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ABSTRACT

In this work, an Apple II microcomputer together
with a d&ta acquisition and <dontrol hardware / software
.package called ISAAC (Integrated System for Automated Acgqui-
sition and Control ) was used to imﬁlement Direct Digital
Control (DDE} on a pilot' scale process. This proceés con-
sisted of a tank in which hot and cold water streams were
mixed, the controlled variables being tﬁe level and the
temperature of the water in the tan. ‘

- Three control programs were written, two for level-
only “control and one for multivariable level / temperature
control. A position PID control algorithm was incorporated
in the first level control program, whereas a velocity PID
control algorithm was incorpeorated in the second one. A
number of differences 1in controller performance were ob-
served between the position and the velocity PID algorlthms.

The third program, the multlvarlable level and temp-
erature control, showed one-directional coupling wlth the
level loop affected by the temperature loop. Coupling was
only noticeable when the 1level loop  was loosely tuned in
comparison with the temperature loop. A dynamic decoupler
was designed and 1implemented which significantly reduced
cduplihé. Best multivariable control was achieved‘by tuning

the level tightly which almost eliminated coupling.
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NOMENCLATURE

D = deadtime (minutes),

D(s)

It

Laplace transformed disturbance,
4 = Laplace transformed vector of disturbances,

© Di2(s) = Laplace transformed output from decoupler (VDC),

DDC =-Direct Digital Control,

E(s) = Laplace transformed error signal,

e = Laplace transformed vector of error signals,

F(s) = Laplace transformed feedforward control transfer
function, |

F = o@tlet'flowrate (L/min), _

F. = cold water inlet flowrate (L/min),

'Sh = hot water inlet flowrate .(L/min), '

G(s) = Laplace transformed Procéss transfer‘ﬁunction,'

G(s) = Laplaéé trénsformed process traﬁéfer function
matrix, |

q:(sl = Laplace transformed controller algorithm,

Ei:{s) = LapIace'transfbrmea controller algorithm matrix,

Gim(s) = Laplace transformed master.controller algorithm,

Gcs(s)'= Laplace transformed slave controlleﬁ algorithm,

Gd(s) = Laplace transformed disturbance transfer function,

G;(s) = Laplace transformed disturbance transfer function
-matrix,

EI(S) = Laplace transformed dynamié decoupler matrix,
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" Integral of the Squared Error,

Laplace transformed steady-state decouplér.matrix,'

controller gain,
open-loop précess gain,
Bristol array,

Vertical distance between the water surface in the

tank and valve A .(dm),

= Vertical distance between the bottom of the tank .

and valve A (dm),

Laplace transformed controller output (VDC), ,
Laplace transformed. vector of controller outputs,
Dig;;al §utput from level‘controller, which after
D/A conversion is reprééented by v_ (VDC},

level controller oﬁtput at steady-state,

‘Digital output from‘temperature-COntroller, which

after D/A conversion is represented by Vb (VDC);
Temperature-controller_pﬁtput at steady-state,
Proportional-Integral-Derivative,

sampling time or sampling period (seconds),

rate or derivative time (seconds}),

;eset or integral time (seconds),

process time consfant (minutes),

tank water temperature (0C),

cold water inlet temperature (°C),

hot water inlet temperature (°C),

level controller output after D/A conversion (VDC), -

temp. controller output after D/A conversion (VDC),

- o p————t =
o i i s et
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X(s)

¥{s)

R4
Y.
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1

B

Volts Direct Current,

generic Laplace transformed controlled variable,

generic
Laplace
Laplace
Lapiace

Laplace transformed controlled variable,

transformed vector of controlled variables,

transformed setpoint and

transformed vector of setpoints.
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Chapter I
INTRODUCTION . .

f

Until about 20 years ago, energy was cheap and envi-
ronmental regulations, as well as product specifications,
were loose. Satisfactoryucontfol could generally be échieved
through application of single-input single-output schemes
based on linear control theory.  For these reasons, -tradi-
tional mechanical, péeumatic or electric analog contrdllers
wvere adequate for the majority of cases‘?’ . However, the
situation has changed drastically in recent years. Energy
1S no longef cheap, eﬁvironmental emission regulations are
strict and product specifications-ére tight.

Major advances 1in process control, namely through
application of digital computers and the simultaneous devel-
opment and implementatién of more sophisticated computer
control theory, have fortunately provided ways to meet these
new, more demanding requirements. According to Ginnf?)
computer coﬁtrolling a process typically increases its pro-
duction capacity by 5%, the wutility consumption per unit
product is brought down by 10% and the raw material loss 1is
reduced by 20% . |

The first applications of digital coméuters” for

chemical process control go back to almost 30 years ago'?*’



The system was typically constituted df a largergentrélized
main frame computer whose taskg were mainiy‘process data
logging, yieldﬂcalculations and alarm activation. 1In these
early stages, huge and expensive machines with slow execu-
‘tion speed were common. Intérfacing with the process was
- o

very difficult, 'and little stress was put on system analy-
sis. As a result, only limited success was achieved.

With the revolution'in the microelectronics industry
that began‘in the late sixties, components for computer con-
trol systems have become more varied, more powerful, minia-
turized and less expensive. These advances have made comput-
er control the standard in the chemical processing
industries.

Digital'computeﬁs can be classified in a descendent
order of complexity as:i’ large mgin-frames, minicomputers,
microéomputers and £inally microprocéssors. At the bottom
of the scale, the microprocessor is essentially a Central (
Processing Unit_(CPU). Microprocessors are programmed using
very low level languages, normaifi loaded in non-volatile
memory space, and have an enormon; potential for dedicated
tasks. A microcomputer is a microprocessor to which has been’
added input/output interfaces and additional memory. Micro-
computer-based control systems are used in small systems or
as satellites 1in distributed systems. They seldom handle

more than 40 control loops. Minicomputers have typically 10

times the computing power of microcomputers, and are there-
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fore used mainly to supervise several microcomputers, micro-
processors or analog controllers. Large main-frame systems
are now inconvenient and uneconomical for contrel purposes.:

Because of its ability for acceptid§ high-level lan-
guages, system expandability and low price, the microcomput-
er is especially useful for a variety of process control ap-
plications. It is being extensively used in both industrial
and academic’ environﬁents, fof industrial process control
and training purposes *,*’ . As an example of industrial
process control, it is worth mentioning the picro— and mini-
computer control o¢f the water distribution' and waéfewater
treatment systems of.the city of Philadelphia"" . For
training purposes, a microcomputer controlled pilot scale
process involving the heating of a continuous stream of wa-
ter using steam was used by Exxon Oil Company to train their
instrument and‘process personnelt*? ., The setup was used to
demonstrate feedback contreol concepts. A similar setup was
used by the University of Louisville to demonstrate more
complex control concepts‘®’

The primary objective of this project was to design
and implement a microcomputer-based control‘systém which ~
could be used in an undergraduate process control lab. Cur
set-up consisted of a tank in which hot and cold water
streams were mixed. The controlléd'variables were the level
and temperature of the water in the tank. The manipulated

_variables were the cold water inlet flow;ate_and the mixture
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outlet flowrate. Control was carried out using an Apple II

" Plus microcomputer together with an ISAAC (Integréted System |
for Automated Acquisiton-and Control) ‘model-SlA data acqui-
sition and control unit.

Our secondary objective was to evaluate various
~ strategies for dealing with interacting control loops. The
traditional procedure of tuning one loop loosely and the
other tightly in order to minimize interaction was compared
to -a decoupled control scheme. Decoupling is one of the more
complex or advanced control schemes whose impleméntation be-
came possible only with' the advent of computer control.

‘To accomplish the objectives above, we first de-
signed and implemented a single~input single-output (SISO)
level control. As a second étep we designed and iﬁplemented
simultaneous level and temperature control, and as a last
step, dynamic decoupling was-added to the multivariable lev-

el / temperature control system.
-

N

“Lr
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Chapfer II
DIGITAL COMPUTER CONTROL

Digital computing applications can be divided into
two major areas, ﬁamely batch computing and on-line comput-.
ing 2,7} | In batch computing, = the p{ogram and the data
are collected and grouped together before processing is car-
ried out. During proceésing, only internal interrupts gener-
‘ated by the Central Processing Unit (CPU) take place. Batch
computing gppeared' with the very first computers, and is
still being extensively used especially for business appli-
cations {(e.g. payroll processing). On-line computing in-
volves internal (from the CPU) as well as external inter-
rupts that arrive | from th? ' "process™ that is being
controlled. On-line computing constitutes most of the cur-
rent computer applications (e.g. air traffic control, indus-
trial process control, interactive computing).

On-line computing can be further broken down into 3
distinct areas:

1. Clock-based computing: Through a built-in clock the
computer links 1its internal éperafions to real time
(seconds, minutes, etc.). . .

2. Sensor-based computing: The computer links its inter-
nal operations to the condition of the ‘process

through analog or digital sensors.

_5_
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3. Interactive computing: The computer communicates with

other computers, users, processes, etc.

4

The great majofity of on-line computer systems can be clas-

sified as belohging‘simuitanéodé}y to =’tiﬂ‘_o or three of the-

Fl

-areas above. . The control of chemical processes involves

-

‘both clock: and sensor~based on-line computing in what is

commoﬁly called real-time computiné",”'.

2.1 REAL-TIME CQMPUTER CONTROL | _ .

Real-time computing deals wiﬁh ‘'the physical Eonﬁec-
tiéﬁ "of a computer té a process using analog-to-digital
. (aA/D), digital-to-analog (D/A) .and digital,data interfaces

's6 that communication is established. This communication can

be unidirectional as in data logging or bidirectional as in

. process control. These operations.are synchron?zed with the
passage’ of real physical time. .

In the early stages of computg;'appliéations to pro-
cess control, l the irend was towards a centralized large
main-frame computer, normally installed in the control room.
With the new developments in electronics, and the popularity
of computer networks in the data processing indust}y, dis-
tributed control systems are replacing the centralized sys-
t:t-:‘m"'-H . The advantages of distributed control are obvious.
Less wiring is required, since the controller is closer to

the process. The system is safer, since failure in one unit

does not affect the others. Because of its modular struc-

Y

R — § 3
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Euré, the task of computerizing a plant can be carried out
in stages.

. Computers or microprocessors of a distributed éyspem
(also known as satellites) are interconnected and form a
network. . There is normally a computer (Host) which is as-
signed the task of coqtrolling the flow of information among
the satellites, as well as the overall supervision of ?he
system. Computer networks.can have seve;al configurgtions
¢33y , which can be.seen in Figuse 2.1 .

‘ The present work involves a single satellite, which

may or may not be part of a larger system. |
There ére two basic .methods_of implementing digital -
computer control?,*! : _ |

1. DIRECT DIGITAL CONTROL (DDC), in which the computer
is used as a difect substitute for an analog éontrol-
1er,within é loop, performing the same tasks ;s its
analog counterpart. DDC is normally implemented with
microprocessors, one for each loop.

2. SUPERVISORY CONTROL, in which the computer supervises
severai controllers which can be. analog or micropro-
cessor-based, by controlling their set-points based
on some predetermined control strategy. These various
loops can constitute a complete uﬁit operation. In

this work the microcomputer was implemented primarily

in a DDC mode.
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2.2 COMPONENTS OF A REAL-TIME SYSTEM

‘Real-time systems are constituted of a process, a
real-time computer, and computer- and process-related pe-
ripherals. The procesé is very general. It can be a chemi-
cal reactor, the t;affic on a railway system or even the
launching of a focket. As far as the real-time computer is
concerned, no major restrictions apply; The only requirement.

is that the computer be able of being effectively interfaced

with the process to be controlled. Computer-related periph-

erals allow interaction’of the user with the system. Ameng
them are teletypes, CRT's, on-line printérs, etc. Process-
related peripherals are specialized devices employed to con-
ﬂect the computer to the process. The most often used are
analog-to-digital (A/D) and digital-to-analog (D/A) convert:-
ers, digital interfaces and real-time clocks. Of particular
importance for us are the D/A converter, the A/D converter

and the real-time clock.

2.211 Real-time b&ock

The real-time clock’is actually a simple interval timer¢”’
Its circuitry uses as time reference the frequency of the AC
line (60 Hz)}. By adding a counter to the interval timer,
long time intervals can be meaéured with précisioﬁ. The tim-
er can be also converted into a clock if the time is reset
to zero each 24 hours. Other real-time systems have both a

timer and a real-time clock in independent circuitries‘?®®’

-
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In this case the clock has hardware that fesembies common
digital watches, where the clock signal is derived from a
contipuously running pulse generator.” A backup battery al-
lows the .clocﬁ to keeb time even if the system power goes

off.

b ]

2.2.2 A/D converters

r

Analog continuous signals are not directly readable by com-

puters. A/D converters transform analog quantities {particu-

lafly Volts D.C.) into binary gquantities, readable by the

computer, whose magnitudes are proportional to £hose of the
original analog signéls. )

Analog signals are converted onlf at discrete time
intervals. Between two consecutive measures, the SAMPLE ANﬁ
HOLD unit keeps the voltage signai'equal to the last meas-
ure. This originates a step-shaped curve which approximates
the continuous function and is equal to it only at the.sam-
pling times. Figure 2.2 shows the step-shaped approximation
of a2 discretized continuous ;Egnal.

After the sample and held unit, the signal is con-

- verted into digital quantities. The resoclution of an A/D

_ converter is given as "number of bits". For example, 2

12-bit conversion resolution means that the full analog
voltage range can be approximated by 2** = 4096 discrete nu-
merical values. Our A/D converter has a 12-bit resolu-

tionfi®) . Conversion times vary from a few milliseconds

L iz e ke e ar i o p 2



vDC

Fl‘

11

sampling period
> .

»

i
|
}
|
I

Figure 2.2 :

r~---- original continuous signal and

)

discretized signal.

Discretization of a2 continuous signal.
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down to a few migroseconds‘’’ . in our sjstem, A/D conver-
sion takes 25 microseconds.

A/D converters are normally very expensive, the
price depending on conversion time and resolution. Often,
for the sake of economy, many analog channels may share a
:single A/D converter, so that the channels are accessed se-
quentially. This sequencing is perfermed‘by a device called
a MULTIPLEXER or MUX for short. For example, our equipment
has only one A/D converter ‘*°’ , byt a built-in MUX allows

access to 16 different analog input channels.

2.2.3 D/A Converters )

D/A converters perform the inverse operation of the A/D con—
verters. They convert digital guantities into veltage sig-
nals. The output of a D/A converter is step-shaped like the
output of a sample and hold unit. Compared to the A/D, the
D/A converterfs circuitry is much simpler and therefore
cheaper. Multiplexing is not economically justified, and
each analog output channel has 1its own dedicated D/A con-
verter. This is the caée for our system, in which the four
analog output channels have their own converters. Resolution
is evaluated according to the same criterion used for A/D
converﬁg;g, based on number of bits, and again our system
has a 12-bit résolutio&. Conversion times can be 10 to 100

times faster than for the A/D conversion 77 ,
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2.3 CONTRCL-ORIENTED COMPUTER LANGUAGES

So far, our attention has been difectgd towards
real-time systém hardware. It must be pointed out, however,
that system software development is equaily imporfént, and
its price can exceed the price of the hardware by up ta a
factor of 3 (*) . The development of application software
for specific real~time computer control systems is expensive
“ and time—cpnsuming, and also requires a skilled programmer.
To <c¢ircumvent these problems, qontrol-oriented languages
have been developed and are now commonly offered along with
the hardware.and its standard support software. Control-o-
riented languages handle the most common real-time computer
control operations like data input and output, report gener-
ation, etc. Some of these languages are so specific for
process c¢ontrol that they are called FILL-IN-THE-FORM
PACRAGES, because the process engineer is only left the task
of adding the necessary process parameters to the already
written control program.

Control-oriented languages tend to decrease the cost
of the application soft;are, because the basic set of com-
puter instructions can be sold to several different custom-—
ers which therefdre share the cost of the software develop-
ment. Also, _feﬁef programming skills are required from the
process engineer.

The system used for our experiments utilizes a DATA

ACQUISITION AND CONTROL software package '**' called Lab-



1%

o

Soft, which extremely simplifies the programming. Control -

oriented languages leave to the process engineer only the

task of writing down the suitable control algerithms.,

2.4 DIGITAL COMPUTER CONTROL ALGORITHMS

>

Feedback control 1is the simpleét automatic process
control technigque that can be implemented. It is typical of
the vast majority of control technology used in industrial

application today, 1its block diagram being shown in Figure

2.3 . Feedback control consists in—comparing the measured

value of the controlled variable with its target or set-

point. If a deviation or error exists between the measured

and the desired valﬁés, an error signal is generated and-

sent to the controller. The controller, based on a control

algorithm, . calculates the necessary corrective action to be

applied to the £final control element, which is wusually at-

control wvalve. .

The most traditional and well known control algor-
ithm is the cenventional three-mode PROPORTIONAL - INTEGRAL
- DERIVATIVE (PID} algorithm, or.one of its simpler ver-
sions, ,PéOPORTIONAL - INTEGRAL (PI) or PROPORTIONAL (P)
only. PID-based aigorithms are easily implemeﬁted in analog
controllers, vyvielding satisfactory performance for sinéle
feedback loops‘*?

Non-conventional control strategies (e.g. computed

variables, nonlinear control, selective control loops, anti-

PO F
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Figure 2.3: Feedback Control Loop.
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Laplace transformed controlled variablep

Laplacé transformed setpoint, )

Laplace transformed error signal,

Laplace transformed controller algorithnm,

Laplace transformed controller output,

-

Laplace transformed process transfer function,

Laplace transformed disturbance and

Laplace transformed disturbance transfer

function.
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reset windup, ratio control and advanced control strategies)
have been developed in the last 30 years. .Among the ad-
vanced or more complex control strategies it 1is worth men-
tioning feedforward control, cascaée control, dead-time com-
pensation, adaptive control and multivariable control. Most
of them could be handled with analog devices, but required
special. hardware purchases (i.e. lead/lag elements, pure
dead-time elements, etc). Wwith the advént of digital com-
puter control, it became possible to eaéily implement all

these non-conventional control strategies.

2.4.1 PID Feedback Controil

The ideal continuous PID algorithm is described 1in

the time domain by the equation:

X N
m(t) = my + K e(t) » == /% e(t)dt + X Ty de(t) . (2.1)
N c ——
dt
where m(t)= controller output,
m, = controller output when process is at steady-

state at its setpoint.

e(t)= controlled variable deviation:ifrom set-point,

-~
i

controller gain,

T3 "= integral or reset time (minutes) and

La
1

e

= gderivative time or rate (minutes).
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~

The digital computer, because of its inherent .struc-

turé, cannot héndle continuous algorithms; discrete approki—
mations are necessary. By replacing the integral term by
rectangular integration and the derivative by finite differ-
ence, we-. obtain the‘.discrete equivalent of the .equation'

+

above!¢,*’ . At time ¢,

K. S t K.t
. _c "t ., .cd - 5
mt = mo KC et TI % et —g;— (et et_l) . h(Zi-)

where m_ = output from controller at the t'th sampling

t
time,
St = sampling time,
e, = error at the t'th sampling time and.
e ;= error at the (t-1)'th sampling time.

The equation above is called the POSITION form of
the PID control algorithm, because the actual control output
is cohputed at each igmpling time., Similarly at time t-1,
_1 K-

c'd -
e, - 3;-—{et_l-et_2) . (2.3)

Subtracting Eqn. {(2.3) from Egn. (2.2) yields
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 Equation (2.4) is known as the VELOCITY form of the

PID algorithm because, instead of the actual output, the in-

cremental outpﬁt,a:n , is computed. 1In the computer control
program, the PID velocity eguation is implemented as
mt = mt‘l+ 4 m, . ‘

The performances of the position and velocity PID
algorithms are not equivalent!**,*¢) , To initialize the
position ~algoérithm (switch from mgsual to automatic con-
trol), in order to ensure a smooth transition, the operator
has to set the summation term in egn. (2.2} equal'to zero
and the bias term m; egual to the current value of the out-
put. For the velocity algorithm, initializatioﬁ is carried

out simply by setting m ,K equal to the current value of the

1
manipulated variable at the time the controller is switched
to automatic. This is pefformed automatically by the algor-
ithm, as can be seen in egn. (2.4) .

The other advantage of the velocity algorithm 1is

protection against reset wind-up. Reset wind-up occurs when

‘the manipulated wvariable, mt, saturates (i.e. reaches its

upper or lower limit) and the error is still nonzero. The

reset term (i.e. the summation in the position algorithm)
will wind-up (i.e. keep on growing beyoﬁd ‘an apéropriate
limit). When the controlled variable finally reaches its
setpoint, a large overshoot in the.direction . Opposite to

that which caused the saturation occurs.
' 4
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Reset wind-up is avoided for the position.algorithm

by detecting when the control element saturates and termi-

nating the summation untii the manipulated variable has re-'

turned to within the control range. As can be seen from

eqgn. (5.4), the velocity PID algorithm doesl not have the

summation term, and reset wind-up will not occur, as long as
tHe\;;EEbulated variable m has upper and lower limits.

The major drawback of the PID velocity algorithm is

that the reset term is absolutely required in the equation.

This is because the setpoints are actually - canceled out 1in

computing the proportional and derivative terms‘?’ , Recall

eqn. {(2.4), but now making e = XS5€T - X, "At time t ,
X S
' vSRT v y_ ySet_ c’t Sttt .
mtzmt-l*Kc{(“jé xt)(Xj/ xt-‘L]\ - T X Xe)
4 oty - 2afftr ) - o0
. t t-1 : t-2

¢

Therefore, P and PD modes result in very poor control:f !
because the value of the setpoint vanishes from the equa-
tion. Despite this limitation, the velocity algorithm is the

most widely used in digital process control applicationsf?*l

1t is important to note, at this point, that the ve-
locity form is the same as the eguation obtained by discre-
tizing the PID algorithm using sampled-data control theory,

since both are based on finite-difference approximations.
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This equality is shown in Appendix A. Both the velocity and
the position algorithms were implemented in our system.

2.4.2 Cascade Control ; .

Cascade control 1is a particular application of PID
feedback control.. Assume we have a process that-can be rep-
resented by 2 lags in series as in-Figure 2.4 (a).

I1f process A is faster than process B but subject to fre-
qguent disturbances, the ovérall. control performance can be
improved with the cascade arrangement shown in Figure 2.4
(b). The outpu£ of the master contreller, Gch4s), is the
setpoint to the slave controller, Gcg(s). The output of the
slave controller positions the final control element. With
the cascade configuration,” minor disturbances that affect
the faster process will be detected and compensated for be-
fore they affect the outer loop. Cascade control is not im-

plemented in this project.
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Pigure 2.4 :Llassical Feedback Control (a) and

Cascade Control (b).

A(s), B(s) Laplace transformed process transfer

functions,

Dl(s},szs) Laplace transformed disturbances,

GCfS) = Laplace transformed controller algorithm,
Y(s) = Laplace transformed controlled varizble,
YSEt(s) x_Laplace transformed setpoint.
Gcm(s) = Laplace transformed master controller
algorithm and .
Gcs(s)_ = Laplace transformed siave controller

algorithm.
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2.4.3 Feedforward Control

' Feedforward control 1is based on measuring distur-
bances as they enter the process, and adjusting the manipu:
lated variables to compensate for these disfurbances, 1o
thaﬁ the controlled variables ére kept at their setpoints
“,;" . As opposed to feedback contreol, feedforward contrel
does not wait until the disturbance has propagated through-
out the process to generate an error signal, rather it acts
immediately as the disturbance enters the process. A block
diagram for a feeaforward control application is sho;n in
Figure 2.5 (a). _

To afhieve perfect feedforwara‘control all distur-
bances must be detected and the exact relationships between
both the disturbances and manipulated variable with the con-
trolled variable must be known. As a result, feedforward
control is seldom used alcne. To overcome these weaknesses,
feedforward control is usually implemented together with
feedback control, where each strategy covers the other's
weaknesses. Figure 2.5 (b) shows combined feedforward /
feedback control. Feedforward control was used in this

study in connection with the decoupling algorithms:

ek e mmeas,



“D(s) 23
(s) ( oo
R S| 66 G)
(@) Vo
D(s)
L Gs) |
. Y(s)
31 F(s) o) —— X >
‘\
’ -1
Gls)
(b)
Figure 2.5 Feedforward Control (2) and combined

Feedforward-Feedback Control (b).

disturbance,

D(s) =
Gd(s)= disturbance transfer function,
G(s) = process transfer function,
F(s) = feedforward control transfer

. function and
Y(s) = controlled variable.

G.(s) = controller algorithm and

Yset(s) = setpoint. -
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2.4.4 Dead-time compensation

The effects of deadtime on a control loop can some-

‘times be considerably reduced with the implementation of-

cascade control or feedforwéﬁé control.. Specific dead-time
compensation techniques usually involve a prediction device
in the control loop to cémpensate for the time delay. Here
the digital computer becomes extremely important because of
its capability of "predicting" values of certain variables
- in the future, based on- mathematical models.

The best known of the dead—time compensation tech-
niques in use today is the %mith predictor. Sﬁith developed

this technigue in 1957 aiming to wuse it for analog control-

lers (%) , but the difficulty of implementing the Smith

predictor with analog circuitry prevented it from gaining
wide acceptance. With diéital computer control, the Smith
predictor has beea used in‘gany aﬁplications"’ . This com-
pensator works by eliminafﬁng the deadtime from the feedback
-loop, theréfore ailowing higher controller gains.

' Suppose thaf a prbcess is composed of a lag-plus-
deadtime G(S)e-DS. 1f it were possible to separate the lag

from the deadtime, the ficticious signal B(s) could be con-

nected to the feedback controllier and the deadtime would be

moved out of the control loop, as can be seen in Figure 2.6

(a). The controlled variable ¥{s) would repeat whatever B(s)

did, D units of time later.

-

ERTES |
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Figure 2.6 : Feedback loop with Smith Predictor.
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The problem wiﬁh this concept is that.the lag and the dead-
time do not occur as distinct elements in the plant, and
cannot be separated. 1If, however, a model of the process

Gm(s)e'DmS , where available, this model could be split into

4

a pure lag Gmﬁs) and a pure deadtime e-Dms, the signal Bm(S)
could be computed and connected to the controller, as shown
in Figure 2.6 (b). If the process model.were perfect and no
load upsets occurred, the output from.the model, Ym(s),
would be equal to the controlled variable, ¥(s), and such a
control scheme would work well, In practice, model imper-
fections and load upsets are always present, and an error
Em(s) between Ym(s) and ¥(s) will be generated. To compén—
sate for this error, a second feedback loop_using.Em(s) is
.implemented as shown iﬂ Figure 2.6 (c). This control scheme
is known as SMITH PREDICTOR or DEAD fIME‘COMPENSATOR.
Another techniqﬁe for dead-time compensation. is
known as the ANALYTIC PREDICTOR. The analytic predictor has
been developed ' primarily for sampled-data systems. It in-
cludes in its structure corrections for the effect of sam-
pling. According to Ra&“’ ,page 212, it can be shown that-
the Smith predictor and the analytic predictor are eguiva-
lent. Due to the lack of significant dead-time in our pro-

- cess, none of the technigues above were implemented.
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2.4.5 Adaptive Control

Adaptive‘ Controlf?,3s 1%} jg an on-line strategy
that consists of.simultaneously identifying and controlling
a process. This strategy is particularly useful for control-
ling nonstationary procéssés, i.e. processes whose charac-
teristics change with time. The interest in adaptive con-
trol began in 1959 with thé aerospace industry‘?’? . Timg
varying weight of spacecrafts due to fuel consumption, or
changes in altitude, were causing pdor contrcl when classi;‘
cal controller concepts were applied.

As can be seen in Figure 2.7 , adaptive control con-
sists in periodically testing the process G(s) (for example,
by pulse testing), énd allowing the process parameters to be
identified by means of the idéptificafibn package. Having
obtained the process parameters, the computer éalculates the
tuning parameters to be used ;; the controller.

The majof drawback of the adaptive control strétegy
is that the process has to be tested on-line, which causes
off-sets in the controlled variablé. The overall improvement
of the adaptive control has to oVergcome these periodic off-
sets to justif} the implementation of this advanced control
stratégy. Another limitation is that the additional test-
ing, identification and tuning computations require a rela-
tively large computer system. Therefore adaptive control is
not usually implemented with mgcrocomputers, and ‘was not
considered in this work. |

e
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: 2.4.6 Multivariable Control :f
o Ciassiéallcontrol theoég is based on single-input/
s{ﬁgle-bufput (SISO) processes ¢*¢) . Most large industrial
processeé, however,_qbntaih several controlled variables and
.Several manipulated Qariables in the same process (multiple
inputs/oﬁtputé). . In these multivariable systems, each ma-
nipulated variable affects its own controlled variable and
cften other controlled variables. In a 2-loop system, for
instance, if loop 1 affects loop 2, coupling is said to ex-
ist. If loop 2 also affects loop 1, cross—coupling or inter-
action resulté"’ . Coupling is not a big problem, since
the loops can be tunedfgge“at a time. Crdss-coﬁpling, how-
ever, causes the loops to fight each other to eliminate off-
set, and as-a reéult the process can become .unstable. In
sucﬁ cases the classical controller design techniques are
not effective. One of the main applications‘of multivaria-
ble control is to minimize the interaction among loops so as

to obtain a good overall control performan;e.
A measure of steady-state interaction is given by

the Bristol Array ‘**’ . One way of explaining the Bristel

Array is to consider a 2x2 multivariable system of the form:

: Ml Cl
£>1 PROCESS -
M, c,
_—:'—D _-:_______D.
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The elements of the Bristol Arraf (;ij) are the ratio of the

steady-state open loop response and the steady-state closed-

loop. response when a particular manipulated variable is ad-

justed:  _
[ AC; ]
N _ZH._gll loops open 1,5 = 1,2
1) A
AL

_AMj_all loops closed except for Mj

!

For a 2x2 system, the Bristol Array can alternative-

ly be given by the expression below, where the Kij's are the

-

steady-state process gains:

X11%22 X21%12
%1% K11%22
. N
Y1182 - XppXyy
Both ways of caliculating it are -egquivalent ¢?*' | In the

relative gain matrix, the sum of any row or column is unity.
When the process transfer function matrix is diagomal or
triangular, the relative gain matrix is the identity matrix.
The greater the off-diagonai terms, the greater the interac-

tion among loops. By examining the kij we can choose the

r

4_,_,“ . .
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pairings of C's and M's so that the diagonal elements are

largest relative to the off-diagonal terms. Therefore, the

Bristol Array is a guide to choosing the best pairing of‘mg—

nipulated and controlled variables so as to minimize inter-
action. The only limitatién of the Bristol Array method is
that it does not take :into account the dynamics of the
loops, which.can be appreciable in some cases ¢*’ |

For control loops still in' the design stage, the
following procedures‘?" should be followed:

1. From the ginterpretation'of the Bristol Array (rela-
tive gain matrix, or RGM), we can infer if a multiva-
riable control system is likely to be a problem. If
the relative éain matrix is the identity matrix, or
at least if the diagonal terms are dominant with re-
spect to the off-diagonal terms, single-loop design

is feasiblet?¢?

2. If diagonal dominance has not been achieved, “a dif-

ferent manipulative/controlled ' variable paifang

should be tried..

.

3. If re-structuring the system does not‘improve diago-
nal dominance in the R.G.M., decoupling will be nec-
_essary.

For a multivariqble control system already in operation, in-
teraction between loops can be reduced by using feedforward
control or alternatiyely, for a 2x2 systém, by tuning one
loop very tightly and the other loosely (high and low con-

troller gains respectively).
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A multivariable system can be represented by the

block diagram in Figure 2.8 (a¥. Multivariable systems are

more easily represented using matrix notation, because of

its more compact form. Figure 2.8 (b} shows the same multi-
variable system using matrix representation.

The closed loop transfer function between y and ySe% is giv-

en by

set

T(s) =y /¥ = {I + G(s) G.(s))"* G(s) G_(s)

In intera&ting systems, g(s) w&éi have 5ff~diagonal terms,
and so will the closed-loop transfer function T(s), result-
-iné in strong steady*staté and dynamic interactions- in the
system.

Decoupling consists of inserting a decoupling matrix
G_(s) between gc(s) and G(s) in the closed-loop dynamic‘p&th

(Figure 2.9 ) so that T(s) becomes diagonal. In this case

T(s) = v /y358T = (I + G(s)G_(s)G (s))}-* G(s)G_(s)G (s)
3 4 A 0 A A Rt

Since Ec(s) is diagonal (cne single controller for each con-

trol loop), a sufficient condition for T(s) to become diago-

nal is that T

E(s) EI(S) = diag G(s)

and the compensator is defined as:

Gr(s) = G(s)-* diag G(s)

- ¥

l
!
1
1
)
!
|
{
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Representation. |
where

Y = vector of controlled variables,

Yy = vector of setpoints, :

G(s) = process transfer function natrix,
gcfs) = controller matrix, and

G4(s) = disturbance transfer function matriy.
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Figure 2.9: Multivariable system with decoupler.
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vector of controlled variables,
vector of setpoints,

process transfer function matrix, =
disturbance transfer function matrix,
coﬁ;rdller matrix,

vector of disturbances and

decoupler matrix.
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. .
._G_I(S) is called a SIMPLIFIED DYNAMIC DECOUPLER, because the
product EI(S) G(s) 1is simply a diagonal matrix. The IDEAL
DYNAMIC DECQUPLER is defined asf?i? : .

g (s) = Gls)-
so that EI(S) G(s) = I

' For the compensator G;(s) to be implemented in a di-
gital computer control program, its Laplace domain eqﬁa—
tions, usually lead-lag elements, must bé converted to the
time domain. .The resulting integrals and derivatives are ap-
proximated by summations and finite‘differences'respective-
ly;

Both the process matrix G(s) and the controller ma-
trix gc(s) must'Be square matrices fér tﬁe‘compensator to be
calculated:' This is actually the case 1if the number of ma-
nipulated variables egquals the number of controlled vari-
ables.

Sometimes dynamic deéoupling is difficult or even
'impossible to implement. For example, the dynamic model may
not be well known, or the dynamic decoupler algorithm may
not be physically realizable. 1In this case we can neglect

the dynamics and evaluate the steady-state decoupler, de-

fined as

1 = -1 34
S8y, = §{s)7* dlag &(s)
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wvhere G (s) - steady state process transfer function ma-
ss. . :

trix,

G (s) - steady state decoupler. .
ss.

Of course there will be a period of dynamic interactidp, buﬁ,
the steady-state effects will be decoupled. Steady—sta%e de-
coupling is exﬁfemely easy to implement ‘3*’ . Multivafiablé
control has been successfully employed in a number of indus—‘
tries, including the chemical, petroleuﬁ, _steel, paper and
cement industriestz:? | In this work we will examine its

implementation in a microcomputer based control system.

>




Chapter III
DESCRIPTION OF THE MICROCOMPUTER-BASED COﬁTROL‘
SYSTEM ’
Several things were borne in mind when designing the

.process control system: ‘

1. Since the system will be wused for instrugg}onal pur-
poses, the process should have fast dynamics (;.e.
.time constants in the order of a few minutes);;‘so
that several experiments could be carried out during
a typical lab period. -

2. The process should present sufficient complexity.so
that some advanced control strategies could be imple-
mented. - |

3. The process should be.open-loop stable, so that model
identification could - be carried out using-classical
céntfol theory.

4. The control loops (manipulateéd / controlled vari-
ables). should be chosen so as to be representative of
those found in a chemical process.

5. Constraints related to eguipment availability also
had to, be taken .into account.

Considering the constraints above, we decided to implement a

.mulfivariable {2x2) level / temperature control.

A sketch of the set-up is shown in Figure 3.1 .

‘_37..
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Figure 3,1: Simplified process flowsheet.
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The process'con§ists of mixing two streams of water (one hot
and one cold) in a tank. The level is.controlléd'by adjust-
ing the outlet water flowrate, F. The temﬁerd%ure of the.
outlet stream, T, is controlled by adjusting the cold water
inlet flowrate, E. . The h9t water flowrate, Fh,-is manually
adjusted and 1is heated by passing buildiné service water
th;ough a heat exchanger before the tank. The hot water
temperature is controlled by a éeparate satellite micropro-
cessor, which adjusts the amount of steam that enters the
heat exchanger. It is important to note at this point that
the microprocessor,A despite feceiving its setpoint from the
computer, - is not incorporated in the multivariable system
considered in this work. ; ' .
In Figure 3.2 details of the complete 'set-up, in-

cluding the controllers, transducers and valves are shown. ‘
Each element of the system wili now be de#cbibed. In

the seguence, 'a theoretical model for the érocéss will be
developed, including the open-loop transfer funct{ons.. This
will give us an ideé about the extent of nonlinearities in
the process, its time scale and its stability. And £finally,
 the software required to lmplement digital control will be

described.
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3.1 DETAILS OF THE PROCESS EQUIPMENT

‘3.1.1 _The Watef Tank .

The cylindrical tank in which the hoﬁfand cold water streams

are mixed is made of clear acrylic plastic, to allow visual-

ization of the liquid level. It sits on a platform situated

1 m above the floor: the distance between the bottom of the
tank and valve A being 0.6%9 m. The inside diameter of the

tank is 0.29 m and its height, 0.45 m.

3.1.2 Valve A

Valve A controls the tank outlet flowrate. Its eguation,

where L 1s expressed in decimeters, is

-

F.x =7.77 + 2.80 v T (B.4)

The development of eqguation (B.4)} is presented in Appendix

B. - . *' -

Characteristics:

Manufacturer : Honeywell,

Model :+ 4805  3/4" single seated valve,
Material : cast iron body, bronze plug & seat,
Valve size coefficient- : C, = 6.3 ,
Direct acting actuator,
Air to open ,
ﬁinear trim and o

N

. Flowrate = 0 to 25 L/min ( 4P = 1.1 psig).

o
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Valve B controls ﬁhe cold water inlet flowrate. Its equation

is
‘FC= -3.33 + 5.33 Vb (c.3)

The development of equation (C.3) is presented in Apgendix
" C.

Characteristics:

Manufacturer : Fisher Governor Co. ,

Model : 667 A 1/2" single seated valve,

Material : cast iron body, stainless steel

. trim,

Valve size coefficient : not given,

Direct acting actuator, |

Air to open ,

Trim : not given and

Flowrate = 0 to 28 L/min (AP = 30 psig).

. ’”//

3.1.4 vValve C - —~ g

/-/
“ valve C controls the steam flowrate that enters the heat ex-—

" changer. It 1is the final control element for the UDC 500

" microprocessor controlled temperature loop.

Characteristics:
Manufacturer : Honeywell,

Model

1403 1/2" ,

Material .+ stainless steel trim,

e P G
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Valve size coefficient : C, = 1.6,
| Direct acting actuaﬁor, ' _ .
Air to open and
Linear trim .

L]

3.1.5 Hot Water Supply

The heat exchanger heats up building service water, before
this water 1is admitted into sthe tank. The service water
temperature can‘vary_between 4 and 20 °C, depending on the
season. All the piping is copper with 1/2" 1I1.D. and 5/8"
0.D. , and the pressure in the liné is kept constant at 30
psig by means of a pressure regulator. This hot water flow-

rate is limited to 14 L/min. Before the heat exchanger,

there is an on~line, manual valve and a rotameter so¢ that -

the hot water flowrate can be manually a?justed. The rotame-
ter calibrétion curve is shown in Appendix D. The hot water
that leave§ the heat exchanger has 1its témperature sensed by
a type T thermocouple and controlled by a Honeywell UDC 500
Universal Digital Controller, which manipulates valve C. The
UDC 500 implements a separate temperature loop, and receives
its set-point from the supervisory computer (ISAAC-Apple

-

unit). The hot water temperature is stable.

o

IS
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3.1.6 Cold Water Supply

Building service water is admitted to the tank through a
1/2" 1.D, 5/8" 0.D. copper pipe through valve B. The gauge
pressure on the pipe Upstream to the valve is held constant

and equal to 30 psig by means o¢f a pressure requlator.

3.1.7 Temperature sensor/transmittq&i

The temperature éensor-transmitter is a type T (copper-con-
stantan) thermocouple model GG—ZE—T manufactured by Thermo
Electric -Canada Ltd. It s located between the tank and
valve A, approkimately 0.6 m away from the fank. _Its.output
signal is typically in the range 1.0 to 2.5 millivolts. Ap-
pendix E aestribes the conversion to_degrees ‘Celsius for a

type: T tﬁermocouple.

3.1.8 ' Level Transmitter

The water level inside the tank is sensed by a flbat which
is connected to the level transmitter. The levei\transmitter
(manufactured by Taylor, model 113 RF)} outputs an éir pres-
sure signal in the range 3 to 15 psig which is prqportional
to the position of the float. Adjustable levers allow us to
choose the operating region for the sensor‘(float), as well
és its total amplitude of movement (span). Appendix F shows

the voltage signal (VDC) vs. float position curve.

fo -
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3.1.9 Transducers

Transducers transform signals into different physical quan-
tities. This is necessary in our set-up, since we work with
several different types of signals. - which very often are not
compatible with the equipment ‘involved. Our system has the

following transducers:

l) psig to VDC-

Manufacturer : Viatran,

Model : 218 Pressure Transducer ,
Input : 3 to 15 psig ;’
Qutput : 0 to 5 VDC ,

Power supply Hammond HPFS 28 VDC and

+0

Response time : < 1 millisecond.

2} VDC to psig-

Manufacturer : Acromag ,

Model : FPM Voltage to Pneumatic Converter ,
Input : 0 to 5 VDC ,
Output :+ 3 to 15 psig ,
Alir supply : 30‘psig and
' Power supply : 115 VAC

3) Millivolts DC to VDC-
This operation is perfdrmed by the I-140 bggrd, which

will be described in .the next section.

4) VDC to milliamps-

Manugacturer + Rochester Instrument Systems ,
N . ’
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Model : SC-1300 Signal Transmitter ,
Input : 0 to 5 VDC , .‘.
Outpﬁt : 4 to 20 milliamps ,

Power supply : 115 VAC ,
Response time : < 50 milliseconds and

Linearity :_tybically +/- 0.1% of full span.

Transformations performed by the semnsors, transmit-
ters and transducers described above are linear and extreme-
ly fast if compared with the process time constants. They

_ ’
are therefore treated as simple gains.

3.1.10 Chart-recorder‘

The chart-recorder (manufactured by ‘Watanabe, model Linear
Corder Mark VII) connected to our process' is able to plot
szmultaneously 2 continuous analog signals. We use the chart
recorder to record the signal from the level transmltter af—
ter it is transduced into VDC, and also the millivolt signal
. from the thermocouple that meaéures the outlet water temper-

ature.

3.2 THE ISAAC-APPLE COMPUTER SYSTEM

The ISAAC (acionym for Integrated Sysfem for Automated Ac-
quisiton and Control) —Apple s}stem is used to implement Di-
rect Digital Control (DDC) in our process. It also works. as

' supervisory control for the UDC 500 microprocessor. The DDC
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system is comprised of 5 parts: the Apple microcomputer,
ISAAC, the Labsoft software, the 1I-130 interface card and

the I-140 pre-amplifier,

'3.2.1 APPLE Computer

The computer used for our experiments is an Apple' II Plus
microcomputer with-48K of RAM (Random Access Memory). Some
computer-~related pé;}pherals are used as well: a Panasonic
model CT—1350MGC‘cof;} video monitor, an Epson model MX-70

dot matrix printer, and 2 Apple model Disk II disc-drives.

3.2.2 ISAAC

ISAAC is manufactured by Cyborg Corporation; we use the mod-
el S1A. This device is a collection 5f hardware that trans-
lates signals originated from the process into digital val-
ues capable of being interpreted by the computer, and vice .
versa, translating digital signals originated from the com-
puter into electrical signals that can be sent to the pro-
cess! for control purposes. This machine presents other ca-
pabilities,‘but for our purpeoses, A/D and D/A conversion are
the most';ktensively useé;/fThe ISAAC itself is,divided;into

smaller units, AN

Interface Card:
This card is plugged into one of the Apple’'s expansion
slots. All the communication between the ISAAC and the Apple

is handled through the interface card, which contains ad-

-
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dress decoding and other communication logic; The card also
contains a 16-bit count-up timer and an asynchronous réal-
time clock which is'backea—up‘by a battery. The power drawn
by the ISAAC Unit is also ‘received from the Apple through
the card. The interface conéains 2 directional ports, each 1
word (2 bytes) wiae, through which the Apple sends data and
commands to the ISAAC, and the ISAAC sends status informa-

tion and data back to the Apple.

Main Board:

This PC (Printed Circuit} board contains the power source
(power drawn from the Apple), input/Output (I/0) systems,
the expansion slots, the reference voltage and many DIP
(Dual Inline Package) switches. These switches allow the'l
systém to be reconfigured (e.g. ch;nging gperating voltag~
es). As for the analeog inputs, the on-board énalog device
contains a 12-bi£ A/D converter and a multiplexer to handlel
16 analog - inputs. As for analog outputs, there are four

12-bit D/A converters.

Input/Qutput (I/0) Distribution Panel:

Ail the external wiring originated frqm the process (analog
inputs), as well as the outputs from the ISAAC-Apple to the
;ystem (analog outputs), are connected to this panel. The
distribution panel is a componentless PC board that contains

96‘screw-clamp terminals and is plugged into the ISAAC main

beard.
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3.2.3 Labsoft Software

Labsoft is a aata,acquisiton and control oriented language,
~ which is pfovided as part of thé ISAAC system. In spite of,
not being a physical entity, the Labsoft software package is-
one.of the most important items of the control sysﬁem, being .
responsible for the full integration of the ISAAC unit with
the Apﬁle computer at both the hardware and software levels.
The Labsoft Objecﬁ File is aptomatiéally loaded in the Apple
program memory when the Disc Operatihg System (DOS) is boot-
ed. The Apple resident high;level 1an§que is~Applésoft,
which is.an extension of BASIC. The Applesoft-BASIC lan-
guage is guite cumbersome and limited.for real-time program-
ming. Its cdapabilities for color qraphics and ‘for data ac-
"quisitioﬁ and control are quite limited. However, the
Applescft-BASIC is provided with an expénsion command, the
ampersané (&), which preceeds a}l Labsoft commands. Program
instructions that begin with ;n wg* cause the program to
jump to a specific mehory location where the Labsoft Object
File resides. The Labsoft instrﬁcﬁion is executed and the
program pointer returns to the next program instruction (see

section 3.4.5).

3.2.4 I-230 Beoard

The I-130 board is an interface card manufactured by Cyborg
Corporation that is plugged into one of the ISAAC expansion

slots. It is an I/0 device that provides channel selection
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logic, lz;bit'A/D.conversipn and on-boérd'progfammable cold
junction compensation for various types of thermocouple in-
puts. The I-130 is completely accessible frgm- the command
" level so that we can program the éhéhﬁel Qe want to access,
set the desired type of cold junction compensation and ther-
-mocouple gain (both depend on thé type 6f thermocoyple being
used), etc. 'The I-130 works together with the I-140 pre—-am-

plifier board.

3.2.5 I1-140 board

The I1-140 board is a peripheral signal conditioner alsc man-
ufactured by Cyborg Corporatién. Since it 1s not an I1/0 mod-
ule, it cannot be accessed‘directly at the program level,
but is accessed indirectly through the I-130 board. The job
of the 1-140 preamplifier board is to provide input protec-
tioq,‘ isolation, multiplexing and amplification for the
thermocouple signal.. This is necessary because the thermo-
cbuple signals, in the millivolt range, are easily corrupted
by electrical noise from the surroundings, and also Pecause
these signals are not strong enough to be .read directly by
tﬂe ISAAC. The I-140 is installed on a separate housing, be-
" ing connected to the I-130 board through a 25 pin I/0 cable,
. from which it _also gets its power. The thermocouple wires
are connected directly to the I-140 board. The I-130 inter-
face card is used to control the I-140 logic functions and
to convert its analog amplified signals into digital fdrm;

For an overview of the whole DDC system, see Figure 3.3
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23,3 THEORETICAL ANALYSIS OF THE PROCESS

our two-loop process (recall Flgure 3. 1 ) can be represented

by the clOSed—lqop block dlagram1¥n Flgure 3.4 (dlsregardlng o !
disturbances), where the process t;ansfer fqnctiens are: \
Qutput Idbut - '- é
'gll(;\?\;;ﬁts). v e,
gy5(s) ] L(s) - v;gs) -
- g,,(8) | T(s) " AACE -
g, | T(s) %(‘s? . | | .

.
and can be summarized in a more condensed form, using matrix
notation as G(s) where

- ]
gllfs} glg(S) .

2

G(s)

gZI(S)A ' gzz(si




.gnési

<

Figure 3.4: Theoretical Level/Temperature Block:Diagram.

(s)
o112
— gzzc (s)
v, (s)
Vb CSJ

i

.level controller

temperature controller,

output from level contreller and

‘output from temperature controller.

9,8
' 9228 O ]gzzts). @ ‘ - Tm‘; .



Regardxng the process presented 'in Figure 3.1; _ the

fOllOWIHQ assumptlons were cons1dered for the mathematical

N
1.

3.

4.

8.

3.3.1-

L

Ca modell&ng of the process- . g

The tank is perfectly mixed, | so that there are no
spatiai gradients.in temperature within the tank. -
The cold and hot inlet water temperatures are con-
stant. o | ;

Valves' A and B have linear instelled characteristics.
The dynamfcs of all eensors and transmitters are neg-
ligible. ’ |
Dead-time in the temperature loop. is sc¢ small that it

can be ignored.

Density and heat capac}ty.are constant throughout the .

process.

'Tank heat losses are negllgzble.

LGearlzed process equations adequately descrlbe the

process around its steady-state region.

.System Egquations

The steady-state values are as follows:

. B

el
"

3l
n

. = _ o
7.6 L/men T, = 60.0°%C
7.3  L/min T. = 10.0 °¢
14.9  L/min T = 35.5 °¢C :
2.63 VDC To. =

2.00 vDC

58
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L]

Ky = 2.80 am”VDC min K~ = 5.33 dm YVDC min

4

L = 9.46 am - A = 6.61 dm?

o

L < 6.90 dm' = ..

o] . ' c: o
- . - - = ‘

where A = constant =.cross-sectional grea of gﬁg tank,
L = constant = vertical distance between the

bottom of the tank and valve A.

~

- The inputs are‘Fh‘,Th ;va 'Vb’ whl}e'the process re-=

_ , ) o -
sponses are ¥, T, L and Fc' Thus four equations are required

N ' LR Y : . 4
to describe the process. These are: > .

Valve A equation (from Appendix B):

F=-7.77+ 8 viUL 7. (B.3)

-

o . .

=, Valve B equation (from Appendix C):

Fc= ~3.33 * K, Vy [(c.3)
Material balance:
A d(L-L, }/dY = Fy + F. - E‘ : (3.1)
Energy balance: ° N
Ada({L-L )T)/dt =F T +F T -F T (3.2)
0 h h c c
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Linearizing-the equations above about the steady-state con-

" ditions,

N ]
"F ow =7.77 + K.V Jf Ll va(L - 1) - k4T V. - V)
. a'a’ " ZJEI a a &

Fc a -3.33 b Kb ‘Vb

AdL - -
s o= =2 F, .+ F - F
ds h c .

A(L-L)) 4T [ ATAL _ Ty + FT. < F T Frly-Ty) ~
dt dt '

In terms of the-perfﬁrbation variables P

I
rt
I
k2

n
<i
|
<

etc. these equations become

K.V . _
PP . 22P . xJLVP
2VL @ . ]
P . p
Fo = Ky Vi
P
A dl¥ | Fi . FE - gP
dt

: h " fctc
dt t
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For convenience the superscript 'p' will be dropped and the
use -of perturbation variables is implied in further develop-
ment unless otherwise indicated. Thus, dropplng superscripts

and Laplace transformlng ylelds . -

KV ’ .
« 22 1(s) + KL V. (s)
ZJi_ a ,oa

E(s)
FC(S) = Kb Vb(S)
A's L(s) = Fy(s) » F(s) - F(s)

"A(L-L)ST(s) ' ATsL(s) = ?hTh(s)+ThPh(s)*Tch(s)e? T(s)}-T F(s)

The reqﬁired four system equations can thus be summarized

using matrix notation as:

K.V _ _

1 0 S22 0 F(s) X, UL v, (s)
. 2T .
0 1 0 0 F_(s) K, V()
| = (5.3)
1 -1 . As- 0 Ls).| | Fp(s)
7 "

T- -T, ATs Ati-;o)s+? T(s) hT (s)ﬁT Fy (s)
. - - - - - -
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3.3.2 Open Loop Transfer Functions -~

The 'sysﬁem equations above will allow us to obtain the
transfer fﬁncions (i.e. the dynamic relationships) between
‘the controlled variables;'L and T, and the manipﬁlated vari-
ables, V_ aﬁd ﬁs. Solving eqgn. (3.3) for F(s), Fc(s), L(s}

v"

and T(s) yields

KV _
F(s) = ——= L(s) '+ KaJI v, (s)

Al
Fo(s) = Ky Vi (s)

-

Fy (s) K, x T
L(s) = — 4 - Vb(s) - —— Vafs)
- XaVs XV, KV,
As + = As + — As v —=
24L 2T | T

(T, - T) X (T_-T) . : :
h Fh(s] . b''c Vb(s) . b Th(s)
A(Z-Lo)s+? A(i-LO)S*? Aci-Lo)s+§

T(s)

from which the required transfer functions are obtained as:,

Y

\ .

L(s) _ Kajz. oL/ (5.4)
gll(S) = = - oy =

V_(s) X,V 2a/1

\ a As - _a' s - 1
;JI' X,V

L(s) £ 2 Ky /L/K, T, (3.5)
glz(s) 7 == = - —

Vb(s) as - %3Vq AL oL

[T ST T
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g, (s)

T(s) « 0 (3.6)

V,(s)

T(s) . Kp (T.-T) ] Ky (T-T)/F
Vp (s AC-L)s+F  A(L-L, .1

F

Substituting numerical values in the transfer .functions

above yields:

| g (s) = 2118 (dm/VDC) .
. 5.52 s + 1
812(s) = 2-35 ~ (dm/VDC)
5.52 s » 1
g,1(s) = 0 ' (°c/vD0)
g,,(s) = 2212 (°c/voe)
1.14 s + 1

»

Some conclusions can be drawn from these results:
The design requirement for the process to be open-
loop stable was achigved. All the poles of the trans-
fer functions lie on the left-hand side -of the imagi-
nary plane. | ‘
Time constants in the process are in the order of 1
to 5 miputes, thus the process‘responds fast enough

for lab demonstration purposes.
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The system equations used to develop the ‘transfer

functions were';inearized about_ the steady-state con-
ditions. Therefore, the transfer function models are,
strictly speaking, valid only for the process operat-

ing around the design region. We can expect the mod-

"els to be less adequate, theé more the process is

moved away from its design region. For example, for

‘gll(s) and glz(s), both the process gain Kp and the

time copstant rp‘depend on L and V, » ascan be seen
Erom:eQns._ (3.4) and (3.5). Fo} gzz(s), according to
egn. (3.7),-Kp depends on TC,T and F while Tp depends
on L and F.

Some numerical ekamples of these'noﬁlineari-
ties are shown in Table 3.1.. These results show that
the nonlinearities can be very- significant. ‘The
transfer function g3;(s) is more sensiéive to changes
in the operating regioﬁ, especially changes in T. and
T.

Since g,,(s) =0, there is no relationship between
the temperature in the tank,.T, anq)théSV6E;age sig-
nal to valve A, V_ . Coupling is only in one directipq

and conventional tuning can be carried out.
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3.4 CONTROL - SOFTWARE

N

The control software developed for this_system'cdm-'

prises three control programs. The first two implement lev-
el-only control, whereas the third one impléments simultane-
ous level/temperature control.

All programs were written in Applesoft Basic expand-
ed with Labsoft commands, which are :ecogn;zed by the amper-
sand g&)-tﬁat precedes them., The Labsoft commands most fre-
guently used in our control software are presented on Table
3.2.

Sampling time for all the programs is controlled by
the ISAAC-Apple hardware timer, which can measure intervals
of time up to 16,383 milliseconds. - Sampling time must be
greater than the time spent by the computer in interpreting
and executing the instructions (i.e. program overhead) plus
the hardwére delays (i.e. D/A and A/D conversion). For ex-

ample, the graphing routine takes an average time of 10 mil-

liseconds to be executed, D/A conversion takes 5 microse-

conds and A/D conversion takes 25 microseconds. For the
thermocouple reading, there is a 2.5 mjllisecond hard?a;e
delay. Our slowest program is executed in 0.98 seconds, in-
cluding‘both the software and the hardware delay. For the
reasons'above,'sampliqg time was limited to the range l.O-to

16.0 seconds. It is possible to obtain sampling times great-

er than 16 seconds by restarting the timer, but this has not ..

been attempted in this project. ' 4 1

.o
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It was not our objective to study‘thé effect of sam-
pling time on the control system, but rather approximate a
¢on£inuous system. For our ékperiments, sampling time was
usuélly set equal to 2 seconds. Sin&e the process time con-
stants are in the order of 1 to 5 minutes, such a sampling

time approximates a continuous system.

3.4.1 PID Level Control with Position Algorithm

This control progfam implements single-input single-output
(éISO) control. Execution time for the main program loop fé
0l34 seconds, aﬁd the essential program léngth comprises 42
statements. Its:flow chart, together with a heavily re-
marked program listing, is shown in Appendix G.

The contrel algorithm is

560.M = MR + RC * (E1 + IERR/ITAU + DTAU*DERR) * (-1651)

This is a POSITION PID algorithm, where

560 = the statement number,
M = controller output between 0 and 40585, which

corresponds to a 0 to 5 VDC analog range,

MR = 2048 = bias Eerm, corresponding to 2.5 VﬁC,
KC = controllef'gain,'

El = Error, LSet - L;

IERR = rectangular integration approximation to the

integral of the error,._

ITAU = reset time,

DERR =.finite difference approximation to the deri-



rd
vative of the error,

DTAU = derivative time and
‘1651 = scaling factor, ratio between:the full
digital range (0 to 4095) and the full
analog level range (0 to 2.48 dm). Its
negative sign ensures negative feed-
back in the control loop.
This program allows the user to implement P, PI or
PID contreol. Individual effects of controller gain K., in-
tegral time and derivative time can be.shown. Determina-
tion of the ultimate gain, Ku, and ultimate period of qscil-

lation, Pu, can also be obtained. Anti-reset wind-up c¢an be

- put in effect by the user, who can also write his own con-

trol'algorithm.

-

-

3.4.2 PID Level Control with Velocity Alqofithm -

This program i; very similar to the PID Level Control with
Position Aléorithm, except for. the control algorithm.  There
are 34 essential program statements and the main program
lo;p has an execution time of 0.33 seconds. The program
flow chart and listing are shown in Appendix H. The veloci-
ty.algorithm is not as .versatile as the position algorithm,
in the sense that the former candot work. with P-only con-
trol, which is undesirable for controller tuning purposes.
As an advantége, anti-reset windup is incorporated 1in the

control algorithm itself. The control algorithm command.is
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540 Ml = MO + KC * ((E2-El) + ST / ITTAU * 'E2 + DTAU / ST
* (B2 - 2 * El + BO)) * (-1651)

This‘fs.ﬁhe VELGC;TY PID algorithm, where

. M1 =,cbntrolle: oﬁtput at ‘present time,
" S " M0 éicoﬁtroller output at previous sampllng tlme,
: - ' set
I_Ez = present error EL /&l,
El = error 1 sampling time ago and
B0 = error 2 sampling times ago.

3.4.3 PID Level and Temperature Control
. & . -
This -is the longest program, with 106 essential statements

and 0.98 seéond§ mexécution time for the main progrém loop.
, It implemeﬁts éimultaneags control of .level and temperature
in thé tadk. ~ The program alloﬁs the choiée. ;ffsélocity or

: boSitiéﬁ éID algorithms for both the level and temperature. -
" The f}o% chart of ‘the progrém, together wiih'its listing, is
‘shown ih Appendix I. “The level POSITION and VELOCITY PID
'é;gorithms are the same gs”the Qnés_preéen?ed'for level-only

LT “ .
control. The temperature control POSITION PID algorithm is

tw y B . ' 1 B .
1080 N1 = NR «+ KT * (T2ERR + TIERR / ITTAU + TDERR *
DTTAU) *(-409. 5) * 0.67 '

where

.Ql = output from tnmperature controller, in the
range 0 to 4095, whlch is equlvalent to a 0
to SHVDC gnalog ;ange, o ) .
) """ KRR © = bias term (=.1638), wh&ch is equivalent to

L4

-
- .
.
~ .
-
'

PERUPPNS FPIFIORTAFYL -
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2 vDe,
KT = controller gainm,
' . set :
T2ERR =. error at present time (T -T),
TIERR = rectangular integration approximation to
the inteqral of the error,
ITTAU = reset time, S re

TDERR = finite ' difference appro;imé;}on to‘tbe
derivative of'thé’erfof, e

DTfAU.= deriﬁative time,

40%8.5 = scéling faétor, is the ratio of the ‘digital
range (0 ‘to 4095) over the temperature
wofkablevrange (25 to 35°C). Its‘negative'
sign ensures negative feedback in the
cgntfol loop and |

0.67

#

constant, limits the valve ‘opening at 2/3

of its maximum.

- ~

The VELOCITY PID algorithm is executed by the command

1100 NI = NO + KT * ((T2ERR - T1ERR) + ST / ITTAU * T2ERR
+ DTTAU / ST * (T2ERR - 2 * T1ERR +.TOERR)) *(-409.5) % 0.67

where : .
. ) ) _ a—_
. N1 = present output from temperature controller, -
NO = previous output from temperature controliér,
T2ERR =

-error at present sampling- time,
1ERR = error one sampling time ago and

TOERR = error two sampling times ago.
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3.4.4 Dynamic Decoupling

\ ) .
It will be shown in Section 4.1 that our experimental open-

loop transfer function is:

-‘-_:- vt ‘ .. ‘ T
. _14.25 -+ 3.23 | _ o
9.55 s + 1 - 7.87 s = 1 : %
G(s) = | : :
. , _7.68 - | j
] 1.2 s + 1 | |
- I

Coupling arises in the system because of the off—diagonal . E
term in G(s). Since Ky = 0 (see section 2.4.6)}, the Bristol ' l

arrdy yields:
’ . ’ 1 | 0 ”
0 1l

which is expected froﬁ a triangular matrix. This means that -
there is no serious coupling and that the loops can be tuﬁed
uSingfélassical.cont;ol theory. However, even such a system
can have its performance improved with a suitable decou-
pleri*? . From Chapter 2, the dynamic deﬁouplerﬁis defined

»

as:

G, (s) = G(s)-* diag G(s) N

.hquhus,

it
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_9.55s+1 _0.03(9.55s+1)(1.24s+1)| | _14.25 . 0
14.25 - (7.87s+1) . _ .9.555+1 -
g(s)"a . .
! ) A .
0 , [1.24s+1 0 _ 7.68
e 7.68 B . 1.24s-1
1 - © 0.23(9.55s+1)
Gs) - | _ (7.875+1)
1
0 1 -
- . ‘ ® | <

The dynamic deééupler matrix G (s) contains a lead/lag ele-
ment. Ignoring the dynamic part, we obtain the steady-state
(s) .

$.5.

decoupler matrix EI

1 0.23

6. (s) =
_Is.s.
0 1

The systém block diagram with the dynamjc decodpler is shown

in Figure 3.5 . It is important to notice at this point that
the}blodk diagrams shown in Figures 3.4 and 3.5 are eéuiva-
lent, exéept for the insertion of the decoupler in the lat-

ter. |
S . .
All the decoupling is carried out by gIz(s), since gIl(s)
does not change the closed-loop dynamic péth.‘ The decoupler B

can be written as:

D ‘



Figure 3.5: System Block Diagram with Dynamic Decoupler.’

-

-
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— -1
M(s) ' L(s)
—£>9n&s)—£>®—'c> -
: ‘G(s) .
T(s)
= =
. -1
. , 0.23 2:55 s + 1
1 7.87 s'¢+ 1
gyy (s} = g15(s) =
.0 .
1 .
L V —
Dlz(s)zloultput from decoupler.
- N .
" R

I P
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D12 _ 0.23 (9.55 s » 1)
N (7.87 s « 1)

(3.8)

wheré D12 = digital"decoupler output $ignal

N = digital temperature controller output signal.

This continuous. lead-lag element can be approximated by a
finite-difference equation‘*’ in the time domain., First, it
‘has to be written im terms of s~ 3 -t

D1Z _ 0.23 (9.55 « s°1) ,
N (7.87 ¢ s 1) .

°-

~

Then we substitute the trapezoidal in;gération approximation

for s-1* :
s 1 S, 1 271 |
' 5 = ——Lﬁ - (3.10) .
. ' _-2 \1 -z

- “a

where . Sampling time in seconds and

= . .. ‘ S.s
complex wariable such that Z,

L
It

z .

il
o
ot

Combining,eqné:;EB.BT and (3.10) yields:

. - _l’
{,9.55(1-z ")
DLz g o5

N LTretassh wS /e )

. : . -l-
- (s, /) (1027 1))

Since z-! implies a backward shift operation then

-1 =.
z7*\D12, =.Dl2__,

W
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N, (2.2+0.115 S.}-N, _;(2.2-0.115 §.)*D12, ; (7.87-5,./2)

Dlzt = -
7.87 + S_/2 .
- t
(3.11)
, Equation (3.11) is the discrete approximation of the
dynamic decoupler. 1t was incorporated to the level and

temperature control program that has been presented in sub-

section 3.4.3. The command is;

1160 DI = (N1 * (2.2 + 0.115 * ST) - NO * (2.2 - 0.115 *
ST) + DO * (7.87 - ST/2)) / (7.87+ST/2)

3

where D1

= present decoupler output, '
D0 = previous decoupler output, h
"Nl = present temperature controller‘qptput,
NO = pfevious temperature controller output and
ST = sampling time in seconds.

When the program.étarts (at £t = 0}, NO i’ made equal to its

steady-state value (= .1638), ‘which corresponds to a 2 VDC

output. DO is made equal to zero (no-découpling).

When dynamic decouﬁling is not in effect, the bias term MR
in the PID po;ition algsrithm is equal to 2d48, which corre-
sponds to 2.5 VDC. Once the dynamic decoupler 1is in effecﬁ,,
it will outpup a steady-state éignal equal’ to 3723.* Nl =

376.74, which is equivalent to 0.46 VDC. This will cause an

CSELY PRSIy W 1
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offset in the level if not corrected. Therefore, whenever
decoupling is in effect, MR 1is set egqual to MR = 2048 -
376.74 = 1671.

3.4.5 Computer Memory Usége

Our Apple microcomputer has a 48K byte Random Access Mémory
(RAM), represented by a stack as in ?igure 3.6 . The lowest
2K bytes are reserved for BASIC system use (i:e. low resclu-
tion graghics, text screen, etc). The following 6K bytes are
reservéd for BASIC user's programs.. This is the memory area
in which our control progréms are loaded. The memory ad-
dréssés Setween 8K and 16K are reserved for High Resolution
GraphiCS'(HGR) page 1, and the area Between 16K and 24K is
reserved for High Resolution Graphics (HGR) page 2. The
Disk Operating System (DOS) is loaded from the top of the
stack down,. which corresponds to memory addresses betweén,
48K and 38K. Labsoft is loaded just under DOS, taking also
10K bytes (i.e. from 38K to 28K). Our. longest program’
takes, Qithéut the remarks, 5.6K bytes out of the 6K bytes
of memory available‘for programs. AS a conseguence, only one
or two more control ioops of algorithms may be adaed to this
program before the computer runs out of memory.
To circumvent this problem, the best solution is to
reset to 16K the highest memory address available to the
user’'s program, which is currently set at 8X. This 1s car-

ried out by issuing the Applesoft command "HIMEM". Resetting
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HIMEK to . 16? would eliminate HGR page 1, but HGR page 2
could be uéeé instead. .If space is still a problem, HIMEM
could be reset to 28K, -and.;herefore high resolution graph-
ics would no.longer-be available. On ;ﬁe other hand, the ad-
ditional 20K of memory would allow the Emplementation of

many more loops and/or algorithms.
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Highest Random Access Memory Address

Disk Operating System (DOS)}

LABSOFT LANGUAGE

void

High Resolution Graphics (HGR)
page 2

High Resolution Graphics (HGR),
page 1 B

void

Level/temperatﬁre-confrol
program '

BASIC system use

Lowest Random Access Memory Address

Figure 3.6:Computer memory usage map.
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Chapter v

In this c'apter we will experimentally determine the

" open—loop process/transfer functions, which will be compared

with the theoretical models obtained in Chapter 3. The per-
férmance of thelcontrol software developed- preVioﬁsly will
also be tested Fiqally, the dynamic decoupler will be test-
ed and its pérformance compared with other decoupling tech-

niques.

[

4.1 DETERMINATION OF OPEN LOOP TRANSFER FUNCTIONS

Experimental process identification is necessary for process

onntrol-purposes wheh a mechanistic model of the process is

‘not available.: It is also a way of checking the adequacy of

the mechanistic model if it is available.

In our case, experimental modeiling wa§ carried out
té give us a more realistic model which could be used for
designing the decoupler. It also provided a way~f verifying
thé‘theofetical model and the extent of the nonlinearities,
since the theoretical model was based on a number of simpli-
fying assumptlons and linearized equations. It was also nec-
essary to confirm the suitability of the system for lab ex-

periments.

_76—
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Luybent*!? .presents some off-line identification
technigues. The most common ones, in increasing order of
comﬁlexity, are: step-testing, direct sine-wave testing and
pulse Eesting.

On-line identification techniques are also avail-
ablef:?,23? | in which the process is periodically identi-
fied while running in closed-loop. The méjor application of
on-line identification.is in Adaptive Contrql.‘ On-line
identifica;ion requires_the process to ﬁe running under di-
gifal computér control. Off-line technigues can be carried
out with standard analog hardware, as well as digital.

From all the techniques above, step-testing 1is by

far the simplest. It does not take much nor does it

require special hardware, and process parameters can be di-

-
~

rectly obtained from the process reaction curve. Our process
was identified using step-testing, - and the parameters were
evaluated using a two-point method, which will be explained

in the following subsection.

4.1.1 Step Testing . b

The procedure consisted of opening the loop we were inter-
ested in, waiting for the process to reach steady-state, and
then making a step change in the manipulated variable (Va or
VB). I1£ any other iqop affected the output variable of in-
' terest, /it was also opened. The response of the ocutput vari-
able to‘a'Step change in the ihput (called the process reac-

- . R

\
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tion curve) was then recorded for further analysis using the
Watanabe strip chart recorder described in sectioh 3.1.10 .
" Care was taken that no load disturbances occurred during the
duration of the test. The ,anPosed time domain model was

then fitted ‘to the reaction curve data using a two-point

method.. For a first-order-plus-deadtime model, the process

parameters can be determined directly using this method.

4.1.2 Two-point method

The response curve of a first-order process to a_step change

in input is given (using perturbation variables) by:

-t
x(t) = § KP (1 ~-e ,,/-TP ) ]

where ’ ' -

- x(t) = change in output, .
Q = magnitude of the stepchange in input,
: 4
K = process gain and
P : =
T = process time constanth

| ¢ |
The process gain Kp is found by calculating the ratio of the

steady-state change in the value of output over input:
\/ . . %=X(m)/§

. Our equation can tbe;Efore be written as:

h -t/
x{(t) = x(=) (1 - e P

- wWhen t = 0 - ox{t) =0 './
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"When t = rp/a . x(t) = 0.283 x(= )} ', '

‘When t '==“rp C x(t) = 0.632 x(= )

i - ¢

?herefdre, for a first-order process; ®
tu‘_zaa = 5/3 : (4.1)
ﬁa.ssz = Tb B (4.2) . o
where t, .4 time for the output varisble to reach 28.3%
of its steady-state change. |
to,632= time for the output variable to reach 53.2%_

of its steady-state cgange.

If dead-~time 1s present the react:on curve is aelayed D

a:,

__ units of time and equatlons (4.1) and (4 2)'can be written:

ta..“a. = ‘:p/3+-D (4.3) L
S tewas =T, +D (4.6) -

By simulfaneously. solving (4.3) and (4.4) we <can . -.
‘determine D and T . ‘ | | . |
. “The two;pgint fittiqg method has some limitations:
1. We are'aSsuﬁing that our process can be described by

- a firs£ orde{-élus deadtime dystem, which -may not beq

strictly ﬁfue.

I
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2. Only 2 points.of ‘the reaction curve are actually used

-

to estimate ‘the modg} parameters and khis caﬁ,lead'to
error. | o
3. Wg are not -taking into account’the‘noise in the re-
sponsé‘variable siggai, i.e., we aré using a deter-
‘ministic approach. ]
For pur process, the theorétical model predic&ed first-order
respoﬁses. Also, our experimental reaction curves résﬁlted
in well-behaved lst-order plus deadtime exponentials. The
other two limitations were dealt with by repeating the stép-

changes many times to check consistency of results.

4.1.3 Experimental Transfer Functions _ “

Process testing was carried out usiné 3 computer prdgrams
which are shown in Appendix J. The first identification
program, called "Gll RESPONSE CURVE", was w:ittéh to identi-
fy gll(s) = L(s)/va(s) . The dynamics of the level sensor/
transﬁitter, air-pressure-to-voltage transducer and valve A
were lumped into gll(s). The temperature loop was_npot imple-
mented for the gll(s) testing, since we were interesbded only
in the level response. The cold water stream was shut off

.

(F. = 0), whereas the hot water flowrate F, was increased in
order to keep the outlét flowrate F close to its design re-

- gion. The process reaction curve was generated by position-
ing the level either very low or very high in ‘the tank,

waiting for the voltage,signal'va to valve A to become con-
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_stant, and introducing a. positive stepchange in 'Vé if the

level were initially high (to decrease it), or a negative

stepchange if the levél were initially low. Because of the

high process gain, KP' the stepchanges had to be very small

{around 0.1 VDC), in order to keep the level response within

a measurable range. This is the reason why it was necessary
to begin the testing with the level at either extreme of its
range. In the theoretical modelling in Chapter 3, it was
shown thét.gll(S) i? ?onlinear and that its.parameteré de-
pend on both L and vV, - Because of the 1;mitations above,
only Va(s) could be acﬁuallf teste§'at different regions to
determine nonlinearities. 'The model pafameters rp,K and D
were fitted to the process reaction curve using the .2-point
method described above.’ a sample calcuiétion is shown in
Appendix K, the experimental results being condensed in Ta-
ble 4.1 .

From equation (3.4), é the a?solute magnitudes of Kp and T
were expected to dec:ease‘fog an increase in Vé. The experi-
mental results in Table 4.1 , howefer, do noﬁ.shOW any visi-
ble trend in this direction. Ndnlinearities in X and T_ may

.

have been masked by the scatter in the data. Since the ex-

perimental model is needed for the designing of the decou-
pler, . and .since the decoupler is aimed to be used within a
brdad'range of values of Va, we decided to average both the

process gain and the time constant.-.

e
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Although deadtimes in the range 0.16‘£o 1.67 minutes
~ were observed in these open 166# tests, under closed loop
conditions no deadtime was observed (see section 4.2). This
may have been caused by the small magnitude of voltage step-
change we were forced to work with (=< 0.1 VDC). Under
closed ioop conditions, this signal waé typically 10 to 50
times higher, and the changes in L were more gquickly detect-
ed. For small magnitude stepchanges, some time elapsed be-
fore any change in level could be detected by the ievel sen-
Sdr—transmitter, resulting in an overestimated deadtime.
Since it was our intention to operate the process under
closed loop conditions, we decided not to include the dead-

time in our model. Averaging the parameters KP and Tp and

excluding the deadtime yieids
, ’

gy (s) - L) -(4.25:1.27)  (ém/VDC)

Va(s) (9.55:0.82)s+1

where KP and Tp are sh?wn in terms of a §5% conficdence in-
terval for their true means. Figure 4.1 shows a comparison
between the theoretical and the full experimental band of
gll(s) reaction.curves,

Recall that our theoretical gll(s) was given by

oo (s) - L) | -7.19 : (dm/VDC)
11 v, (s) 5.52 s » 1 -
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Figure 4,1: Theoretical and Experimental g1 (s)

reaction curves.

theoretical

r
/}QCL band of experimental results.
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Thé process gain Rp is approximately twice as big. as prce-
dicted. No exact explanation for ‘this has been found. It is
suspected that it has been caused by the small magnltdﬁes of
voltage stepchanges introduced,. associated with process non—

linearities. Thé time constant was also greater than pre-

dicted, but to a lesser exteﬁt. The difference has likely

been caused by the combined effects of the dynamics of valve
A, sensor, iransmitter and transducer, which were all con-
sidered simple gains for the theoretical modelling.

‘The second identification_ program, called "Gl2
RESPONSE CURVE"—, identifies giz(s)' E L(é)/vb(s).‘ ‘The dynam-
ics of_the voltage-to-air-pressure transducer, valve B, the

level sensor/transmitter and the air-pressure-to-voltage

transducer were lumped in g;,(s). For this test both hot and |

cold streams were used but again, since temperature was not
recorded, the steam shppf} was kept shut off. The process
reaction curve was generated by lining up the level at a
very low or very high position with the 1level loop closed,
while holding the voltage signal VB to valve B constant.
When V, also became constant, the level loop was opened and
a stepchange in W, was introduced {positive, if the level
were initially low and negative, if the level were initiallg

e

high). Again, because of the high process gain, stepchanges

had to be small (<0.5 VDC) to keep the level within a meas-

urable range. From eguation (3.5),} both the process gain

and time constant depend on T and V . The level, however, -
- a
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could not be tested at different rééions, for the same rea-
son it could not for gll(s). Thusl “only Vg .wés;ggsﬁeé at
different reg?oné, where an increasgi in V, was exPectéd to
decrease both Rp and rﬁ. As can be seen from Table 4.2 ,
suc§ a trend was not observed, pfobably béiqg again masked
by the scatter in the data. 9
Since nonlinearities did not become evident, we éecided to
averﬁge Kp and Tp , computing also a 95% confi&ence interval

for their true means.

Deadtimes in the range 0.17 to 0.56 minutes were ob-
sefﬁed in the open looé tests. Under closed loeop conditions,
however, no deadtime was observed (see section 4.3). The
cause seéms to be the same éhe thgt caused deadtime to ap-
pear in the gll(s) open-loop testing, i.e., the small magni-
tude voltage stepchanges. Small magnitude voltage stepchang-
es cause the level to rise or drop rather slowly, some time
having elapsed before any change in level is deteéted by the

level sensor-transmitter. Since process operation was in--.
tended to be conducted under closed'loop conditicns, dead-
time was. not included in the experimental glz-(s) model,

which was reduced to

L(s) _ (3.23 % 0.44)  (dm/VDC)

(s) =
£12 Vi(s)  (7.87%0.58)s + 1

The theoretical model was given by .
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f. glzcs) . L(s) . 4.45 (dm/VﬁC)
Vb(s) 5.52 s « 1
The process gain is close to the value expectea theoretical-
ly, the small difference likely to have been caused by the
small magnitude of stepchange associated with process.nonli-
nearities. Neglected valve, sensor, transmitter and trans-
ducer dynamics for the theoretical ﬁodel may explain the
small discrepancy in the time constant. Figure 4.2 shows a
comparison between the theoretical and full experimental
band of glz(s) reaction curves.
For gzl(s), results were as expected. As will be
shown in section 4.3, temperatﬁre is not upset by changes in

level setpoint.

The last identif?gizibn program, . called "G22
RESPONSE CURVE", identifies g 2(s) = T(s)/vb{s)._ The dynam-

ics of the voltage-to-air-prgssure transducer, valve B and
the temperature-sensor/trangmitter were lumped into g5,(s}.
This time both water tréams had to be on, as well as the
steam supply. The process reaction curve was generated by
keeping the 1level under closed 1loop control while holding
the voltage‘s'ignal'vb to valve B constant, i.e. opening the
temperature loop. Once the temperature lined up, a step-
change in v5 was introduced and the reaction curve recorded.
The level loop was kept closed duringrthe test because there

is no coupling in the direction level to temperature. Mogel

parameters were then fitted to the resulting reaction
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curves. Experimental results are presented in Table 4.3 .

From the theoretical modelling in Chapter 3, (s} was

) 922
shown to be nonlinear,- its parameters being_ a function of
T,T., L and F. \

The process was tested for different T and F, with T
= 9.46 dm. Since the parameters depend on several inputs,
the nonlinearities seem to have their effects cancelled out.
Deadtime is very close to zero (approx. 3 seconds), and was

neglected. Averaging the process parameters and calculating

3 95% confidgnce interval for their true means yields

Vb(s) (1.24% 0.29)s+1
The predicted model was

vscsf’ 1.14 8 + 1

One éan notice that both the- process gain and the time éon-
stant are close to the theoretically expected values. Fig~-
ure 4.3 shows a comparison between both 922(5) models.
The following conclusions can be drawn from the“re-
sults. above: N
1. There ls a significant discrepancy between the theo-

retical and experimental g (s) process gains. The
11

limitation in the magnitude of voltage stepchange
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used to ifentify gll(s),'togethgr with process no?}iJ"
nearities, may explain this difference in K .

The small‘ magnitude of voitage steéchange may also
explain the presence of deadtiﬁe in the.expefimentai
gll(s) and glz(s), whereas no deadtime was noticed

under'closed-loop conditions. .
The disérepancies in thewgll(é)'énd_glzis) ‘time con-
stants may have been originatea from the simplifying
assumptions used to bu;ld the theoretical process
model (i.e. linearization of the equations that de-
scribe the process, neglécted dynamics of sensors,
transmitters and transducers, etc;). |
Contrary te what was expected from the théoretical
modelling, no signifﬁcant evidence of nonlinearities
has been found 1in any of the experimental open-loop
transfer functions. Nonlinearities do exist but, due
to the limitations in the identification procedure-
gxplained above, together with  the scatter in the
data, they did not become apparent:

The suitability of the system for lab experiments h;s
been confirmed by tﬁe experimental results. Tiﬁe
scale of the process is in the order of a few min-

utes, and process is also open-loop stable. T

o
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4.2 PID LEVEL CONTROL \

Control aigorithms regquire tuning i.e, choosing apbtopriate

I } and rd. One com-

mon way to obtain initial values for these parameteré is to

values of the controller parameters K,T
use Ziegler-Nichols valuest?®,:®? ,which are related to the
ultimate gain and period of oécillation for the loop as giv-

en in Table 4.4 .

TABLE 4.4

y Ziegler-Nichols séttings,
- P PI PID
R ) .
Kc . Ku/2 - Ku/2.2 Ju/1.7
Ty (seconds)} - - Pu/1.2 Pu/2
3 (seconds)| - ‘ - Pu/8

To cbtain these ultimate values the controller is

operated with prdportioﬁal ‘mode alone at higher and higher
controller gains wuntil the controlled variable oscillates
continuously at constant amplitude. At this point any fur-
ther increase 1in controlier gain will cause m&s system to
becéme unstable. The values of the controller gain and peri-

od of oscillation are the desired "ultimate values™
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4.,2.1 Position Algorithm

For this work the position algorithm program was used to deg .
termine the ultimate gain,. Ru, and the ultimate period of

_oséillation, Pu. The values

-

*
-

" Ku

n

30

and.Pu 12 seconds ' -
- q-;,‘

5
H
L
X
'

a

were obtained. The details of this procedure are outlined in

T

Appendix L. Further tuning is then usuaily pérformed by mak-

[ LR
s

ing additional . small adjustments in the parameter values.

e T it

Level control is almost always wused for inventory purposes,

in which a small offset is acceptable.  Therefore, P-only

[ S

cont;ol is sufficient. For our applicatiqns this was the
case. PI and PID modes were;made available in our control-
program mainly for, demonstration purposes (e.g. to show the
individual effects of the controller parameters). To demon-
strate the closed-loop performance of tgz\%fvel loop, the
responses to a stepchange in level setpoint for both P and
PI position algorithms are shown in Figure 4.4 (a). |

For the P-only mbde,- the Ziegler-Nichols setting (KC'= Ku/2
= 15) was satisfactory. For PI mode, however, the Ziegler-
Nichols settings (KC = 14 and T, = lo'sgconds) resulted 1in

I .
appreciable overshoot. This overshoot was reduced by reduc-

ing the integral action and increasiﬁg the controller gain. )

The chosen controller settings were

2
it

20

v
)
o}

-

—

]

40 seconds.
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L (dm) |
i /7PI mode S (a) )
0.7 [ )
0.0
L (dm) _ _ /; Pl mode (b)
., . 0-7- /_-f_/—/_'\ﬁ-’_ -
0.0 - ' :
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0.0
! : ! i — —
0 1 ' 2 3 time (min.)

Figure 4.4 : Level resvonse using P and PI position
. algorithms (a) and a PI velocitv algo-
rithm (b).
Tor P mode : KC = 15
F&r PI mode: Kc

F,, = 1%.10 L/minute.

[t}

20 and 1.z %0 seconds.
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It is“important to notice the lack of deadtime under closed-

loop conditions. This fact confirms that the deadtime found

in the open loop transfer function gll(s) was overestimated
and could be neglected. The new setpoint was reached for

'the first time within 25 seconds. OQvershoot is stillnotice-

~able, the level 1lining up at the néﬁ setpcint in approxi-

mately 2 minutes, V.

4.,2.2 Veldeity Algorithm \ : \\\
~__ .,

el i
Fmgure 4.4 {b) hbwsi?he level rgsponse to a setpoznt step-
‘\-_ )

change using the §&V6eloc1ty algorlthm Settlngs were the
same as the ones used for the position PI (Kc = 20 and T =
40 seconds), and the setpoint stepchange ﬁas also the same.
The velocity algorithm, as opposed to the position algor-
ithm, reacts one sampling time later (a2 sampling interval of
2 seconds was used). Response is slower than the pFevious

one, but there 1s no overshoot. Both the position and the

velocity algorithms take approximately the same amount of

-

time (2 minutes) to line up at the new setpoint. Level conJ%

troller performance under load disturbances will be shown in

section 4.5 .
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4.3 LEVEL AND TEMPERATURE CONTROL .

This program coﬁtrols simultaneously the level and
watér temperature in the tank. The level was usually con-
trolled with the position P-only control, for the reasons.
already mentioned in the beginning, of this section. ~For
temperature éontrol, offsets are normally not tolerated,
thus integral action should be present in the algorithm so
that the offset is driven to zero.

In order to tune the temperature loop the P-only
level control loop was kept tightly tuned (K, = 30). The ul-
timate gain for the temperature locp was found to be 1.75,
and the ultimate period of oscillation, 45 seconds<(see Ap-
pendix L).

Figure 4.5 shows both the level and temperature re-
sponses for '3 successive level setpoint stepchanges. Zie-
gler-Nichols settings were used for both the level and temp-
erature loops. The P-only level controller gain was made
equal to 15, whereas the PI temperature controller had the
settings kc = 0.8 and 7, = 38 seconds.

Notice that there is mo 6 fluctuation in the temperature as
expected from the open loop analyses confi;mﬁng that 921(5)
= T(s)/V (s) = 0. '

Figure 4.6 shows the level and temperature‘responses
‘tb 2 successive temperature setpoint stepchanges. Notice
that the level is only.slightly upset by the temperature

stepchanges, thus coupling in that direction is almost neg-
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_ 0.8
0.0
Level:P mode, Kc = 15
-0.8
/
T(°C) A :
45 - I ' =
35 I T i ——

25 . °\' - Temoégéé;be: PT moce, Ke 0.8 and

T+ = 38 seconds.

' set B
L Cdm)[\
0.8 |
0.0
-0.8 [
{ 1 : ‘ 1 { | >
0 1 2 3 4 5

time (min.)

igure 4.5: Multivariable response to level setpoint
stepchanres.

¥y = 7.6 L/minute and T, = 60 °C
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ligible} In fact, coupling can only be seen when the level
is loosely tuned, as will be shown in Séétion 4.4 . It;can
also be noticed from Figure 4.6 that‘these'little upséts in'
level occur almost instantly after the température'sbtpoint
;tepchanges were introduced, even before thg temperature be-
gins changing. This confirms that there is no time delay in
thg open-loop transfer function 912(5) = L(s)/Vb(s). System
performance under load disturbances will be shown in sectién

4.5 -
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4.4 LEVEL / TEMPERATURE CONTROL USING DYNAMIC DECOUPLING

As was already mentioned in Section 4.3, coupling was not-
noticed in our system unlésé the le¢¥el, which is affected by
the coupling, vas loosely tuned (K, <= 1.0). Figure 8.7
shows the level and.temperature responses to a temperature

setpoint Btépchange. The controller settings were as fol-

lows:

Level : position P-only algorithm loosely tuned,
K. = 1.0 and |

Temperature : position PI algorithm,
| (Ziegler-ﬁ??hols settings)

Rc = 0.8,

T 38 seconds..

The decoupling algorithm developed in section 3.4 is availl-
abfe in the level/temperature control -program. The program
asks” the user 1if the-decoupler i1s to be implemented or not.
If the answer is no, the algorithm is simply skipped during
program execution. Figure 4.7 (a) indicates the level re-
, éponsg Eg' a temperature setpoint stepchange without decou-
| pling, whereas Figure 4.7 (p) shows the decoupled fesponse.
There is a substantial decrease in Ehe level upset when the
decoupler is implemented. If we were using a #erfect dynamic
decoupler, and if the process' transfer functions were per-
.fectly known, no upset whatsoever would be observed. Decou-
pler performance under other controller settings and load

disturbances will be shown in the next section.
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Figure4.7: Multivariable control without decoupling (a)

and with dynamic decoupling (b).
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4.5 - COMPARISON Qg STRA%EGIES.FOR DECOUPLING

In this section the performance of the dynamic decoupler
presented in the previous section will be compared with a

"

steady-state decoupler and with the conventional onerIcop-
tight one-loop-loose.strategy.

The steady-state decoupler deveioped in Section 3.4

was -

' G{s)
Is.s.
0 1
To implement the steady-state decoupler in our level/teﬁper-
ature control program,' the dynamic decoupler equation in

line 1160 was reduced to

D1 = 0.23 N1
where Dl = decoupler output{VDC) and
Nl =

output from temperature controller(VDC).

Five different controller configurations were tested
against both 1oad and setpoint stepchanges. The controller
configurations are summarized in Table 4.5
Configuration A was chosen to make coupling very visible,
i.e., to enhancé coupling. The smaller the level conﬁroller
gain, the greater coupling is expe;ted to become. Configura-
tions B and C were chosen to show the improvement 1in the

level response obtained respectively with steady-state and



_ TABLE 4.5
LZVEL AND TEMPERATURE CONTRNLLER CONFIZURATIONS

>

.CON?I@URATION LEVEL TEMPERATURE DECOUPLER

ALGORITHM AILGORITEM
A Position Position PI~ NO
P only Ziegler-
Kc = 1.0 Nichols
(locselv ;etflgpz:
tuned) e T T

: _ Ty = 38 sec.

B Same as same as Steady-
above above state

: o ) . decoupler

C Same as Same as Dyvnamic
above above Decoupler
"D Position Sam& s NO
P only abtove
Ziegler-
Nichols
setting:
¥ = 15
/ d
E Position Same es NO
? onlv above
XK. =2 '
e 20
(tightlv

tuned)

105
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dynamic decoﬁpling, as compared with the poor situation in
configuration A. o

For highef level controller gains, coupling is ex~
pected to decfease, bécéming less and less visible. Configu-
rations D and E were intended to show this trend. At this
point the decouplers were no longer implemented, - because
their effects would ﬁo longer be noticeable.

Tighter tempefature control configurations were not
considered, because the temperature response had a tendency
to become oscillatory, resulting in boorer cbntrol: The
contreller configurations above have been tested against the

step disturbances summarized in Table 4.6 .

TABLE 4.6

Setpoint and Load Disturbances.

STEP DISTURBANCE TS€T (%¢) Fy, (L/min) T, (°C)
#1 35 to 30 - . -
#2 - 30 to 40, - -
# - : - 7.6 to 9.6 -
=4 - S 60 to 45

Disturbances #1 and £2 were intended to test the control
'system with decoupler under temperature setpoint stepchang-
es, because they affect the level response. Level setpoint

stepchanges were not included because they do not affect the

-

temperature loop. -
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Disturbances- $§3 -and $£4 were intended to test not

only the decoupling stheme, but also the individual perform-

ance of the 1level and temperéture control 1loops under load

disturbances. A wisual comparison of the various level re-

sponses is shown in ?igures 4.8 through 4.11 . A quantita—
tive comparison of the various controller performances was

obtained by computing the Integral of the Squared Error ISE

defined as
t
ISE = [ e(t)?® dt
and calculated in our computer program by the éxpression
770 LEVISE = LEVISE + ST * (LSET - L)°

for the various level responses. The I.S.E was computed dgr-
ing 3 minutes, time enough fornthe slowest transients to die
out. Results are shown in Table 4;7 . Temperature I.S.E.
data were also presented in Table 4.7 . The relative magni-

tudes of the temperature I.S.E. data, due to scaling in the

variables, are greater than those for the level. Temperature

I

" tained, for all four disturbances, with the level tightly

< .
I.S.E. data were, however, approximately constant within

each one of the four step disturbances. For this reason,
only one temperature fesponse-has been shown -in each figere,
even though there was one'fo; each level response. -
As can be seen in Table 4.7 , the smallest I.S.E. was .ob-

tuned (configuration E). The second best was configuration
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D, in which the level was tuned according-to thelziegler;Ni-
chols settings. For the péorer situations in which the level
was loosely tuned (configurations A, B and C), dynamic and

' stéady—state decoupling had approximately the same perform-

ance, vyvielding the smaliest I1.S.E., AppendixiM shows that
dynamic decoqpling (configuration C) significantly improved'
the level fesponse to a temperature éetpoint.stepchange; in
comparisen with the no decoupling case (configuration A). i
’ It is also interesting to ﬁotice that the level re-
sﬁohse to load disturbances 1in Fh (disturbance #3) was not
greatly improved with decoupling. Since the decoupling al-
gérithm is contained inside the feedback loop, improvement

was expected. _ ] :
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Figure 4.10: Level Response to Step Change %3 .
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Chapter V
CONCLUSIONS ’

Digital computer . control was successfully designed
and impiemented in two loops, namely level and temperature.
Both loops presented good performance under load. and set-
point disturbances: With respect to the implementation of
the computer‘control system, the following conclusions were
érawn:

1. The control system is suitable for lab demonstration
purposes, because the process time éonstants are in
the order of a few minutes, therefore allowing sever-
al experiments to be carried out during a lab period.
The process 1is also open-loop stable, and can be
identified using conventional process control thebry.

2., Labsoft, the control-oriented language used in this
project, greatly simplifiqg the design and implemen-
tation of computer control, particularly 1input and
outéut operations.

3. The position and velocity PID algorithms have differ-
ent performances, despite being originated from the
same equation (i.e. the continuous PID algorithm).

Four strategies for dealing with coupling have been

evaluated, namelylno decoupling, steady:§tate'decoupling,

- 114 -
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dynamié decoupling and the one-loop-tight one-loop-loose

strategy. With respect to the strategies above, the follow-

ing conclusions were drawn:

1.

quamic découpling, despite 1its greater complexity,

did not work much better than steady-state decou=-

pling. This arises from the fact that the magnitudes

of the two time constants in the lead-lag element are

. approximateiy‘the same. In this case the steady-state

response dominates over the transient response.

Coupling was best "handled by keeping tﬁe level loop

'tightly tuned 1in comparison with the temperature

loop.



Chapter VI
RECOMMENDATIONS

1) If computer memory space becomes a problem for
future control échéﬁes; the highest memory address available
for the user YHIMEM) should be relocated 8K higher, thus
making available for BASIC programs thé space originally re-
served for high resclution graphicg (HGR) page 1. 1If space
continues being a problem, HIMEM should_\be set 12K even
higher, using the ﬁemory space originally reserved for high

resolution graphics page 2.

2) Valve A could be relocated so that it would con-
trol the level in the tank by adjusting the ﬁot water inlet
flowrate instead of the outlet flowrate. The outlet stream
would eiit thfough a pipe with no restrictions in it. This
setup tguld improve valve A's linear installed characteris-
tics, since a higher and constant pressure drop over the
valve would be available. This setup would alsc create bi- «
direétional-coupling (i.e. 1interaction) between the controi
loops, because a change in the inlet hot water flowrate

would upset both the ievel and the temperature in the tank.

- 116 -
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3) Time delay in the temperature loop could be in-

creased by installing:a longer outlet pipe and measuring the
temperature farther away from the tank.. With the present

' setup, however, too long an outlet pipe may worsen vaive A's
" installed characteristics, due to the smaller flowrate and

smaller pressure drop available over the valve.

>

—
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Appeﬁdix A

) o
' SAMPLED-DATA DISCRETE APPROXIMATION TO A RIDAL.
_ _ ALGORITHM

o

The velocity form for the PID controller (Equation 2.4,

Chapter 2), 'can alsc be obtained using the sampled-data
theory approach. . ' ./f -

* ; -~

Recall the ideal PID controller equation:

G(s) - M(8) g (7, L,
¢ ‘ E(s) gc TyS Tdsj

The finite difference equation that approximates the ideal

PID controller is obtained by writting G(s) in terms of s-:

{7)

.M_(il-K(l-E.-_ld-Td) T
E(s) © 1 s T

Using the rectangular approximation for s-* namely,

-
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) S, K

. -1 T
M), x (1220 —5—)
E(S) * TI L..E.I p

l-z °
€,
-1
1-2
M(S) | g (1 et : Tq( ))
E(s) © 1 (1-277) S,
-1 S, Td(l'z-l) -1

M(s) (1-z =) = X_ (1 - - + JE(s) (1-z *)

c T (1-z 1) S 7

I = t
In the time domain this becomes: -
K. S X.T
c "t c'd _ .
me = meg v Ko (epmepy) - T "t T 73 (e -2ey_17ep.2)
I ’ -

which is identical to Equation 2.4 .
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Appéndix B
VALVE A EQUATION

The flowrate through control valve A is given by the equa-

tion (Luybent¢®’ , p. 313) :

-
F = év f(x) 1/APKsp.gr. (B.1)
where F = flowrate 1in gpm,
Cv = valve size coefficient,
f(x) = valve flow characteristics curve,
Sp.gr.= specific gravity of liguid (=1 for water),
AP = pressure drop over valve in psi and
£(x} = x (linear érim) . |

The pressure drop across the valve, AP,

the hydraulic head available, L, measured from the valve

is actually

seat to the liquid surface in the tank. Also, for a linear

trim, the stem position x is proportional to the voltage ap-

plied Va (i.e. x = k Va) . Thus, equation (B.l) reduces to:

-

F =CyK vaJ? (B.2)
Grouping the constants C, and K together yields:

,F =K, Va-JL (B.3)
where F = flowrate (L/min),

- 122 -.
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Ka = proportionality constant (dm*/3 /V min),
' = signal from controller (VDC) and
a .

hydraulic head  (dm).

Figure B.l shows the cutlet flowrate vs. Va‘for the case in
,which the level was held at its steady-state value (L = 9.48
dm) ; This S-shaped curve can be approximated by a straight
line passing ‘through the steady-state voitagg Vé = 2,63V

and given by the equation: ’

F = -7.77 + 2.80 V, /L (B.4)

It must be pointed out that this approximation.is
valid only, if both the level L and the flowrate F are not
moved too far away from their design values. Otherwise, the
error may become quite large. Equation (B3.4) was used in the

theoretical analysis of the process, presented in"section

3.3 .



FL/min)_

24

20

16

12

O
—
N
W)
~
[9))

A

Figure B.l: Valve A - Flowrate F vs. Va.'

L = 9.48 dm
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Appendix C
VALVE B EQUATION

As opposed to valve A, the pressure drop across valve B is

constant, because the gauge pressure in the line is constant

and eqﬁal to 30 psi. There is also a flow constraint, which

limits the valve's opening to 2/3 of its

maximum opening.

This is necessary because, due to the higher pressure drop

available, the cold and hot water inlet streams may become

greater than the maximum attainable outlet flowrate.

Figure C.1 shows the cold water inlet £flowrate FE

vs. the voltage signal V .Since our opera&iggﬁgonditions

were usually limited to the range 1 to 3 volts, 1linear trim

was assumed (i.e. f(x) = x)}, where x, the
proportional to the voltage Vs:applied (x

eqn. (B.1):

F = Cv £(x) JAP/sp. gr:.

Since £(x) = X = Klvband makingquP/sp.gr.

reduces to:

Grouping the constants together,

R R Y | (C.2)

- 125 -
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The straight line approximation passing through the

steady-state voltage Vi = 2.V has equationf’
F.o» =3.33 + 5.33 Vy (c.3)

Equation (C.3) was used in the theoretical analysis of the

process, presented in chapter 3.3 .
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Figure C.1: tive B - Flowrate F_ vs. V..



Appendix D
ROTAMETER CALIBRATION CURVE.

The hot water 3upply has its Elowrate adjusted by'a
manual valve. The'flowrate is read on a Fisher Porter ro-
tameter model FP-1-35-G-10, whose calibration curve is shown
in Figure D.1 . The abscissa (rea?ing in $) corresponds to
percentage of maximum flowrate, which-for our system is lim-

ited to the range 10 to 30% (5.2 to 14 L/minute).

4\
’ 16
P
(L/min)
12 |-
8 -
A— f
o 5 10 15 20 25 30

rotameter reading in %

Figure D.1: Rotameter Calibration Curve.
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Appendix E ‘
TYPE T THERMOCOUPLE CURVE.

Type T thermocouple signals are nonlinear, as can be

seen in Figure E.l1 . This curve can be represented by the

third order polynomial

T=a +a_ E+a_ E* +a_E?

Q 1 2 .3 /Zf

where T = °C,

E millivolts,

ai(i=0,1,2,3) = parameters to be fitted.
?

Accurats temperature .measurements require this model to be
‘fitted’éo data from a tyvpe T thermocouple table. The fitted
model is then incorporated to the computer control program.
Experimental data from the Honeywell Thermocouple Tables!?7!

vere used to fit the model above and the resulting eguation

Y

is
T = 0.011 + 25,962 E - 0.755 E* + 0.035 &?

This-equatioh is incorporéted in line 1000 in the level/

temperature control program.

- 129 -
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Appendix F
LEVEL TRANéMITTER CALIBRATION CURVE.

Transducer . operations are expected to be linear.
The purpose of the level transmitter calibration curve is to
infer about the linearity of the transformation level to
VDC. The level transmitter translates float position into
an air pressure signal. This signal is further transduced

into VDC before it can be read by.the ISAAC-Apple system.

The level transmitter calibration curve shown in Figure F.1l -

was obtained experimentally, since no information £r6ﬁ the
manufacturer was available. The absolute span of the level
transmitter is 0.62 dm. It has been amplified to 2.48 dm
with the help of a lever. The solid line in Figure F.l shows
the ideal linear behavior to be expected from the transmit-~
ter. One can notice that experimental results are fairly
linear over ﬁhe whole span, and can therefore be described
by a simple gain.

’ The transfer functions of both the level transmitter
and the air-pressure-to-#oltage transducer were not explic-

‘itly identified. They were lumped into g11(s) and 912(5).

- 131 -
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Appendix G

POSITION PID LEVEL CONTROL PROGRAM LI STING AND
FLOWCHART
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ig PRINT * ===========€3=============ﬁ= " .

280 PRINT "DIRECT DIGITAL CONTROL OF A" - *

3@ PRINT “LEVEL LOOP USING THE PID ©

48 PRINT “"POSITION ALGORITHM." '

548 PRINT "“"=mm= === == "‘ . 2

&8 REM™ PROGRAM WRITTEM BY PAULLQ SPRINGMANN IN JUNE 1924.

7@ PRINT : PRINT )

8@ PRINT "REMARKS:" _ )
92 PRINT “Y=sszs===" '
1ge PRINT '

118 PRINT "THIS PROGRAM ALLOWS YOU TO CHOOSE BETWEEN WRITING YOUR OWN CON
- TRQL ALGORITHM. QR CHOOSING THE STRNDARD P. PI OR PID ALGORITHM. FOR

PI AND PID MODES,. ANTI-RESET WINDUP IS ALSO AQUAILABLE."

12@¢ PRINT "FOR P-ONLY CONTROL. SET INTEGRAL TIME ITAU = 3Iaeed HEC.» RND T
HE DERIVATIVE TIME DTAU = 8 SEC.“

T 138 PRINT "“FOR PI MODE. SIMPLY SET DTaU = g SEC.“

132 PRINT : PRINT

134 INPUT "DQ WOU WISH TO WRITE YOUR DMN CONTROL RLGORITHM ? (V/N>“'Q$

136 IF ASC (A$Y = 39 THEN GQTO Seoe

148 PRINT : PRINT : PRINT

138 INPUT "ENTER CONTROLLER GRIN. KC = ";K

c
1S5 PRINT
188 INPUT “ENTER RESET TIME IN SEC.. ITAU = ":ITAU
172 PRINT _ | ,
188 INPUT “ENTER DERIUVATIVE TIME IN SEC.. DTAU = ":DTAU
158 PRINT

2dgd  INPUT "ENTER SAMPLING TIME BETWEEN 1 AND 1& SEC.. ST = "3
283 IF ST > 16 OR ST < 1 THEN S0TO 264

284 INPUT “DO YOU WANT ANTI=RESET WINDUP TO BE IH EFFECT? (Y/NO":B$
eSS LSET = @

Z2ig PRINT : PRINT : PRINT

"J'J

T

229 PRINT “KC = "3KC

238 PRINT "ITAU = ":ITaU" SEC*
248  PRINT "DTAU = ":DTaU" SEC"
258 PRINT "ST = Y338T" SEC™
269 PRINT "“LSET = ":LSET" DM"

278 PRINT : PRINT

288  PRINT "REMARK® LSET IS GIUVEN aN INITIQL URLUE OF &

M. WHICH IS ITS 35
TERDY-STRTE VALUE." :

298 PRINT @ PRINT :

SB8  PRINT "WAIT FOR PROCESS TO LINE UP. PRESS <L TO CHANGE LEVEL SETFOIN
T AND PRESS <K> TO CHANGE KC. PRESS <I> TO ZHANGE ITAU. &ND <D> TO CH
ANGE DTALl. PRESSING <S» alLlows YOu TO CHAMGE 3T."

318 & PAUSE = 29 :

329 REM ALl THE COMMANDS BESINNING WITH THE AMPERSAND (&> ARE LABSOFT CO

MMANDS . &M EKTENbIUH OF APPLESOFT Eﬁbf
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REM EXAMPLE: THE LABSOFT PAUSE COMMAND CLINE 116) KEEPS THE PREVIOQUS
MESSAGE ON THE SCREEN FOR 2a bELDNDb. -

REM DECIMAL WALUES RESULTING FROM a-sD aND DA CONUERSICHN CQN TAKE 0N

LY IHTEBEP UALUES BETWEEN 8 AND 4335, QUR /-b RND DA LDHUERTEPq HAVE
8 12-BIT RESOLUTION.

HER “ ' :

REM HERE WE INTRODUQCE. HIGH-RESQLUTION bPﬂPHIL MDDE.

. & SCROLLSET
REM THE %bLROLLﬁET COMMAND SETS THE LABSOFT HLROLLINb SRAPH ROUTINE.

%- QUTLINE .
REM QOUTLINE SIMPLY OUTLINES THE GRAPH SET BY &SCROLLSET.
& PLTFMT = 1
REM THE S&PLTFMT = “PLOT FORMAT" SETS THE COLOR TO BE USED ON THE GRRA
PH.
IERR = @:EQ = &
REM THE COMMAND AREROUE INITIALIZES THE INTEGRAL OF THE ERROR AND THE\
PREUIOUS ERROR.
& CLRTIMER .. _
REM THE "CLERRTIMER" RESETS THE TIMER TO ZERQ AND BEGINS COUNTING IN
. MILLISECONDS. : '
4 X = PEEK < - 163247
IF ¥ > 127 THEN GOTO 188@ .
REM THE Tuo COMMBNDS ABOUE CONTINUOUSLY CHECK WHETHER ANY KEY HAS BE
. EN PRESSED. IF TRUE. PROSRAM COUNTER JUMPS TO LINE lzga.
% AIN,CTU)Y = INUDLTZ:(C#> = ©
REM LINE 47@ IS AN ANALOS INPUT <THE SIGNAL FROM THE LEUEL TRANSMITT
ER>. THE TRREET UARIABLE IS INUOLT®. &ND THE A-D CHaNNEL IS # &,
L = 1.24 — INUOLT% ~ 1651
T REM 1651 ¢SCALING FACTOR » = 4995-Z.43 DM. WHERE 2.43 DM IS THE TOT#A
L SPaN OF THE LENEL TRABNSMITTER. :
Ei = LSET - L
REM E1 IS THE ERROR AT PRESENT SAMPLING TIME.
DERR = {E1 — E&» ~» ST
REM CALCULATES THE DERIVATIVE OF THE ERROK
IF ASC B> = 73 THEN GOTO S43
IF M = 4295 THEN GDTO S&&
IF M =3 THEN GOTO S&8
iERR = IERR + E1-% ST i :
REM  THE COMMENDS ON LINES 539 aND S35 aU0ID RESET WINDUR BY STOPPING
THE INTESRATION IF THE CONTROLLER OUTPUT IS ALRERDY SATURKTED.
M= 20458 + KO % (E1 + IERR -~ ITaU + DTRU *® DERR>» % ¢ ~ 15512
REM  THIS IS THE DISCRETIZED PID ALSORITHM. THE CONSTANT 2243 I3 THE
BIgs TERM. CORRESPONDING TO S&x QUTPUT. THE COMSTHRHT 1551 IS A SCALIN
5 FAcTOR. ITS NEGATIVE SIGM ENSURES THAT THE COMTROL LODOP HAS NESATIL
£ FEEDBRCK. '
IF M 5 4295 THEH M = 4235
IFM < @ THEN M =@ '
FEM THE CONSTRAIMT GROUVE MEANS THAT THE UALUE CANMOT BE MORE THaM FU
LLw OPEN R FULLY CLOSED. '

SR P PP U BT ol |
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& AQUT.<{DU) = M. (C#> = 2

REM SAROUT ODUTPUTS AN ANARLOGE SIGNAL TO UALUE © THROUGH CHANNEL # 2.

& NXTPLT = £4@95 — INUVOLTX%) ~ 32 -

REM THE {4855 - INUVOLTX> OPERATION COMPENSATES FOR THE REVERSE RACTIO
N OF THE LEVEL SENSQR. THE DIUIDE-DOWN' CONSTHBNT 32 (= 4895-128)> IS NE
CESSARY. SINCE THE VERTICAL RESOLUTION OF THE GRAPH SCREEN IS 128 POI
NTS HIGH. :

PRINT TABS @IidL"™ DM": TARBY 25>I *x ST" SEC *
I=1+1

REM I IS THE LOOP LGUNTER.
E&@ = E1

& LOOK FOR TIMERIMN:-ITU> = Q.<¢THY = ST * 1099: GOTO 420 .
REM LINE 66@ WAITS ELAPSED TIME TO REACH THE THRESHOLD CSAMPLING TIM
E> BEFORE SAMPLING AGAIN.

REM TIMERIN READS TIME ELAPSED SINCE TINER HRH BEEN CLEARED <LINE 42
8.

POKE - 163&8.0

REM THE COMMAND ABROUE RESETS THE KEVYBRARD STROBE.

IF X = 284 THEN INPUT "NEW LSET BETWEEN —~+ 1.24 DM = ":LSET

IF LSET > 1.24 OR LSET < =~ 1.24 THEN GOTO i192@ :

IF ¥ = 203 THEN INPUT "NEW KC = ":;KC

IF X = 281 THEN INPUT "NEW ITAU = ":ITAU

IF ¥ = 196 THEN INPUT “NEW DTAU = ":DTRU

IF X = 211 THEN INPUT "NEW ST = ":ST

IF ST > 16 OR ST < { THEN GOTO 186

I =@

‘BOTO 428 .

LIST 18.5@ .

PRINT * -WRITING YOUR OWN CONTROL ALGORITHM: "

PRINT * - "

PRINT " IN ORDER TU WRITE YOUR OWN CONTROL BLGORITHM. YOU WILL HA -
UE TO REWRITE THE CONTROL ERUATION ON LINE S&3. "

PRINT " TYPE <LIST Sé2> TQ HAUE & LISTING OF THE CURRENT CONTROL E
QUATION. " ' . :

PRINT " WRITE YOUR QUN EGUATION AS LINE S8 AND HIT <RETURN>. THE

QLD EQUATION WILL BE SUBSTITUTED BY WOURS.™

PRINT "REMARKS: 1> THIS PROGRAM COMPUTES THE PREVIOUS ERROR EG@. THE
PRESENT ERROR Eil. THE INTEGRAL OF THE ERROR IERR AND THE CERIVARTIVE O
F THE ERROR DERR." ‘

PRINT "2 THE FULL RGANGE OF THE CONTROLLER OQUTPUT IS @ TO 4295, WHIC
H AFTER THE OrAa CONUERSION RESULTS IN @ TO S U.D.C.*®

PRINT "3> KEEP IN MIND THAT YOUR ALGORITHM SHOULD &LSO BE SCHLED TO
WORK IM THE RANGE & TO 4295,

PRINT "OHCE YOUR ﬁLbOPITHM I35 ON THE PROGRAM. TVPE <RUM> AMD HIT <RE
TURN. G000 LUCKY

END '

)



PiD POSITION ALGORITHM CONTROL PROGRAM FLOW CHART

dadianiraad

WRITE - ENTER . .
ENTER NEW OWN ALGO- CONTROLLER
ALGORITHM RITHM 3 PARAMETER

ENTZR SAMPLING<:
TIME St

i

SET INITIAL’
Lset _ g

g

INITIALIZE HIGH
RESOLUTION, SCROL-
LING GRAPH FORMAT

|

INITIALIZE ERROR

(L5€*.L) AND INTE-
GRAL OF THE ERROR

-
RESET TIMER

ENTER NEW

READ LEVEL VALUE

. COMPUTE ERROR

y

COMPUTE DERIVATIVE
OF.THE ERROR

\ ’




RESET WIND-UP
IN EFFECT ?

YES

V

, COMPUTE .
INTEGRAL OF
THE ERROR

PREVIOUS
CONTROLLER 0U

138

YES

. CALCULATE"
CONTROLLER
OUTPLT

)

SEND CONTROL-
LER. SIGNAL TO
VALVE A

1

PLOT LEVEL ON
THE SCREEN -

>

PRINT L,
TIME ON
THE SCREEN

:

" WAIT UNTIL
SAMPLING TIME
1S REACHED




Appendix H

VELOCITY PID LEVEL CONTROL PROGRAM LISTING AND
FLOWCHART
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ia PRINT '"esscsxzoomasssmoamssoconsmasoss'

z PRINT “DIRECT DIGITARL CONTROL COF A"

J8 PRINT "LEVEL LOOP USING THE PID *

48 PRINT "OVELOCITY RLGDRITHN. "

S8 PRINT "==== ==s==mannt

&d REM PROGRAM NRITTEN BY PAULD SPRINGMANN IN JUNE 135354.

2@ PRINT

38 PRINT "RENHRKS:"

S[9 PRINT Y"=x=m==e=o=="

i1ag PRINT

118 PRINT ¢ 1> THIS PROGRRAM ALLOWS YOU TO CONTROL THE LEVEL USING PI OR
PID CONTROL ALGORITHM."

128 PRINT "2 FOR PI-ONLY. SET THE DERIURTIUE TIME (DTRUD> = B.

138 PRINT "3> THE UELOCITY RLGORITHM RESULTS IN WERY PQOR CONTRQL IF “OUu
USE P-0ONLY CONTRQL. IF YOU STILL WANT TO TRY IT. SET ITAU = Jagaa SEC
. AND DTRU = @ SEC." ‘

1489 * PRINT : PRINT : PRINT

158 INPUT "ENTER CONTROLLER GRIN. KC = “:KC

1SS - PRINT

168 INPUT “ENTER RESET TIME IN SEC.. ITAU = “:ITaU
178  PRINT

13 INPUT “ENTER DERIVATIVE TIME IN-SEC.. DTAU = “iDTAU

198 PRINT

28a  INPUT “"ENTER SAMPLING TIME BETWEEM 1 AND 16 SEC.. ST = ":S5T
283 IF ST > 16 QR ST < 1 THEN GUTO 2@
Zad LSET = o )
z2ig  PRINT =

3T

FRINT : PRINT

2249 PRINT “KC = "3KC

233 PRINMT "ITAU = "3ITRU" SEC*
248 PRINT "OTAU = “3DTAU" SEC"
258 PRINT "3T = "s&8T" SECH
268  PRINT *LSET = ":LSET" DM"

278 PRINT @ PRINT

288 PRINT "REMARK = LSET = @ DM CORRESPONDS TO ITS DESIGN UallE."

258 PRINT ¢ PRINT

Joe  PRINT “WaIT FOR PROCESS TO LINE UP. PRESS ANY KEV FROM THE KEYBOARD I

F Yol IWISH TOo CHAaNGE THE LEVEL SETEOINT. "

Ilg & PAUSE = 4
328 REM ALL THE COMMANDS BESIMMING WITH THE AMPERSAND (&> ARE LRESOFT COQ

MMENDS . AN EXTENSION OF APPLESUOFT BASIC.

REM DECIMAL UALUES RESULTING FROM A-D CONUERSICOMN CAN THVE ONLY INTEG

ER UALUES BETWEEN & ANMD 485353, THIS 13 BECQU‘E THE R-D CONMUERSION HAS

A 12-BIT RESOLUTION. h

33 REM THE LABSOFT PAUSE COMMAND KEEPS THE MESSAGE ON LIME 3@@ QN THE =
CREEH FOFR 4 EECOHDS. :

248 HeR J—

3989 REM HERE WE INTRODUCE HIGH-RESOLUTION GRAFPHIC MUDE.

I58 % SCROLLSET

Ive REM  THE 2SCROLLSET COMMAND SETS THE LABSOFT SCROLLINMG GRAPH ROUTINE.

A
kD
a

2@ & QUTLINE -
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S

I98 REM KOUTLINE SIMPLY DUTL.INE:: THE l:RRPH SET BY &bLRDLLSET.
493 & PLTFMT = 1

416 REM THE PLTFMT = "PLOT FORMAT" SETS THE COLOR TO BE USED ON THE GRA
PH. :

428 & CLRTIMER . _
438 REM THE “CLEARRTIMER" RESETS THE TIMER TO ZERQ AND BEGINS COUNTING IN
) MILLISECONDS." : _— . :

4483 X = PEEK { - 16334> ' - x

45@ IF ® > 127 THEN GOTO 1@@a L

458 REM THE 2 COMMANDS RBOVE CONTINUQUSLY CHECK IF ANY KEY HARS BEEN PRES
SED» IN WHICH CASE PROGRAM JUMPS TO LINE 10&d.

478 & AIN.CTUY = INUOLT, (CH> = @ =

4238 REM LINE 472 CRUSES ISAARC TQ READ THE ANALOG SIGNAL FROM THE LEWEL T
RANSMITTER. - AN

498 L = 1,24 — INUOLTX ~ 18651 :

Se@ REM 1651 IS A SCALING FACTOR (=439S5 ~ 2.48 DM>. WHERE 2.48 DM IS THE -

: FULL SPAN OF THE LEUEL TRANSMITTER." ;

S19 E2 = LSET - L

S2a REM E2 IS ERROR AT PRESENMT TIME.

538 REM E1 IS ERROR FROM PREVIOUS ShMPLE. . . : :

S48 M1 = M@ + KC % ((E2 — E1> + ST ~ ITAU % E2 + DTAU -~ ST % (E2 -.2 % E1 + .
EQ>) % ¢ — 1651 . AR

5589 REM  THIS IS THE UVELCOCITY FORM OF THE PID ALGORITHM. THE SCALING-FACT
OR 1651 HAS A NEGATIVE SIGN TO ENSURE THAT THE LONTRDL LOOP HAS HEGAT

L L,

: IVE FEEDBACK. "

68 IF M1 > 48395 THEN M1 = 4835

@ IF ML < @ THEN ML = & -

S8 REM THE CONSTRAINT ABOUE MEANS THAT THE UALUE LHNNUT BE MORE THaN FU
LLY OPEN OR FULLY|CLOSED.

§38 & AQUT,(DM> = MINCH#» = 2

838 REM SA0OUT CUTPUTS™N ANALOG SIGNAL TO WALUE © THROUGH CHANNEL # 2.

618 & NXTPLT = <4835 - INUOLT%> ~ 32 -

626 REM THE (4895 — INUOLT%> OPERATION COMPENSATES FOR THE REVERSE ACTIO
N OF THE LEVEL SENSOR. 32 IS @ DIVIDE-DOUM WALUE. SIMCE THE WERTICAL
RESOLUTION OF THE GRAPH WINDOW IS 128.

€38 PRINT TABEC @1)L" DM"; TABC 2531 % ST* SEC

€48 I = I + 1 _

658 E& = E1:E1 = E2:0M8 = M1 "

868 & LOOK FOR TIMERIM-{TU> = @,<{TH> = ST % 193@: S50TO 424

673 REM LINE 658 READS TIME ELAPSED SINCE TIMER WaS CLEARED IN LIME 429.

IF TIME ELAPSED HAS REACHED THE THRESHOLD <SaPLING TIME:. A NEW SAM
PLING CYCLE BEGINS.

1eEg  FPOKE - 16368.9

1818 REM RESETS KEYBUOSRD STROEE.

1828 INPUT “ENTER NEW LSET WITHIN +-— 1.24 DM. LSET = ":LSET -

1832 IF LSET > 1.24 THEN GEOTO 1893

1943  IF LSET < -~ 1.24 THEM GOTO 1998

1858 PRINT “YOUR NEW LSET = ":L3ET" DM"

1953  PRINT

197 I = B

1833 30TO 428

1852 PRINT “YOUR MNEW LSET I35 MOT WITHIN THE OPERABLE. RAHGE. TRY REAIH!Y

1iga 30TD 19z ' '
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PID VELOCITY ALGORITHM CONTROL PROGRAM FLOW CHART

START

Y,

ENTER
CONTROLLER
PARAMETERS

Kc"t ’T:D

;

ENTER SAMPLING
TIME St

|

SET INITIAL
LSt - ¢

INITIALIZE HIGH
RESOLUTION, SCROL-
LING GRAPH FORMAT

=

RESET TIMER

ENTER
NEW p5et

P

REAI% LEVEL

|




COMPUTE
ERRCR

!

CALCULATE
CONTROLLER
OUTPUT

:

'SEND CONTROL-
LER SIGNAL TO
VALVE A

PLOT LEVEL ON
THE SCREEN

Y

PRINT L AND .
TIME ON THE
SCREEN

Y

WAIT UNTIL

SAMPLING TIME
HAS BEEN REACHED

. 143
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PRINT "——- e e —————— "
PRINT “DIRECT DIGITAL CONTROL OF A" :

PRINT “LEVEL-TEMPERATURE MULTIURRIABLE SVYSTEM.™
PRINT * - n

REM PROSRaAM WRITTEN BY PAULO SPRINGMANN IN JUNE 1924,

PRINT "  THIS PROGRAM ALLOWS YOU TO CONTROL SIMULTANEQUSLY THE LEVEL
AND THE TEMPERATURE IN THE TANK."

PRINT * PID POSITION AND UELOCITY ALGORITHMS ARE AUSILABLE FOR BATH.
LOOFS. "

PRINT * DYNAMIC DECOUPLING IS ALSO AUAILRKRBLE. IF YU NISH;“
PRINT “REMARKS: 1) FOR BOTH LOOPS YOU CAN CHOOSE RMONG P. PI OR PID M
QDES. IF VOU CHOOSE P-ONLY MODE. THE POSITION ALGORITHM MUST BE USED."
PRINT " 2)IF YOU WaANT TO DECOUPLE THE LQOPS OR USE P-ONLY FOR THE LEW
EL. CHOOSE THE POSITION ALGORITHM FQR THE LEVEL."

PRINT " 3> THE DELDUPLINb EFFECT IS ONLY NOTILEQBLE IF LEVEL IS LOUHE .

LY TUNED (KL <= 1>.

PRINT

REM URRIARBLE DICTICHARY:.

REM ==== e T ]

REM LEVEL. LQoPz’

REM "

REM: -ST = SAMPLING TIME IN SECONDS.

REM RSP = REMOTE SETPQOINT IS THE SETPOINT SIGHNAL SENT TO THE -MICROPR
GCESSUR.

REM L = LEUEL READING AT PREHEHT TIME.

REM LbET = [LEMEL SETPOINT.

REM KL = CONTROLLER GARIN.

REM ILTAU = CONMTROLLER INTEGRAL TIME IN SECONDS.
REM DLTAU = CONTROLLER DERIVATIUE TIME IN SECONDS.
REM.. LIERR = INTEGRAL OF THE ERROR. '

REM LDERR = DERIVATIVE OF THE ERROQR.

REM M1 = QUTPUT FROM CONTROLLER AT PRESENT TIME.

REM Mo = OUTPUT FROM CONTROLLER 1 SaMPLING TIME ~GO.
REM L2ERR ERROR AT PRESENT SAMPLING TIME.

REM L1iERR ERROR 1 SAMPLING TIME AGE0.

REM LBERR ERROR 2 SAMPLING TIMES aG0.

REM LEWISE = INTEGRAL OF THE SQUARED ERROR.

REM TEMPERATURE LOOP:

REM ———= : =
REM T = TEMPERATURE READING AT FRESENT TIME.

REM T3SET = TEMPERATURE SETPOINT.

REM KT = COMTROLLER GRIHM.

REM ITTAU CONTROLLER INTEGRAL TIME IN SECONDS.

un

REM DTTAU = CONTROLLER DERIVATIVE TIME IH wECﬁHDb.
REM TIERR = INTEGRAL OF THE ERROR.
REM TDERR = DERIVARTIVE OF THE ERROR.

REM N1 = PRESENT QUTPUT FROM CONTROLLER.
REM M@ = PREVIOUS QUTPUT FROM CONTROLLER.
REM TZERR = ERROR AT FPRESENT TIME.

PRUERT N PR 3 o
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REM T1ERR = ERROR 1 SaMPLING TIME AGO.-

REM® TBERR = ERROR 2 SAMPLING TIMES AGO. .

REM TEMPISE = INTEGRAL OF THE SQUARED ERROR. ' b
REM DISTURBANCE: -

REM :
REM TH = TEMPERSRTURE OF THE INLET HOT WATER. CONTROLLED BY THE MICRO
PROCESSOR. o :

- REM

REM

REM DECOUPLER:

REM ————e——e

REM D1 = PRESENT DECOUPLER SIGNAL.

REM D& = PREVIQUS DECOUPLER SIGNAL.

REM S

REM ,

INPUT “LEVEL LOOP: UELOCITY <VU> OR POSITION (P> ALGORITHM ? <MAP) "1l

$ .

REM THE VELQCITY ALGORITHM CANNQT BE USED FOR P-QNLY CONTRQL. BECAUS

E OF THE CANCELATION OF THE SETPOINT.

PRINT - ,

INPUT "TEMPERATURE LOOP: UELOCITY <U> OR POSITION <¢P> ALGORITHM 7 U~

P> "iBs - : .

REM AGAIN. DO NOT USE THE WELOCITY ALGORITHM FOR TEMPERATURE P-ONLY

CONTROL. -

PRINT :

INPUT “LEUEL CONTROLLER: CHOGOSE AMONG P-ONLY <1>s PI ¢2> OR PID <3> C

ONTROL ACTION. (1-2-3> ? ":LEUELX%

PRINT -

INPUT "TEMPERATURE CONTROLLER: CHOOSE aMONG P-ONLY ¢1>. PI <2> OR PID
(3> CONTROL ACTION. <1-2-3) 7 “:TEMPX

FOR I = 1 TOS&EWEL% .‘

IF I = 1 THEN INPUT "LEVEL CONTROLLER GRIN KL = "3KL

IF I = 2 THEN INFUT "LEUVEL CONTROLLER RESET TIME IN SEC.. ILTAU = ":
ILTRU -

IF I =3 THEM INPUT “LEMEL CONTROLLER DERIVATIUVE TIME IN SEC.. DLTRU
= ";DLTRU

NEXT I

FOrR J = 1 TQ TEMPX% -

PRINT - '

IF J = 1 THEN INPUT “TEMPERATURE COMTROLLER GARIN KT = "“3;KT

IF J = 2 THEN INPUT "TEMPERATURE CONTROLLER INTEGRmL TIME ITTAU = "3
ITTAU

u .

IF J.= 3 THEN INPUT "TEMPERATURE CONTROLLER DERIMATIVE TIME DTTAU
" DTTAU

NEXT J

PRINT ‘
INPUT "ENTER SAMPLING TIME BETWEEN 1t AND 18 SEC.. ST = “:
IF ST > 16 OR ST < 1 THEN 30TQ 48@

REM USE THE FASTEST SAMPLING TIME FOR BETTER CONTROL.
PRINT : PRINT ’

INPUT "ENTER INLET HOT WATER TEMPERATURE (BETWEEN 52 8ND 78 Cd» TH =
"3 TH

REM TH IS THE REMOTE SETPOIMT FOR-THE HONMEYWELL MICROPROCESSOR.
PRINT

INPUT “ENTER LSET <WITHIM +-— 1.24 DM»» LSET = “sLSET

N 7 ‘

)]

T
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REM LEUVEL IS & PERTURBATION UARINBLE. THE DESIGN SETPOINT IS & DM AN
D THE TOTAL SPAN IS —1.24=< L =< +1.24 DM.
PRINT o - : o

INPUT "ENTER TSET (BETWEEN 25 AND 35 ). TSET = “;TSET
REM THE DESIGN TSET UARIES ACCORDING TO THE INLET COLD WATER TEMPERA
TURE TC. TC = 4 C DURING WINTER AND TC=20 C DURING SUMMER.

RINT : PRINT , o7

RINT " WARIT FOR' PROCESS TO LINE-UP: TQ CHANGE THE LEVEL SETPOINT P
RESS <L>. TO CHANGE THE TEMPERATURE SETPOINT PRESS <T». TO CHANGE THE
INLET HQT WATER TEMPERATURE PRESS <D>."

IF LEVEL%-= 1 THEN ILTAU = 1908:DLTAU = @

IF LEVEL*% = 2 THEN DLTAU = @

IF TEMP% = 1 THEN ITTAU = 18@8:DTTAU = @
IF TEMP% = 2 THEN DTTAU = @
PRINT

INPUT "DO YOU WANT DYNAMIC DECOUPLING TO BE IN EFFECT ? <¥-/N> ":(s$

REM USE DYNAMIC DECOUPLING ONLY WITH THE LEVEL POSITION ALGORITHM. T

HE TEMPERATURE nLuaRITHm CAN BE EITHEP POSITION -OR UELOCITY.

MR = 2843:NR = 163

IF RASC <C$)> = 39 THEN_MR.= 1671 g
REM MR AND NR ARE RESPECTIVELY THE LEVEL AND THE TEMPERATURE STEADY-
STATE CONTROLLER QUTPUT <BIAS).

REM IF DECQUPLER IS IMPLEMENTED. ITS HTERDV—HTHTE QUTPUT IS Di=377.
IN THIS CASE, MR=2843 HAS TO BE REDUCED TQ MR = 2@43 - 377 = 1671, TO
AUOID LEVEL OFFSET. .

A= .Bl1:B = 25.962

C = - .?55:D = .@35
REM THE CONSTANTS ABOUE ARE THE PARAMETERS FROM THE THERMQCQUPLE™S P
OLYNOMIAL.

Ma = 1&¥1:Ng = 1a33:D@d = u:pi =i .
REM M@ AND. N2 ARE THE CONTRCOLLERS® CUUTPUTS AT STEADY-STARTE. DECOUPLI
NG IS NOT LDHPUTED FOR THE FIRST LOOP.

K = @:LBERR = @:LIERR = @

REM K IS THE LOOP COUNTER.
TEERR = @:T1ERR = &
LIERR = @:TIERR = & _ .
REM THE ERRORS AND THE INTEGRALS OF THE ERRORS ARE INITIALIZED.
HER
% SCROLLSET . —— '
REM SCROLLSET IS & LA BSOFT COMMAND THAT SETS THE SCROLLING GRAPH.
& PLTFMT = 1.2
REM &PLTFMT STANDS FOR PLOT FORMA&T. IT SETS THE COLOES ON THE SCREEHN
DISPLAY.
&% QUTLINE _
REM &OUTLIME OUTLINES THE GR&PH.
% CLRTIMER
REM THE "CLEAR TIMER" COMMAND RESETS THE TIMER TO ZERC mND BESINS CO
UNTING IN MILLISECONDS"

K =K + 1
“ o= PEEK & -~ 183392 ¢

IF w > 127 THEN

t

DNTIMUOUSLY CHECK IF THE KEVBOARD HAE BEEHM FR
~ARUE- F‘F‘I'IE:F:HH COUNTER JWMPS TO So@as,
RSP-<= S)9.2 + 3J2.752 ® TH
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REM RSP STANDS FOR REMOTE SETPOINT. é;P IS THE TH HEIPOINT SIGNRAL SE
NT TQ THE MICROFROCESSOR. WHEN TH = BGjTRHP MUST BE‘l UpC (=819.2 IN

=)
N
an

DIGITALCEORM>. WHEN TH = 18@ C, RSP MU BE S UDC <(=42395)>.
¥3B & AQUT. LD
v35 REM ANALQ

=. RSP, (C#> = @

OUTPUT. DATA UALUE=RSP> D-/R CHANNEL # ©. THIS COMMAND OUT

SP SIGNAL TO THE MICROPROCESSOR. IS

748 & AIN:<TND = INUOLTZ.CCHd> = @

745 REMy ANALPG INPUT.. TARGET UARIABLE = INUOLTX: A<D CHANNEL # 8. THIS ©
OMMAND INPUTS THE LEVEL TRANSMITTER SIGNAL <@ TO S U.D:C.) :

7S@ L = 1,24 — INUOLTX -~ 1651

7SS REM 1651 IS A SCALING FACTOR (=4@95-2.43 DM), WHERE 2.48 DM IS THE T
OTAL LEVEL SPAN. '

76@ L2ERR = LSET - L

765 REM COMPUTES THE PRESENT ERROR.

779 LEVISE = LEVISE + L2ERR ~ 2 * ST

77S .REM COMPUTES THE INTEGRAL UF, THE SQUARED ERROR.

77 IF . ASC <A$) = 85 THEN GOTO 9@a

28 REM CHECKS IF UELOCITY ALSORITHM IS TQ BE USED.

98 IF LEVELX < 3 THEN 'GOTO 9i@

=)

@S

LDERR = (L2ERR -~ L1ERR> ~ ST

REM CALCULRTES THE DERIUARTIVUE OF THE ERROR. -

818 IF LEUELZ < 2 THEN GOTQ 3S3@

82@ LIERR = LIERR + L2ERR % ST

825 REM CALCULATES THE INTEGRAL OF THE ERROR.

838 M1 = MR + KL % C(L2ERR + LIERR -~ ILTAU + LDERR % DLTAU> ¥ ¢ — 1651> + D
o : .

@35 REM EQUATION ABOUE IS THE LEUEL POSITION ALGORITHM. IF NO DECOUPLING

IS IMPLEMENTED. MR=2843. WHICH IS EQUIVALENT TO THE UVALVE S@ix OPEN.

THE SCALING FACTOR 1851 HAS NEGATIVE SIGN SO THAT THE CONTROL LOOP HA
S NEGATIUE FEEDBACK.

836 REM Dt IS THE DECOUPLER SIGNAL.

242 GOTO S2a

S@@ M1 = M@ + KL * ({L2ERR ~ L1ERR)> + ST ~ ILTAU * L2ERR + DLTAU ~ ST % <L
2ERR —~ 2 % LIERR + LBERRY> % ¢ — 1851) :

918 REM EQUATION ABOVE IS THE LEVEL WELOCITY ALGORITHM.

$20 IF M1 > 4895 THEN M1 = 489S

948 IF M1 < @ THEN Mi = &

945 REM THE CONSTRAINTS ABOUE REPRESENT THE PHYSICAL LIMITATION OF THE &

- ALUE DOPENING.
@ & AOUT-(DU> = Mi,(C#> = 2 _ ‘
S REM RNALOG QUTPUT. DARTA UALUE = M1. D-sAa CHRANNEL # 2, THIS IS THE OUT
PUT TO UALWVE A.

388 &% NXTPLT = (4895 — INUOLTZ> ~ 32

265 REM  THE COMMAND “NEXT PLOT™ PLOTS THE LEVEL ON THE SCREEN. THE SUBTR
ACTION (4995 — INUOLTZ> COMPENSATES FOR THE REUERSE ACTION OF THE LEU
EL TRANSMITTER. .

D56 REM  THE CONSTANT 32 (=4295-123> IS & DIVIDE DOUN UALUE. SINCE THE UE
RTICAL RESOQLUTION OF THE GR&PH WINDOW IS 123.

B % WRDEU, (DUY = 2. (W#) &2 D#» = @

S REM WRITE DEVICE SPECIFIES THE TWPE OF COLD JUNCTION COMPENSATION WE
ARE USING. SEE I-139 MANURL.

B & AIN<D#> = @, (TU)» = MU, {CH) = &

$ REM LINE 332 INPUTS THE THERMOCOUPLE MILLIVOLT SIGNAL THROUGH THE I-

148 BOMRD.
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998 U = 35888 * (MU - 2048) ~ (248 * 2848)

995

‘leva
1985

1e1@
1e1s
1920

1825
103@
1835
1840
1950
1055
resa
1878
1875
10388

18385
" 1886
1898
1198
1185
11183

11209
1125

1139
1135

1148
1145

1156

1155
1158

1185
1176
1288
1219
1220

REM LINE 598 CONTRINS A DIVIDE DOWN VALUE DETERMINED BV THE GRIN EQU
ATION OF THE THERMOCCOUPLE BEING USED. SEE; I- 1@8 NRHURL.
Tw=23+ A+ U %x B+ U %x (C+ D% Ud R .
REM LINEARIZES THE THERMOCOUPLE QUTPUT. IT IS THE FINRL*STEP OF THE
TRANSFORMATION OF MILLIVOLTS INTD DEGREES’ CELbIUS.
T2ERR = TSET - T . T .

REM COMPUTES THE PREbENT ERROR. : o
TEMPISE = TEMPISE + T2ERR ™~ 2 * ST ' ' ’

REM COMPUTES THE INTEGRAL OF THE SQUARED ERROR.

IF RSC (B$> = 836 THEN GOTO 1188

REM CHECKS ¥IF VELOCITY RLGORITHN IS TO BE UbED.

IF TEMx < 3 THEN GOTO 1ese
TDERR = (T2ERR. = TI1ERR)> ST o

REM CALCULATES THE DERIVATIVE OF THE ERROR.

IF TEMP% < 2 THEN ®GOTG 1038@ ‘ B
TIERR = TIERR + T2ERR * ST :

REM CRALCULATES THE INTEGRAL OF ‘HE ERROR. .

Nl = NR + KT * (T2ERR + TIERR -~ ITTQU + TDERR =* DTTAU) * (= 489, q) ¥
.67

REM THIS IS THE TEMPERQTURE_POSITION ALSORITHM. THE BIAS TERM HR=16
38 CORRESPONDS TO A 2 UDC CONTROLLER QUTPUT C(UALUE B 48% OPEND.

REM THE SCALING FRCTOR 48%5.S5 (=4895-18 C>. 18 C IS THE TEMPERATURE
FUL.L SPANL ITS NEGATIVE SIGN IS NECE::QRRV SO THAT THE COHTRGL LOCP Hm
S 'NEGRTIVE FEEDBACK. )

EG0TO 11106
N1 = N& + KT ¥ ((TZERR = T1ERR> + ST ~ ITTAU * TZERR + DTTRU ~» ST % ¢
T2ERR = 2 % T1ERR + TGERRD> * ( — 489,350 * _&7 .

REM EQUATION ABOVE IS THE TEMPERATURE UELOCITY ALBORITHM.

IF N1 > 4895 % .67 THEN N1 = 4995 * .67

IF N1 < 8 THEN N1 = @& '

REM CONSTRAINTS ABOUE ARISE FROM THE LIMITATION IN VALUE OPENING. -V
RLUE B CANNOT OPEN MORE THAN 67% (3.35 UOC>. OTHERWISE INLET MA<IMUM
FLOWRRARTE > OUTLET MaAxXIMUM FLOWRATE.

2 ROUT. (DU = N1, {C#>) = 1

REM ANALOG CUTPUT. DATA UQLUE Ml. D-fs CHAMNEL #1. OUTPUTS THE TEM
PERATURE CONTROLLER SIGHAL. .

& NXTPLT = = 25.6 + 2.56 % T

REM EQUATICON ABOVE TRANSFORMS @ 19 TO &2 C TEMPERATURE SCALE INTD @

TO 128 SCALE, WHERE 123 IS THE UEPTICQL RESOLURION 0OF THE GRAPH WIND
aul. - .

NF ASC 4C$) = 78 THEN GOTO 12o@ .

REM FHELVb IF DYNaMIC DECOUPLING IS IM EFFECT. IF NOT. D1 = B UDC
pi = 1 % (2.2 + .115 % STO — Mo % (2,2 - 115 & STL + DA % ¥
ST #9200 ~» 47.86 + ST ~ 20 ; _

REM  ECQUATION ABOUE COMPUTES THE DECOUPLER OUTPUT. B&SED QM A LEAD-L
AE APPROXIMATED BY TRAPEZQIDAL INTEGRSTICN.

e

Do = Di
LPERR = L1ERR:L1ERR = L2ERR , :
TEERR = T1ERR:T1ERR = T2ERR : " Lo

Ma = M1ipMNG = M1

-
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1238 PRINT. TARC Bi>"*k TIME = ";(K — 1> * ST3 TAB{ 16>D4 R
1248 PRINT .TAB¢ B1id> ¥k TSET = "3iTSET: TABL 16>"%k T = "37T
1250 PRINT TaB< Bl)"®xxLSET = “:LSET: TREB{ 1&8>"xiokl = "L
1268 & LOOK FOR TIMERIN,<(TU> = @, (TH> .= ST ¥ 1828: GOTO &30 ]
130@ REM COMAND ABOUE READS TIMER UNTIL TIME ELAPSED EQUALS THE THRESHOL
- . D (SAMPLING TIME). g : ‘ . .
5980 POKE - 16363.0
S@aS REM RESETS KEYBOARD STROBE . .
59818 LEVISE = B:TEMPISE = @ . ~ ’ -

S@1S5 REM INITIATES LEUISE AND TEMPISE. . * .
. S@828 IF X = 212 THEN INPUT "ENTER NEW TSET = "3:TSET
S839 IF X = 204 THEN INPUT "ENTER NEW LSET = ":;LSET
S$8489 IF X '= 196 THEN 'INPUT "ENTER NEW INLET HOT WATER TEMPERATURE TH = *

ITH ‘ -
Sesa  GOTO 3@ |

S
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LEVEL & TEMPERATURE CONTROL PROGRAM FLOW CHART

-

_ ‘ “ START |
' : LEVEL AND TEMPERATURE
| LoOPS: CHOOSE BETWEEN

POSITION AND VELOCITY .
ALGORITHMS : .

V | L {
LEVEL AND TEMPERATURE -|. .’/f,,,«’/ j
LOOPS: CHOOSE P, PI : 3
| OR PID MODES I )
. V> o
_ | ENTER SAMPLING TIME :

ENTER INLET HOT WATER }
TEMPERATURE Th ' :

7
ENTER LS®t, Tset

7

) . | INITIALIZE CONTROLLERS |
AND DECOUPLER SIGNALS

?

J

i
|
!
i
;

INITIALIZE THE ERRORS }
AND THE INTEGRALS OF
THE ERRORS ‘ )




-

INITIALIZE HIGH RESO-
LUTION, SCROLLING GRAPH
FORMAT:

T

RESET TIMER

set

152

ENTER
DESIRED
SETPOINT

YES

7

NEW L5¢t2
NEW Ty ? .

CALCULATE VOLTAGE COR-

RESPONDENT TO REMOTE
SETPOINT (RSP}

SEND RSP SIGNAL TO
MICROPROCESSOR

READ LEVEL

)

COMPUTE LEVEL ERROR

S




U

VELOCITY

NO

Nl

ALGORITHM 2

JTALCULATE OUTPUT
FROM VELOCITY
PID ALGORITHM

-

COMPUTE DEBAVA- |
TIVE OF ERRCR

COMPUTE INTEGRAL
OF THE ERROR

3

CALCULATE QUTPUT
FROM POSITION
PID ALGORITHM

:

ADD DECOUPLER SIG-
| NAL TO CONTROLLER
OUTPUT | :

SEND RESULTING
SIGNAL TO VALVE A

-

PLOT LEVEL ON
THE SCREEN

|
v

READ THERMO-
COUPLE SIGNAL

|
i

INTO ~C

CONVERT THERMO-
COUPLE SIGNAL

ea
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COMPUTE TEMPE- | \ 154
RATURE ERROR N

LOCITY
ALGORITHM ?

e =

COMPUTE DERIVA-
TIVEYOF THE ERROR

e

COMPUTE INTEGRAL
OF THE-ERROR

\ ] ) ' : ' 4]

CALCULATE OUTPUT - CALCULATE OUTPUT
FROM VELOCITY | . FROM POSITION
PID ALGORITHM PID ALGORITHM

. 531;3
' SEND RESULTING
SIGNAL TO VALVE B

PLOT TEMPERATURE
ON THE SCREEN

DECOUPLER :

TES
' IS IMPLEMENTED ?
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CALCULATE DECOUPLER
OUTPUT

T

MAKE DECOUPLER
OUTPUT = ZERO

Tset

2

PRINT TIME, T,

L ‘Lset-
,.

WAIT UNTIL SAMPLING
TIME HAS BEEN REACHED

\.1
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I TEXT
18 PRINT ° et
28 PRINT "PROCESS IDENTIFICATIOM:®
42 PRINT "3811 RESPONSE CURUE.™ -
5a PRINT Y“===mmmocoosomssowmamsmwmes Y
88 PRINT "REMARKS:"
18 PRINT " 1> THE ORJECTIVE OF THIS PROGRAM IS TO OBTRIN THE LEUEL RES
PONSE CURUVE TO A UQLTAGE STEPCHANGE ON THE SIGNAL T¢t UALUVE A." ‘
118 PRINT " 2> THE LEUEL RESPONSE WILL BE PLOTTED ON/THE CHART RECORDER

165
167
179

195
196
2

T @.1 U.D.C, OTHERWISE THE TANK MaY RUNM DRY OR

> WHICH MUST SEQQN~LlNE. SET THE CHART SPEEDR = ©
RTER FLOWRRATE AT 384 ROTRMETER READING.Y
PRINT " 3> THE MRGNITUDE OF THE STEPCHANMGE M

IMAMINUTE. AND HQT W

ST BE IN THE ORDER OQF

ERFLOW BEFORE NEW EQUI
LIBRIUM HAS BEEN REARCHED."

PRINT " 4> THE STEPCHANGE WILL TAKE PLACE/AT THE MOMENT YOU TOUCH T
HE KEYBOARD AFTER PROGRAM IS RUNNING. AT THAT MOMENT THE LOOP WILL OP

EN: AND THE CHOSEN OPEN-LOOFP UOLTAGE WILL {BECOME THE SIGNAL TO THE UA
LVE. "

INPUT “CONTINUE ? <Y/N>":as -
IF @ASC {(R’$> = V3 THEN . STOP

-PRINT: " S> IT IS ADUISARLE THAT YOU RU THE PROGRAM IN CLOSED-LOGP

FOR A WHILE SO THART YOU GET AN IDER BRBOUT THE MAGNITUDE OF THE PRESEN -

T 'CLOSED-LOOP SIGNAL WHEN PROCESS IS LINED-UP.
PRINT "WHEN ASKED TO INPUT UCLTS (THE OREN-LOOP UOLTQuE)~ ENTER ANY U
ALUE> IT IpﬁNDT IMPORTANT NOW. " :
PRINT " &> ONCE YOU KNOW THE CURRENT MOLTRGE HIbNQL, BREARK THE PROG
RAM AND RUNM IT AGAIN. WHEN ASKED ABOUT [VYOUR STEPCHANGE <RCTUALLY THE
OPEN-LOOP UOLTASE>. ENTER A WALUE WHICH IS B.l1 UDC SRERTER OR SMALLER -
THAN THAT CURRENT LVOLTAGE. ™M '
PRINT TP»SET THE LEUEL SETPOINT CLO TQ EITHER EXTREME OF THE RaN
GE (THE OPERABLE LEUVEL RANGE IS +-—1.24\DMp, AND INTRODUCE & STEPCHAN
. GE THAT WILL CAUSE THE LEVEL TO RESPOND QWARDS THE OPPOSITE EXTREME.

INPUT “CONTINUE 7 (Wo/ND> ":B%
IF AsSC (B$> = 783 THEM STOP
PRINT "FOR EXAMPLE, IF YOUR LEUEL SETPOQINT K
OSED LOOP UOLTAGE AFTER PROCESS LINED UP WER
OR YOUR OPEN-LOQOP UQLTAGE WOULD BE 2.€ WDC.
PRINT : PRINT

INPUT "ENTER LEUVEL oETPUIHT BETWEEMN —-+ 1.24
PRINT

PRINT “REMARK: STRICTLY SPEAKING. THE LOOP SHOULD BE\OPEN BEFORE THE
STEFCHANGE I3 INTRODUCED. - HOWEVER. IF SYSTEM IS LINED UP. WE CAM BEGI
N FROM & CLOSED LOOP aND OPEM IT AT THE MOMENT WE INTRODUCE THE STEPC
HAMNGE. "
PRIMT ALSD: DO NOT FORSET TO TOUCH THE KEVBORRD AND THE EUVENT BUT
TON OM THE CHART RECORDER AT THE SAME TIME.M

[

.1 DM AND YOUR CL

-
-5 UDC. A G000 BUESS F

i

SET = ":LBET



2686
267

263
278
288
283
25

388

310
320
338
335
349
3Isa
368
370

‘398

‘398
488
418

328

38

44

.45
4355
408
430
o343

158

PRINT ) .
PRINT * IF YOU WISH A LISTING OF THIS PROGRAM, TYPE <RUN 128@2> AND
HIT <RETURN>." ' :
PRINT : PRINT : _
INPUT “"ENTER OPEN-LOOP UOLTAGE & UOLTS = "3UOLTS
FLAG% = @ . -
I =9 :
MGR
& SCROLLSET
% OUTLINE
& PLTFMT = 1
& CLRTIMER
I =1+1
X = PEEK ¢ - 18384)
IF X > 127 THEN FLAG: = 1
& AIN,CTU> = INUOLTX,CCHY = @
L = 1.24 — INUGLT% -~ 1651
IF FLAG% = 1 THEN GOTO 4
M = 20848 + 18 % (LSET — LY™R ¢ - 1851)
IF M > 4995 THEN M = 489S :
IFM<BO THEN M = @ A
GOTQ 448 . "
M = UOLTS * S197
& TADUT. (DU = M, (C#)> = 2
& NXTPLT = (4895 -~ INUCLT%> ~ 32

PRINT
PRINT TaABC @1>"L<{DMI=":L3; TABC 22> "*ULTS=":M .~ 819
PRINT TAB{ @1>"TIME = ":I* SECONDS"

& LOOK FOR. TIMERIN-KTU> = Q- (TH> = 1l@va: 30TO 336
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38
49
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118
122

138

148

158

168

178

175
188
185
1356
198
289
21v
zz2a
z3e
z249
254
zér
278
288
299
Jo
Fle
3z2e
I38
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TEXT

PRINT * "
PRINT "PROCESS IDENTIFICATION:®
PRINT "G12 RESPONSE CURUVE. "

"PRINT =M === : mE e

PRINT "REMARKS:"

PRINT " - 1> THIS PROGRAM ALLOWS YOU TO OBTAIN THE LEUVEL RESFONSE TO A
STEPCHRNGE IN THE VOLTARGE SIGNAL TO VALVE B. AGAIN., YOU WILL NEED TH
E CHART RECORDER TO BE ON-LINE." -
PRINT " 2> SET THE CHRRT RECORDER SPEED AT 1@ MM MIN. THE HOT WATER
INLET FLOWRATE SHOULD BE SET AT 15% ROTAMETER RERDING. THE STEAM DQES
NOT NEED TO BE ON: SINCE WE WILL NOT REARD TEMPERATURES." .
PRINT 30 YOU WILL BE ASKED TO INPUT TWQ UOLTAGES. VUi AND V2. THE M
RGNITUDE OF YOUR STEPCHARNGE WILL BE THE DIFFERENCE BETWEEN U1l AND U2
« USE SMALL STEPCHARNGES. WHERE RBSCULI-U2> <= @.5 VUOLTS."
PRINT YOTHERWISE. TANK MAY RUN DRY DR OUERFL.OW BEFORE NEW EQUILIBRIUM
HRS BEEN REACHED."
INPUT “"CONTINUE 7 (Y/N>"‘ﬁ$
IF RSC (A% = ¥8 THEN STOP
PRINT " 4> LEVEL SETPOINT SHOULD BE CLDSE TO EITHER EXTREME OQF ITS
RANGE (+-— 1.24 DM>. INTRODUCE R STEPCHANGE S0 THAT THE LEUEL RESPONS
E 'BE TOWARDS THE OPPOSITE EXTREME OF THE RANGE."

PRINT * FOR EXARMPLE. IF Ul = 1 -UDC AND U2 =1.5 UbC, BEGIN WITH LSE
T = -1.1 DM. S0 THAT YOU ALLOW PLENTY OF SPACE FOR THE LEVEL TQ RISE.
" M

PRINT " 5S> AS WITH THE QTHER PROCESS IDENTIFICATION PROGRRAMS (Gll A

ND G22>, PRESS SIMULTANECUSLY THE COMPUTER KEYBOARRD AND THE EVENT BUT
TOM IN THE CHART RECORDER TO IMITIATE THE STEPCHANGE."

PRINT * 6> IF YOU WISH A LISTING OF THIS PROGRAM. TYPE <RUN 103>
AND HIT <RETURN>." * )

PRINT = PRINT

INPUT "ENTER VU1 IN VOLTS. U1 = ";U1

PRINT

INPUT "ENTER U2 IN WOLTS. U2 = ":U2

PRINT

INPUT “"ENTER LEUEL SETPOINT LSET = ":LSET
FLRG>® = B '
I =0

HEGR
Z SCROLLSET » ) .
& OUTLINE
“ PLTFMT = 6
% CLRTIMER

I+ 1

PEEK ¢ = 163840

IF % > 12V THEN FLAGX = 1
& AIN-(TV> = INVOLT?, (CHO = &
L = 1.24 = INUOLTZ ~ 16851

IF FLAGx = 1 THEN GOTO Z5a
M= 2042 + 18 ® {LSET -~ L, * ( - 1@51)

IF M > 4995 THEN M = 4895

I
~

'ﬂll l
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35@
360
3va
350
399
400
495
4Q7
419
429
430
440
450
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. “ , N
IFM< 8 THEN M -Ql.

& AOUT,CDUD = M,<CH> = 2

IF FLAG% = 1 THEN 3OTO 390

& AOUT,CDU> = U1l % B19,<CHd = 1

S0TO 408 -

& AOUT-CDUY = U2 % S19.<CHS =1

& NXTPLT = ¢4@95 — INUDLT%Y ~ 32

IF FLAG% = 1 THEN GOTO 438

PRINT — _

FRINT TABC @12“L<DMdm"iL: TABC 221 "skUoLTSa"yl
GOTQ 443 o | .
PRINT TAB< @1>9LCDMd=":L: TABC 223 "*¥xUDLTS="yz
PRINT "TIME = ":I“ SECONDS"

& LOOK FOR TIMERIN-CTUY = Q.<TH> = 188@: GOTO 25@ N
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18 TEXT . .
20 PRINT “=a= A== mm=mm=="
‘3@ PRINT "PROCESS IDENTIFICARTIONI™:
4@ PRINT f822 RESPONSE CURVE. -

S@ PRINT “ " —
68, PRINT “REMARKS:" :
7@ PRINT * ° 1> THIS PROGRAM ALLOWS YOU TO OBTAIN THE TEMPERATURE RESPONS

£ CURVE TQ A VOLTAGE STEPCHANGE TO UALVE B. UALVE B CONTROLS THE COLD
WATER INLET FLOWRATE."

88 PRINT *“ 2> THE RESPONSE CURVE WILL BE RECORDED IN THE CHRRT RECORDER

. .+ WHICH MWILL HQUE TO BE ON-LINE. SET CHART RECORDER SPEED AT 18 MM-MI
. NUTE. "

98 PRINT ™ 3 THE STEPCHANGE IS INITIATED BY SIMULTRNEQUSLY PRESbIHG T
. E COMPUTER. KEYBOARD AND THE EUENT BUTTON IN THE CHART RECORDER.™

108 'PRINT "  4>:YOU WILL BE ASKED TO INPUT TWQ VOLTARGES Ul AND U2, THE M

QGNITUDE oF VOUR STEPCHANGE WILL BE THE DIFFERENCE BETWEEN U1 ﬁHD U2,

118 PRINT . ' ' .
128 INPUT "CONTINUE 7 <Y~ NX";A$
138 IF ASC CA$> = 73 THEN STOP

148 PRINT " ~ 4> WAIT.FOR BROCESS 7O LINE UP WITH Ul. INTRODUCE STEPCHANG
E BY PRESSING THE KEYBOARD AND THE EUVENT BUTTON SIMULTANEOUSLY. "
158 PRINT " 5> THE LEVEL LOOP WILL BE CLOSED AND TIGHTLY TUNED WHILE YO

. U OBTARIN THE TEMPERATURE RESPONSE."
-168 PRINT "THIS IS NOT R REASON FOR COMCERN-. SINCE IT WARS SHOWN AT THE PR
QCESS MODELLING STQGE THQT THE LEVEL LOOP DOES NOT ~RFECT THE TEMPERA

TURE LOOP.*"
AG6S PRINT * 6> SET THE MICROPROCESSOR SETPOINT AT &@ C. AND THE HOT WAaT
ER AT 1S5% ROTAMETER READING. Ul AND U2 SHOULD NOT EXCEED 3.35 UDC.™
167 PRINT " 7> IF YOU WISH R LIHTINb oF THIS PROuRﬁM: TYPE <RUN 1aova’>

AND HIT <RETURM>. "
178 PRINT : PRINT
189 LSET = & '

198 ST = 1 _
288 INPUT "ENTER V1 'IN WOLTS. Wi = ":U1
218 PRINT

228  INPUT "ENTER U2 IN UQLTS. U2 = ":;u2
238 A = .B11:B = 25.962

248 C = - .?55:D = .@35
258 FLAGK = © :
268 HGR -

zZ78 & SCROLLSET
2889 & OUTLIME
2o & PLTFMT = 1,2

Jee I = ©

318 & CLRTIMER

Iz 1 I + 1 v
I3a W FPEEK { = 163340

348 IF « > 127 THEN FLAGH

[
=
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358 % AINACTUD = INUOLT%,<CH#) = @ . :
360 L = 1.24 - INUOLTZ ~ 1651 ' - -
"I M = 2848 + 19 *k (LSET,- L> * ¢ - 1851>

3889 IF M > 4855 THEN M = 489S

398 . IFM< ©@ THEN M = 3 . X
408 & AQUT,<DUY = M. KCH) = 2 ) . -
418 IF FLAG* = 1 THEN GOTO 44@ '
428 & ADUT-CDUY> = U1 * S19,CCHd =

432 GOTO 458 ’

448 & AQUT-CDUY = U2 % S19,C(CHd = 1

458 & NXTPLT = <4095 — INUOLT%) ~ 32
46Q@ & WRDEU,(DU> = 2.<CWH) = 2,(D#> = @
478 &% RIN-CD#) = B:{TUY = MU, (CH> = @
489 U = 5888 * (MU — 2043) ~ (248 % 2843)
422 T = A + U % (B + U % (C +D % Udd .
S8 & NXTPLT = - 25.6 + 2.56 % T

S85 PRINT : ' ‘ ' . : oo
S18 PRINT TRBC @10"LIDMI="3L3 TRBC 22> "%kT(CO=":;T

S28 PRINT "TIME = ":I" SECONDS"

538 & LOOK FOR TIMERIN-CTU> = @,<THY = 1@89: GOTQ 3id



. Appendix K
SAMPLE 2-POINT METHOD MODEL FITTING

Figura K.l shows' an experimental level reaction curve to a

_voltaée stepchange V; . This c¢urve -can be described by the

-

model ~ x -
: -Ds
K e .
. gy () s L. (dm/VDC)
Mo . Va(s) T:'ps - 1 )
R : : °

L . R S o
(dm]ﬁ : p -

033

: _ L ] : L 1 ] ! I —
0 . 8 2 16 20 % 28

time (minutes)

- Figure K.1l:- Sample:Lgvel Reaction Curve.
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where K, =AL(w)/ A&V, (dm/VDC)
t;,zaa = TP/3+ ﬁ (4.3)
to,632 = *+D (4.4)

-

From Figure K.1', t ,, = 3.8 minutes and

N . £ =-10.3 minutes. - - "“\\\
. 0,632 -

Thereéore Sb (+0.33 - (-1.10))/(2.35-2.46) (&m/VDC)

¢
Sp = -13,00 (dm/VDC)
Solving simultaneously equations (4.3) and (4.4) yields
tp*= 9.75 minutes and |
D = 0.55 minutes.
. The final fitted model is
;. )
“ -
. @ S g -0.55 s ..
311(53 . lo.QQ,e (am/VDC) . -
8.75 s-+ 1 )
. -~
L=
hY



Appendix L
LEVEL AND TlePEﬁATURE CONTROLLER TUNING

-

1) LEVEL

In order to determine Ehé'ultimate gain and period for the
level loop, the :EBbefature lbop- was open. The level'con?
troller was put én\effect with a positiqp b-only algoritgﬁ.
Setpoint steochanges were introduced for progressi&ely h}éh-

_er controller gains until the level began oscillating at a

constant amplitudg. This was the ultimate gain,  and the.

period of OScillation?the ultimate period. Figuré L.1 (a)
shows soime leve'_'l'respons'es to léyel setp& stepchanges,
with the ultiﬁate gain Ku = 30. One can notice that,rbecauSe
of.process nonlinearities, the ultimdte Qain.is higﬁer for
higher levels. We determined the ultimate gain at a low lev-
el, the least favorable condition. From Figure L.l (2) -the
ultimate perioaAof oscillation was found to be #u = 12 sec-
onds. Since level-éontrol is'used mainly for inventory pur-
poses, small.offsets do not pose a problem and P-only con-
trol can be used. Figure L.la(b)'shows some level responses
to level éetpo&n; stepchanges uéigg'P?qnly control with Zie-

A

gler-Nichols setting:: ' ;

K. = Ku/2 = 30/2

c 15 . One can notice'thaf some

overshoot ;gspresgnt;'An offéet_of_approximately 8% cén.also'

Y be seeny Control performance is satisfactory.
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)
(a8 ]
@ f—

o3
| ! 1 .1 i
- L=
0 2 3 . 5
A

“ (b) - time (minutes)

Fipure L.l: Level Controller Tuning: Determining the
- ultimate gain Ku (a) and controller per-
formance under Ziegler-Nichcls setting (b).
Fr, = 1%.1 L/minute 2nd F_ = 0 L/mirute,

h )
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2) TEMPERATURE:

"In ogde:-to aetgrmine the ultimate values for the tempera-
ture loop, the le;él lon (P-oﬁly mbde) was kept tightly
tuned with K. = 30,t to minimize coupling. The level loop
was kept closed ' because there is no coupling in the direc-
_tion level to temperature.

The remaining of the procedure was i@entical to the
one fgr the 1level loop described- above. The_ultimaﬁe gain
was found to be Ru = 1.75 and the ﬁltimate period Pu = 45 °
seconds, as can be seen in.Figure L.2 (a). .

Offsets are not likely to be tolerated in tempera-

ture loops. Therefore P-ohly control cannot be used. :On thé
other hand, PID control may not §rovidé adequate control,
because the derivative term amplifies thé noise usually
present in the thermocouple signal. Thus we decided to use
‘PI control 1in the temperéture loop. The Ziegler-Nichols

settings are:

It

K. = Ku/2.2 = 0.8 and

TI = Pu/1.2

Temperature responses to temperature setpoint stepchanges,

i

38 seconds.

the PI controller tuned using the settings above, are .shown
" in Figure L.2 (b). Despite the overshoot mainly due to the
integral action, and the noise in the signal, control per-

formance is satisfactory and offset is zero.
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KC'KU=1.75 ) pU
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S | .
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. , : . .
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- : —
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N
B+ .
30 —— -
25 - ) !
L | 1 ‘ L .l |A
. : - —/=
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{b) - . , time (minutes)
ipure L.2: Temperature Contrdller Tuning: Determining o

the ultimate rain Ku (a) and controller per-

formance under Zieglér Nichols settings (b).
- &

Level loop closed withSKc = 30.

L = ¢.48 dmy £ = 7.6 L/min.,T, = 50°¢C.
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Appendix M
S'I‘ATIéTI CAL ANALYSIS OF THE DECOUPLER
PERFORMANCE.

In order to assess any _improvement in~ control pe;formahce
achieved witﬂ decoupling, we introduced 4 replicated temper-
ature setpoint stepchanges, respectively with and without
decoupling. The response 'recorded was the Integral of the
Squared Error (ISE) of the level response, Eomputed during 3
minutes. Having obtained 2 sets of data with 4 datapoints

each, we compared both populations.

Level controller Tuning:

P-only control with Kt = 1.0 .

Temperature controller tuning:

PI control with K = 0.8. andITI = 38 seconds.

Dataset #1. : Dataset #2 - 6
(with decoupling) (without decoupling)
n, =4 n, = 4
'-_‘vl = 3 \)2 = 3
§ =1.59 g, = 4.15
s? = 0.02 s? = 0,11
1 2 )

i ' _ _
A. 95% Confidence Interval fo¥ o2/ o2 is given by:
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1 to ; )
2 . 2
52 FU;,U;C&/: _ i 52 FU:,'Uzll'C&/z

v

Substituﬁiﬁg numerical values:

0.02 : to 0.02 = (0.02 to 1.69)
0.11 (9.28) 0.11 (1/9.28)

Therefore 0 = 0} is a reasonable assumption.

Pooling the variances:

PN

3

2, 0.02(3) + 0.11(3) _ 4 o . '

L2 + "

A 35% C.I. for u;~ u, is given by:
/ . :

(7, =% ) +/- ¢ S§ (1/n; + 1/n,)% %2

v,0/2
Substitdting numerical values:

(1.59 - 4.15) +/-72.447 (0.26) (1/4 + 1/4): 72 '=_

(-3.01 to -2,11)
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Tin
Since the interval above does not include zero, the
ISE with decoupling is significantly 'smaller than the ISE

without decoupling, based on a 95% prqbabiiity level.
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