therefore

F = 1.05 x 60 -0 ) .
10.6 x 16 x 12 x 217 0.0049 ft-1b/rad/sec.(1l)

The following means were used to determine the moment of inertia.

First the rotor was removed from the motor and measured. The dimensions
of the rotor are

Rotor 0.D. 0.625"

Rotor Length 0.875"

Next the mass of the motor was calculated using the density of brass as

= . .8
ne g 7 (325 (o) 22

M = 0.0024 slugs

500 1b/<£u.ft.

Using this value of M, the moment on inertia of the motor was calculated
from

2
J = L“ﬂ;_. slug-£t° (13)

_ 0.0024 x (_.gng
J = 12
2

0.807 x 10"6 slug-ft

to be

J 2

The motor is geared down from 1800 to 162 rpm, a reduction of 1l:1l.
Thus the moment of inertia referred to the output shaft is

J, = 0.807 x 10°6(11)2 = 0.976 x 10°* slug-t°
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From Lauer, Lesnick and Matson,3 the load inertia mey be ignored
whén making & preliminary analysis of a éeared servo-system of this type.
Thﬁs \

-4
T = ..g_ = °'o 6 x9]1_° = 0.02 ft-rad/sec.

Therefore the motor tramsfer function is

G(s) = s(o.ggs T 1) (24)

The amplifier used was a modified Brown amplifier with a time con-
stant of 0.0l second. By Weaver's notésu the typical transfer function
is

a(s) = X (15)
7s + 1

Thus for this amplifier

G(8) = (16)

K
0.01Ss + 1

The open loop block diagram for the amplifier and motor is

_ 61 Ky K, &
0.01 S + 1 '8(0.02 8 + 1)

and the t;ansfer function was calculated to be

KXo
6(s) = (0.015 + 1)5(0.025 + 1) (1)

This is the transfer function used to plot Figure 9.

3Eenri Lauer, Robert Lesnick and Leslie Matson, Servomechanism
Fundamentals (New York: McGraw-Hill Book Company, Inc., 19%7), pe .

uWeaver's notes, QOp. Cit.
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A lead network (bridge-T circuit) was used at the input to the
amplifier in order to improve the transient response of the system. A
bridge-T circuit was chosen instead of a parallel "T" circuit because it
was desired to have a pbrtion of the carrier feed through at the null
position.5

The typical transfer function of & bridge-T circuit is

= A 1 ‘bkWm
miy) = A B ] (1)

where
A = 2R20
B = C(=R, +R,)
k = 2
ABWC2

This transfer function is described completely in Weaver's notes.

Using Figure 9, a bridge-T circuit was chosen to give the maximum
phase shift at W & 100. The break points for its log-frequency plot were
picked at W = 14.5 and W = 1000,4 as shown in Figure 19. By Equation 4,

this gives & tramsfer function of

- (1 + 0.0689 wn)
Ka(JW_) = 0.0146 T+ 0-00 i) (17}

This is the transfer function used to plot Figure 19.

’Bruns and Saunders, Op. Cit. p. 124

6Wéaver's notes, Op. Cit. p. 199, p. 203
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The open loop block diagram for the network amplifier and motor

is

6, Ko Ko KG BSo

Network Amplifier Motor |

The transfer function for this system is

G(S) = 0.0L46 x L+ 0-06898 Ky

T+0.00LS BS(L+0.018)(1 +0.028) 6)

This transfer function is plotted in Figure 11.
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