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The extraction of gold from ore that has been mined is the
most important part of the process which eventually produces
gold bullion. The process most commonly used today is that
of Carbon-in-~-Pulp gold extraction (CIP). One of the main
reasons for this is that it is the most economically

efficient method of extracting gold from ore.

The process uses activated carbon to absorb gold from a
cyanide leach solution. Slurry containing the gold bearing
ore and the activated carbon flow in a counter-current
fashion. This counter-current flow enables a high percentage
of the g¢gold to be recovered. Gold can then be recovered
through an elution process. Largé amounts of activated
carbon are used in the process and a formal multivariable
control study of the adsorption section of the CIP process
could provide further economic savings by extracting more

gold with controlled amounts of carbon.

A study was performed to identify the chemical mechanisms
involved in the adsorption section of a CIP plant. It was
felt that the workings of the process could best be
established by designing a simple simulator of the process.
The simulator was designed with four reactor tanks, in which
the carbon absorbs: gold from the 1leached slurry. The
simulator uses a continuous ﬁransfer of carbon.
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The mathematical equations describing the adsorption process
were derived using a mass ‘balance across each tank. The
mechanism of gold adsorption onto the carbon used in the
simulation was a simple two parameter first order adsorption
model. A study was then done to examine the change in gold
concentration in solution du‘e a change in the amount of
carbon in a reactor tank. A steady state analysis was:
performed before the dynamics of the gold concentration
changes were observed. These two studies provided a good
understanding o¥f the chemical principles involved in the

adsorption process.

Since data from an operational CIP plant was unavailable a
control study was performed on a similar process. A counter-
current Heat Exchanger Rig (HERIG) was used. A comparison
needed to be performed to determine how well the HERIG

mimics the CIP process. :

The HERIG has two streams of wéter flowing counter-
currently. One stream begins hot and is cooled down, the HOT
stream, while the other begins cold and warms up, the COLD
stream. The HOT stream flows inside copper piping which is
wound helically inside each of four tanks. An exchange of
heat takes place from the HOT water through the walls of the
copper piping and into the COLD water inside the tanks. The
HOT stream represents the concentration of gold in slurry,
while the COLD stream represents the concentration of gold
on carbon. The adsorption of gold onto the carbon is then
mimicked by the transfer of heat from the HOT to the  COLD

stream.
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In order to fully understand the operation of the HERIG, a
simulation study was performed. This simulated model was a
simplified version of the actual rig. The level changes of
COLD water in the tanks were assﬁmed to be instantaneous and
the heat transfer coefficients were assumed to be the same
for all four of the tanks. The calculation of the heat
transfer coefficients was investigated thorbughly and care

was taken to obtain accurate values.

The simulator designed was a lumped parameter model. The
pipes containing the HOT stream were divided into many small
section, in each of which a constant temperature was
assumed. A sum of the contributions of all the sections
submerged under the COLD water was used to calculate the
‘heat transferred into the COLD water. The COLD water in the
tank is stirred continuously and is assumed to be at a

constant temperature.

The level of COLD water in each tank on the HERIG represents
the mass of carbon in each of the tanks on a CIP plant. A
change in the HOT water pipe temperature (concentration of
Au in slurry) was examined as a function of a change in the
level of COLD water in a tank (mass of carbon in a reactor).
A steady state and .dynamic analysis verified that trends
observed from the CIP model were in fact mimicked by the
trends observed on the HERIG. It was then decided to perform
a formal control study of the HERIG .since the numerous
similarities found between the CIP and HERIG enabled
relevant conclusions to be drawn about the control of CIP
from the control of the HERIG.

- iii -
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In deciding what approach should be taken to design a closed
loop controller for the HERIG, a study of the HERIG
structure was undertaken using a Binary Interaction Matrix
(BIM). This method enabled the decisibn to be made that the
flows could be controlled using a single variable controller
for each loop, and the levels could be controller in the
same manner but with a precompensator to eliminate the
interaction that exists between the loops. Closed loop step
tests showed that the controllers designed for both the
flows and levels worked’properly.

With the levels under control, the temperature response to a
changing water level could be examined. An open loop model
was found for the fully interactivevmultivariable matrix. It
was noticed that the system required a indepth multivariable
study to be performed to bring the temperatures under closed

loop control.

The method chosen to design such a controller was the
relatively new approach of H, Optimal Control. It is a
frequency based design method. The method involves synthesis
as well as design stages. The synthesis problem is easily
solved with the correct computing facilities, but the design
section is one that required much attention. Before any
design or synthesis was performed it was found that the
plant model needed to be reduced in order (number of
states). This not only saved on computational time but also
allows for a controller with less states to be designed.

The synthesis of a stable controller for a stable closed
loop system is an easily solved problem. It requires that
the traditional closed loop arrangement be changed to fit
the form of an open loop plant augmented with appropriate
weighting functions. These weighting functions define the
desired frequency domain characteristics of the closed loop
system. The choice of appropriate weights is the design
phase of the problen.
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Once an augmented plant has been found, a simple iteration
procedure finds the optimal controller for the augmented
plant. The controller has zeros which cancel the augmented
plants stable poles and the controller has poles that cancel
the augmented plants left half plane zeros. The controller
also has poles that will provide the necessary closed loop
requirements.

()The design phase involves choosing weighting functions for
the error, input and output signals that satisfy design
requirements. The requirements of setpoint tracking and
steady state disturbance rejection are easily obtained using
a weight on the error signal. The requirements of robustness
and sensor noise attenuation needs to be soived in a higher
frequency range than the previously mentioned criteria,
since  they clash. This can be solved using a weight on the
output. i ‘

One particular design objective not addressed to date in
literature is that of input action 1limitation. On real
plants the amount of input action available is limited. Thus
the design need to be adjustable to cater for this. It was
found that by attenuating the high frequency response of the
input, with a weight on the input function, the input could
be made to be a smooth function without any large input

spikes.

(CThe response time of the closed loop system is determined by
the cross-over frequency of two of the weighting functidns.
When the synthesis algorithm is applied it ensures that the
closed loop system has a controller that gives the correct
response time and a controller cohtaining the minimum number
of states. The interaction between the loops was found to be
taken care of automatically by the synthesis procedure.
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Thus the H,, method provides a design method for easily
obtaining a multivariable controller that satisfies all
required frequency and time domain specifications. It was
then required to be shown that this method ~could be
successfully implemented on the HERIG.

The final controller chosen was included in software already
written to control the flowrates and levels on the HERIG.
Closed 1loop step tests were performed to examine the
temperature response of the HERIG. The results were compared
to simulated data of the expected output and input responses
of the closed loop system. An analysis of this showed that
excellent correlation between the two sets of results was
found. Both the input action and the output behaved in time
very much as expected and thus confirmed that H, designed
controller was implemented successfully.

The conclusions drawn concerning the modelling of the CIP
process were that a simple first order model provided a good
'understanding of the chemical processes at work in the
adsorption section of a CIP plant. It was also found that
the HERIG had very similar characteristics to the CIP
process and enough correlation was found between the two to
say that a formal control study of the HERIG would give
1ns1ght into the control of the CIP process.

The conclusions arrived at from the study and implementation
of the H, Optimal Method of designing feedback controller
are that it is method with which frequency as well as time
domain constraints can be handled in a design stages. A
controller was successfully implemented on the HERIG and the
results compared very well to the expected results.
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Finally it can be said that H, can be successfully used to
design closed loop controllers for counter-current
proéesses. In particular the CIP process will benefit from
using this method since it is a large multivariable problem
with tight constraints on the amount of input action (mass
of carbon) that can be used. The H, method provides a method
of designing with ihput constraints and generating a
controller that automatically takes care of interactions
without the need for precompensation.

- vii -
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Gold miniﬁg, South Africa’s most important industry, started
on the Witwatersrand in 1886l. By 1890 the upper 1levels of
ore were exhausted and severe difficulties were encountered

with extracting gold from the deeper mined zones.

It was around this time that John MacArthur and the brothers
Robert and William Forrest discovered the Cyanidation
Process2. In this process, gold-bearing ore is dissolved in
a cyanide solution. The gold can then be1 recovered by
filtration and zinc precipitation.

By 1894 it had been established that activated carbon could
precipitate (absorb) gold from a cyanide solution3. Before
carbon could be used in the extfadtién of gold, a process
for eluting (stripping) the gold from the carbon needed to
be developed. Research performed in the United States of
America (USA) lead to the Zadra elution process4. In this
process gold is eluted by circulating a hot caustic cyanide
solution . through an elution column. The first major
operation to employ Carbon-in-Pulp (CIP) recovery of gold
was the Carlton Mill at Cripple Creek, Colorado, in 1951°
and not in 1973, as thoﬁght by many, at the Homestead Mine
in South Dakota®.

This pioneering work done in the USA led to the Anglo
American Research Laboratory (AARL) developing the AARL
elution process and AARL electrowinning cells’. The AARL
procedure pre-treats the carbon with a hot caustic cyanide
solution prior to elution with hot deionised water in a
single pass through an elution column. This equipment was
used on the first 1local full scale CIP plant at the
President Brand Gold MineS.
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Since 1980 the CIP process has been used in all new plants
that have been commissioned?. The reasons for this are lower
capital expenditure, lower operating costs and greater gold
recovery when compared to =zinc precipitation. The CIP
process is now the preferred routevof gold extraction énd
consequently has a great deal of research and development
devoted to it.

Until recently a process control study of CIP has been
hampered by the lack of instrumentation. MINTEK have now
developed an on-line gold analyser for monitoring the amount

of gold in solutionlO®

and are developing an instrument to
measure the concentration of carbon granules 1in an
adsorption vessel. These measuring instruments open the way
for a formal control =study of the CIP process to be

performed.

Step test data from a fully opefational CIP plant is not
available to the University and consequently a study needs
to be performed on a process with similar properties to that
of CIP. A counter-current heat exchanger rig (HERIG) has
been built by Anton De Waal and is running successfully at
the University of Cape Town (UCT)ll. Due to its counter-
current nature, it is seen as a process that mimics CIP. It
is hoped that by studying the control of the HERIG, insight
may be gained into the control of an actual CIP plant.

A widely used method of controller design is the
Multivariable Inverse Nyquist Array (INA) technique
developed by Rosenbrockl?. It has been successfully used to
design controllers for processes in commercial operationl3,
The INA method attempts to make an open 1loop system
diagonally dominant, but cannot guarantee that this is
possiblel4. once diagonal dominance is achieved separate
single-input single-output (SISO) controllers can Dbe
designed, on for each loop in the multi-input multi-output
(MIMO) systen.
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Achieving diagonal dominance for MIMO systems of order
greater than 2 becomes difficult, often at the expense of
speed of responsels. The INA method does show closed 1loop
stability and interactionl®, but does not take noise,
control action and disturbance rejection specifications into

account in the design.

A relatively new approach to feedback design'is that of H,
Optimal controll?. The design method réquires performance
objectives on robustness, sensitivity, noise and control
action to be specified in the frequency domain. An algorithm
for solving the H, problem, given the frequency domain
specifications, is well documentedl®. If a controller can be
found to fit the design specifications, the closed 1loop
system 1is guaranteed to be stable. This method has
successfully been used to design céntrollers for computer
simulationslglzo, but to date there has been no reference to

the use of Hy, on an actual process.

It would help with the further optimising of the CIP gold
extraction process if relevant conclusions could be drawn as
to the effectiveness of a closed loop controller on the CIP
process. Thus it is hoped that by studying the control of
the HERIG, insight may be gained into the control of the CIP
process.

The objectives of this thesis are thus :

1. To study the CIP process and to model the adsorption
section of a multistage CIP plant.

2. To investigate the similarities and differences between
the CIP process and the HERIG and to obtain a simple
model of the HERIG based on thermal balances.

3. To obtain a model of the HERIG from step tests performed.
on it and compare this model to the theoretical one

obtained.
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4.

To study the H, Optimal Control technique and hence

evaluate this method as a means of solving the counter-

current control problem.

To design and implement a multivariable controller for

the HERIG using the H, design method, based on the HERIG
step test data.

To draw conclusions on the implementation of an Hgy

designed controller on the HERIG and to its application
to the CIP process.
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Gold bearing ore that has been mined is first milled, then
separated by cyclones and further screened to separate out
the fine ore. It then passes into the leaching section.
Here, during the Cyanidation process, the gold bearing ore
is forced into solutionl.

The leached slurry then passes into the CIP absorption
section, where activated carbon is used to absorb gold from
solution. From here gold bearing carbon is transported to an
elution column, where the gold is stripped from the carbon
and finally recovered by electrowinning?. The adsorption
section is the most important of them all3 and it is this
section that is studied in this chapter.

2.1 : DESCRIPTION OF THE ADSORPTION SECTION

It is the adsorption section that gives CIP it’s counter-
current nature. The gold bearing slurry and the activated
carbon, which precipitates the gold from solution, flow in

opposite directions?.

A series of stages, tanks in which the slurry and carbon are
mixed, are cascaded together to form the adsorption section.
The slurry is pumped into the first stage and then flows
downstream under the force of gravity. The carbon is added
to the final stage and is transferred upstream, the amount
of gold on the carbon increasing as it moves further
upstrean. Thus in the first tank concentrations, of gold in
solution and gold on carbon, are at their highest.
Similarly, in the last tank the concentrations are at their
lowest.
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CIP ADSORPTION TANKS

CARBON TO
ELUTION
< PUMP FOR

_.'I <G CARBON TRANSFER .
:::i>l Jol | <=
PULP FROM Qttﬁﬁx GLD <=
CYANIDATION TANK 1 ' \\S ’ |’ | r—-.
TANK 2 Q§§z> <l°
TANK 3 ’ l
mm<Jl
BARREN PULP

Flow of pulp contalning ﬁ
= dissolved gold HES%'BVSLED

Fiow of carbon counter-current
to the flow of puip

Figure 2.1 : THE CIP ADSORPTION CASCADE

Certain process aspects occur on operational plants and need
to be mentioned but have been omitted in this simulation
model since an understanding of the adsorption process

requires only a simple model.

2.1.1 : NUMBER OF STAGES IN THE ADSORPTION SECTION

Under steady state conditions, the requirement of a
certain barren gold value (gold in tailings) determines
the amount of carbon needed®. As the number of stages
is increased the total amount of carbon required is
decreased. Coupled with this increase 1in number of
tanks is an increase in gold lockup (gold retained in
the adsorption circuit). Four stages will be used in
this model.
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2.1.2 : MIXING OF THE TANKS

Each of the tanks has a mechanical agitator, or
stirrer, that in practice has a large effect on the
distribution of slurry density and - carbon
concentration®. The approximation of a first order
adsorption model has been used in. previous
simulations?. This assumes a perfectly mixed vessel and

the first order assumption will be used here.
2.1.3 : INTERSTAGE SCREENING

The pulp flows downstream under the force of gravity.
In order to keep the carbon from moving in the same
direction, the pulp needs to pass through a screen.
MINTEK developed the Equalised Pressure Air Cleaned
(EPAC) screen which is widely used on operational
plants®. For the model it will be assumed that all the

carbon is retained in a tank by the screen.
2.1.4 : LEACHING OF THE ORE

The slurry entering the adsorption cascade is a water
and solids mixture. The solids include ore that is
still being leached into solution. Although models have
been developed to incorporate leachingg, the model used
in this thesis assumes that. the slurry entering the
first tank is fully leached.

2.1.5 : TRANSFER OF CARBON

In practice, carbon is' periodically transferred
counter-current to the flow of pulp. Nicoll9 has shown
that there 1is very 1little difference in stage
performance if a model is used in which the carbon is
transferred continuously. It is the continuous counter-
current transfer method that will be used in this
thesis.
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2.1.6 : BACKMIXING OF SLURRY

When pumping the carbdn, a certain amouht of backmixing
is encounteredll. Béckmixing is the transferral of
‘slurry in the same direction as the carbon during the
periods of carbon transfer. This occurs since the
transfer of carbon using pumps normally results in a
carbon-slurry mixture being transferred. This effect

will not be considered.
2.2 : MODEL FOR ADSORPTION IN THE CIP PROCESS

Each tank in the cascade will be assumed to have the same
reaction rates, as was done in previous CIP simulationsl?.
Thus a dynamic model for the entire adsorption section can
be made up by modelling the mass balance across one reactor

and cascading as many reactors as are required.

A CIP ADSORPTION TANK

Cc | e <p—
1 | { Cc I+
= —
csi-1 ]

Slurry flowrate = Fs [Tonne slurry/hrl
Carbon flowrate = Fc [Tonne carbon/hr]

Mass of slurry in a tank = Ms [Tonne]
Mass of carbon In a tank = Mc [Tonne]

Concentration of Au in slurry = Cs [g Au/Tonne slurry]
Concentration of Au on carbon = Cc (g Au/Tonne carbon]

Figure 2.2 : A CIP ADSORPTION REACTOR TANK
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Both flows are considered to be continuous and the tank is
regarded as a continuous stirred batch reactor (CSTR)13.

' {
2.2.1 : MASS BALANCE ACROSS A TANK

The rates of change of gold in solution, Cg, and the
concentration of gold on carbon, Cc, can be described

using a mass balance.

Rate of change of Cg in tank i :

Rate of change of C¢ in tank i :

The factor R; describes the rate at which gold is

adsorbed onto the carbon. The mass balances described
above have been checked and verified by Dr. I.J. Barker
of MINTEK}4.

2.2.2 : MODEL FOR THE RATE OF ADSORPTION

This is the most complex part of the CIP model. There
are many factors that influence this ratel® and the
development of an accurate rate model is the subject of
ongoing researchl®., It has been found through data
obtained on operational mines that the constants found
for the rate expression vary from mine to mine 17,
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The first generally accepted CIP adsorption model was
developed by Fleming, Nicol and Nicol in 198018,
- However, this model does have its limitations. Firstly
it assumes that Cgq is at steady state, when in fact Cgq
varies as carbon is transferred. Secondly C. has a
significant effect on the rate of adsorption, a factor
not catered for by this model.

Later Nicol, Fleming and Cromberge used a simple film
diffusion mass transfer modell?. They verified their
model on a range of batch transfer data.

The model chosen for this simulator is the one proposed
by Dixon29., It takes the same form as that of Nicol,
Fleming and Cromberg, but has two instead of one
parameters. Menne?l has shown that this model fits
continuous transfer data well and it is for this reason

that the Dixon model was chosen.

The factors kl and k2 are rate constants and CC* is a

model parameter.
2.2.3 : CHOOSING INPUTS AND OUTPUTS

The choice of output is restricted to Cq since this is
the only concentration for which an on-line measuring
instrument has been developed. If further reseéfch
allows C- to be measured on-line then there is the
further possibility of using C, as an output.
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The slurry flowrate cannot be varied as plants are
designed to opefate on a fixed tonnage of ore per
month. Slurry flows downstream under gravity and
consequently the mass of slurry in each tank cannot be
varied. The pumps used to transfer carbon are generally
constant speed drives and therefore the carbon flowrate

cannot be changed.

The one variable that can be altered is the mass of
carbon in each tank. The choice of the mass of carbon
in a stage as an input variable has economic
implications that need to be considered if .a closed

loop controller where designed for a CIP plant.
2.2.4 : CHOOSING OPERATING CONDITIONS

The parameters to be taken as operating conditions are
those used by Stangezz. These parameters are
hypothetical and do not represent any real plant. The
value of carbon mass is the initial mass in the tanks.

The parameter values used are :

Fg = 700 [Tonne slurry/hr]
Fo = 0.6 [Tonne carbon/hr]
Mg = 2592 [Tonne slurry]

Mc = 14.4 [Tonne carbon]

Cgo = 1.0 (g Au/Tonne slurry]
Ces = 50.0 [g Au/Tonne carbon]

The concentration of gold in solution that arrives from
the leaching section is Cgg. After the gold has been
stripped from carbon in the electrowinning cells, the
carbon is regenerated. This regenerated carbon is fed
into tank number four, but it still contains a small

amount of gold, Cesg-
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The constants used in the adsorption rate expression

are o

kq = 0.017 [1/(g Au/Tonne slurry) 1l/hr]

td
(V)
I

0.005 [1/hr]

11 650 [g Au/Tonne carbon]

2.3 : SIMULATION OF THE ADSORPTION SECTION

The equations derived and constants chosen were used to
design a computer simulation of the adsorption section.
Turbo Pascal was used as the computer language and a fourth
order Runge-Kutta23 technique used to solve the system of
differential equations. A listing of the software written is
given in Appendix A.

For a given set of inputs, Mc, the steady state values of Cg
and Cc can be calculated. These values .are found by
rearranging equations 2.1 to 2.3 into the form presented in
eq%ations,2.4 and 2.5. ’

FgCgi-1 + MckyCcj
Csi = " (2.4)

Mc
*
C .
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The simulator first finds the éteady state values for a
given set of inputs. This is done by guessing Cg; and then
calculating all values of Cg and Cc using equations 2.4 and
2.5. Once Cpg has been calculated, it can be compared to the
specified value. This procedure‘ is repeated until the

calculated value of Cpry is equal to the given value.

A step test can then be'performed, since the simulator is at
steady state. If a series of four step tests are performed,
the data obtained can be used to derive an open loop model
for the CIP plant.

The open loop transfer function matrix, G(s) will then be
defined by |

Yy G11(G12|G131C14 Uj
Y2 _ |G21|CG22|%23|%24| U2
Y3 G31(G32(G33|G34 Uj
_Y4 Ga11G421G43 G44J Uy
Where

Outputs Y; to Y4 = Cg in Tanks 1 to 4
Inputs U; to Uy = Mc in Tanks 1 to 4

Matrix Gij = Open Loop Model

2.4 : ANALYSIS OF THE MODEI, AT STEADY STATE

Before any step tests were performed the expected steady
state values were "calculated under five different
conditions. These conditions are the mass of carbon in each
tanks before any step is done and the masses in each tank
after four successive step increases in Mo.
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The steady state analysis is done in order to observe the
effect additional carbon has on the amount of gold that can
be recovered on the carbon and the amount of gold lost in
the slurry tailings. The amount of interactioﬁ can be gauged
by the magnitude of the gains.'

Table 2.1 : CIP STEADY STATE VALUES (NO INPUT STEPPED)

Tank Mc [T] Cg [9/T] Ce [g/T]
1 14.4 0.241853 1212.15
2 14.4 0.055560 327.65
3 14.4 0.013286 110.30
4 14.4 0.003871 60.98
Table 2.2 : CIP STEADY STATE VALUES (STEP INPUT 1
Tank | Mc [T] | Cg [9/T] | Cc [9/T]
1 21.6 0.183341 | 1212.90
2 14.4 0.042161 260.13
3 14.4 0.010311 95.42
4 14.4 0.003226 58.27
Table 2.3 : CIP STEADY STATE VALUES (STEP INPUT 2)
Tank Mg [T] Cg [g/T] Ce [9/T]
1 21.6 0.183363 1213.47
2 21.6 0.032058 260.73
3 14.4 0.008072 84.20
4 14.4 0.002741 56.22

Table 2.4 : CIP STEADY STATE VALUES (STEP INPUT 3)

Tank | Mc [T] | Cg [9/T1 | Cc [9/T]
1 21.6 0.183379 1213.89
2 21.6 0.032071 261.17
3 21.6 0.006386 84.64
4 14.4 0.002376 54.68

l6 -
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Table 2.5 : CIP STEADY STATE VALUES (STEP INPUT 4)

Tank | Mo [T] Cg [g/T] Cc [9/T]

1 21.6 0.183392 | 1214.22
2 21.6 0.032081 261.51
3 21.6 || 0.006395 84.98
4 21.6 0.002101 55.01

The increase in carbon in each stage shows a decrease in Cg
in the tailings and an increase in Co in tank 1. This means
a decrease in gold lost in tailing and an increase in gold
recovered on the carbon. '

The steady state data presented in tables 2.1 to 2.5 is used
to evaluate the steady state gains of each transfer
function. The matrix at zero frequency then becomes :

- -

-0.008127] 3.1E-6 | 2.2E-6 1.8E-6

-0.001861|-0.001403 1.8E-6 1.4E-6

G(Jjo) =
-0.000413}-0.000311(~-0.000234 1.3E-6

-0.000089|-0.000067|~0.000051|-0.000038

- =

These steady state gains indicate that there is negligible
ihteraction from the upper diagonal elements. This gives the
matrix a lower diagonal form. This form of a lower diagonal
plant matrix indicates that there is no multivariable
problem24. .

2.5 : ANALYSIS OF MODEL DYNAMICS

The dynamic analysis will give an indication as to the speed
of response of the transfer 'funétions and should also
confirm the expected gains calculated in the previous
section. |
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The simulations were performed over a long period of time,
50 hours. In this time the diagonal elements settled very
quickly, within one hour. Some of the 1lower diagonal
elements had not settled in this time, but it was assumed
that since the diagonal elements had settled these would do
so as well. Confirmation was also obtained of the expected
gains and indication of negligible interaction from the
upper diagonal elements.

2.6 : CONCILUSIONS ON THE CIP MODEL

The dynamic analysis confirms the gains expected from the
steady state analysis. It further gives an indication of the
speéd of response. The reasons for the behaviour of the
model will now be discussed.

2.6.1 : ELEMENTS ON AND BELOW THE DIAGONAL

The matrix elements on and below the diagonal have
‘negative gains. The reason for this is that the
addition of more carbon to a tank creates more surface
area of contact for gold adsorption to take place and
consequently more gold is absorbed onto the carbon. The
concentration of gold in solution drops as a result.

The diagonal elements have an ‘almost instantaneous
rise. This is attributed to the assumption that there
is an instantaneous change in M. _

N~
The slurry flows downstream under gravity. It has a
short residence time in each tank due to the high
flowrate. Because the slurry flows downstream quickly,
the concentrations of gold in slurry in tanks
downstream will also drop.
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2.6.2 : ELEMENTS ABOVE THE DIAGONAL

The elements above the diagonal have a slight positive
gain. The reason for this positive gain is that the
carbon of now higher gold concentration (due to the
added carbon) is pumped to preceding Stages. The gold
in solution in these stages now reacts with carbon of a
higher gold loading. This causés less gold to be
absorbed onto the carbon and thus the concentration in

solution rises.

The gain is almost negligible due to the long residence
time of the carbon. Since the carbon mass flowrate is
nearly the same as the mass of carbon in the tank, the
carbon in a tank spends almost 24 hours in a tank.
Consequently it takes a 1long time for carbon of ‘a
higher gold loading to move to a preceding tank.

This concludes the study on the adsorption section of a CIP

plant. It provides a basic understanding as to how a CIP

plant reacts to changing amounts of carbon in the reactor

tanks.
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A counter-current Heat Exchanger Rig (HERIG) was built and
commissioned by Mr. A. De Waal at the University of Cape
Townl. It is felt that insight may be gained into the closed
loop control of a CIP plant by studying the control of the
HERIG, which mimics the CIP adsorption process.

The similarities and differences between the two needs to be
studied to determine if they are indeed similar. But before
a formal control study can be performed on the HERIG the
principles of heat transfer taking place on the rig needs to
be studied. It is felt that this is best achieved by
‘designing a simulator (HES) of the heat exchanger rig.

3.1 : DESCRIPTION OF THE HERIG

The HERIG, displayed in Figure 3.1, consists of four tanks
cascaded together. Water from a constant temperature cold
reservoir is pumped into tank number 4. This COLD stream
flows down towards tank number 1 under the force of gravity.
The level in each tank is controlled by a valve on the
outlet of each tank. Each of the tanks is stirred by means
of a variable speed stirrer (VSS).

Inside each tank is a copper coil wound in a helical
fashion. These coils contain water from a HOT stream. Heat
is transferred from this HOT stream to the COLD stream water
in the tank. The HOT stream originates from a constant
temperature HOT reservoir. This HOT water is pumped in an
opposite direction to the flow of COLD water. A counter-
current temperature gradient is thus established across all
four tanks, in both the HOT as well as the COLD streams.
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HEAT EXCHANGER RIG
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F1-F2 : Fiowmeters Hot Reserve

Figure 3.1 : THE HERIG CONFIGURATION

The flows out of each reservoir can be controlled by means
of a valve. There are a further four valves connected to the
outlets of the four tanks. All these valves can be
contrdlled from a personal computer (PC) by means of a ‘
digital to analogue (D/A) card that is connected to a
current to pressure (I/P) transducers which then set the
valve openings. The four stirrers in each tank can also be
controlled via the D/A card, giving a total of ten inputs
that can be manipulated. '

Readings for the four levels of COLD water in each tank are
obtained from level probes connected through an analogue to
digital (A/D) card. This card also has two flowmeter
readings connected to it. The COLD stream reservoir
temperature and the four COLD stream temperatures in the
tanks can be read. Five corresponding readings in the HOT
stream are also available. This provides a total of sixteen
measurable outputs. |
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3.2 : COMPARISON BETWEEN CIP AND HERIG

On a CIP plant a flow of activated carbon adsorbs gold from
a stream of slurry flow in a counter-current manner. The -
HERIG has a COLD stream of water absorbing heat from a HOT
stream of water, also flowing counter-currently. Thus both
processes have counter-current flows and the temperatures on
the HERIG are analogous to the gold concentrations on a CIP

~

plant.
3.2.1 : HOT STREAM OF WATER

The HOT stream mimics the flow of slurry on a CIP
process. Water from a constant temperature reservoir is
pumped at a constant flowrate through a length of pipe.
In each tank heat is lost to the water in the tank.
Thus a temperature gradient, going from a higher to a
lower temperature, is established across all the tanks
due to the loss of heat in each tank.

A CIP plant operates on a fixed throughput of slurry
(tonnes per hour). The concentration of gold in
solution from the leaching section is nearly constant.
In the adsorption stages of a CIP cascade the gold
concentration in slurry decreases the further it
travels.down the cascade, due to the adsorption of gold

onto activated carbon.
3.2.2 : COLD STREAM OF WATER

The COLD stream operates in a similar manner to the
carbon on a CIP plant. The level of COLD water in each
tank can be controlled, as can the mass of carbon in
each reactor for a plant that transfers carbon

continuously.
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The water begins at a constant COLD temperature, while
regenerated carbon arrives with a low but constant gold
loading. The water heats up in each tank as heat is
transferred from the HOT stream into the COLD stream.
In much the same way the gold Ioading on carbon
increases as more gold is adsorbed from the slurry
solution.

3.2.3 : LEVEL OF WATER TN A TANK

On a CIP plant an increase in the mass of carbon in a
reactor causes the gold concentration in solution to
decrease. Similarly on the HERIG if the level of COLD
water in the tank is raised, more surface area of the
pipe is submerged and the temperature of the HOT water
in the pipe decreases, due to more heat being
transferred into the tank.

As the level of water in a tank is raised; the surface
area of contact with the helically wound copper pipe is
increased. This increase in surface area allows more
heat to be transferred from the HOT water inside the
pipe and into the COLD water. On the CIP process, when
more carbon is added to a reactor tank more gold is
adsorbed from solution due to the increased surface

area.

Consequently the level of water in a tank is analogous
to the mass of carbon in a CIP reactor tank. -

3.2.4 : RATE OF HEAT TRANSFER

The expression for the rate of gold adsorption onto
carbon has parameters of constant value. The rate at
which heat is transferred into the COLD stream of water
is proportional to the rate of stirring. Thus on the
HERIG the stirrers are kept at constant speed.
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The expressions for the respective rates of transfer
are very different. As a result of this the shape of
the dynamic response of the HERIG will be different to
that of the CIP model.

3.2.5 : TEMPERATURE GRADIENT

The COLD stream reacts to an increase in level in the
same manner as carbon behaves to increase the mass of
carbon in a reactor. Thus it is expected that the
transfer functions for the HERIG will be positive above
the diagonal and negative on and below the diagonal;
the same as was found for the CIP simulator.

The gradient of concentrations on the CIP plant is
great, the concentration of Au in slurry dropping by a
few orders of magnitude. On the HERIG the HOT stream
" temperatures do not drop an order of magnitude. Thus it
can be expected that the gains of the transfer
functions will be very different to the CIP model

gains.
3.3 : MODEL FOR THE HERIG

A model for the HERIG will be designed using heat balances.
As with the CIP model, each tank is considered to have the
'same rate of transfer. The geometry of the copper pipe in
~the tank will not be taken into account. It will be assumed
that there is a length of straight pipe in each tank.

A stabilising level controller will be designed for the
HERIG. This will ensure that the levels never overflow or
run dry.' A change in the 1level will however not occur
instantaneously, but it is known from the work done by De
Waal that the level response time is far quicker than the
temperature response time. For this reason the model will
assume instantaneous level changes, similar to the

assumption made about carbon mass for the CIP model.
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A HERIG TANK

Tti+1
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Ft:Flowrate of COLD water I 2 FD

In the TANK [m~3/s]

Vil:Volume of water
in TANK | [m*3]

Fp:Flowrate of HOT water
in the PIPE [m"3/8]

Vpn:Volume of water
In PIPE section n [m"3]

Al:Surface area of

' contact for PIPE [m"2]
Tti: Temperature of COLD water

In TANK | K}

Tti
TpniTemperature of HOT water

In PIPE section n [K] el 't

Figure 3.2 : A HERIG REACTOR TANK

The derivation of a set of heat balance equations to
describe the heat exchanger requires the use of physical
constants for water and air, as well as parameters from the
actual sizes of pipe and tanks used on the HERIG. These
values are tabulated in Appendix B.

3.3.1 : HEAT B CE ACROSS A TANK

To describe the heat balance across the heat exchanger,
a lumped parameter model was used?. In this type of
model the helically wound pipe in each tank is assumed
to be a long straight pipe. This length of pipe is
divided into. a number of small sections, in each of

which the temperature is constant.
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The temperature of the COLD water in the tank is
assumed to be constant. The dynamic behaviour of a heat
exchanger with  constant wall temperature, the
temperature of the COLD water in this case, is well
documented?.

The level of water in each tank determines the number
of pipe sections that are submerged under the COLD
water in the tank. The number of pipe sections
submerged in a tank is denoted by L;. Each submerged

section of pipe transfers heat into the COLD tank

water. The balance across the pipe sections for 1 < n <

Lj

‘THe sections of pipe not submerged under the COLD water
lose heat to the surrounding air, which is assumed to
be at a constant value of room temperature Tgry. The
balance across pipe section for L; < n < Max Lj :

The COLD water in each tank accumulates heat from each
submerged section of pipe. Thus the heat transferred
into the tank is found by summing the contributions of
each section of HOT water pipe up to the level of water
in the tank. The balance for the tank is then :
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These differential equations have terms describing the
rate at which heat is transferred from the HOT to the
COLD water. Equations 3.1 and 3.3 are for the submerged
sections of pipe and thus use an overall heat transfer
coefficient to water, UW..Similarly Equation 3.2 uses a
coefficient of transfer to air, U,. The calculation of
these constants will be presented next.

3.3.2 : OVERALIL HFAT TRANSFER COEFFICIENT TO WATER

In transferring heat from the HOT to the COLD water,
three thermal resistance have to be overcome. They are
the transfer from HOT fluid through the inner wall, the
resistance of the copper pipe and finally the transfer
from the pipe through the outer wall.

Using the simplification that the copper pipe wall
resistance is negligible, the overall heat transfer
coefficient to water is% :

(3.4)
1 Do 1 sm?K

How Dj Hjy

This overall coefficient is now only dependant on an
inner and an outer heat transfer coefficient.

3.3.2.1 : TINNER HFAT TRANSFER COEFFICIENT

The assumption is made that the flow in the pipe

is turbulent. The coefficient for the transfer of

heat from the HOT water in the pipe and through
. the inner wall is® : o
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Ky J
Hiw = Nuw l: j] (3'5)

2
Di sm K

This requires calculation of the Nusseldt number
for the water in the pipe, Nuy. The water in the
pipe is assumed to be turbulent and Nuy can be
calculated using the relation® : |

Nuy = 0.023 Rey 0-8 pry 0-4 ©(3.6)

The Reynolds, Rey, and Prandtl, Pry, numbers for

the water in the pipe are calculated as follows’ :

Py (FP/Ai) Di .
Rey = - (3.7)
. Uy .

Cy uy

I

Prw (3.8)

Ky

Flow is assumed to be turbulent when the Reynolds
number is greater than 30008%. When checked with
the data in Appendix B, Rey was found to be 6750.
This confirms the assumption made about the flow
in the pipe being turbulent.

3.3.2.2 : OUTER HEAT TRANSFER COEFFICIENT -

The water in the tank is mechanically agitated.
Thus the stirred COLD water receives heat from the
submerged coils at a rate governed by9_:

2/3¢r . q1/3
Ky [Ls’Nst Cwlw

J
[ ] (3.9)
D t uy kw sm2K

Hoy = 0.87
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3.3.3 : OVERALL HEAT TRANSFER COEFFICIENT TO AIR

Using the same simplification that the copper pipe wall
resistance 1is negligible, the overall heat transfer
coefficient to air is :

(3.10)
1 Dy 1 sm2K

Hoa D; Hja

This overall coefficient is dependant on an inner and
an outer heat transfer coefficient.

3.3.3.1 : INNER HEAT TRANSFER COEFFICIENT

The inner coefficient used here is the same as was
used previously, since the heat transfer from
inside the pipe and through the inner wall remains
the same.

Ky J
HiA= NuW ' [ ] (3.11)

2
Di sm K

3.3.3.2 : OUTER HEAT TRANSFER COEFFICIENT

The transfer of heat through the outer copper
layer to the surrounding air is assumed to be
natural convection. Since the coils are wound
horizontally, the natural convection from
horizontal cylinders is :

Ka J
HOA = NuA-—— l: ] (3.12)
Dy sm?K
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Where the Nusseldt number for air islO :

1/4
J (3.13)

NuA = 0.53 l:GrA PrA

The Prandtl, Prp, and Grashof, Grp, numbers for

air arell

Ca up
Pr, = (3.14)
Ka
2 (Tyr-TgrM)D; 3
Grp = g (3.15)
(TrM*Tyr)  (Ua/Pa)’

These balance equations have been checked and
verifiedll,

3.3.4 : OPERATING CONDITIONS FOR THE HERIG

The operating conditions set for the reservoir
temperatures and flowrates, are those that will be used
on the actual rig.

o

Hot reserve temperature Tpg = 58 [ C]
Cold reserve temperéture - Tpg = 23 [°C]
Hot - stream flowrate Fp = 2.5 [1/min]
Cold stream flowrate Fp = 5.0 [1/min]

These operating conditions complete the data required
to perform a numerical simulation of the HERIG. The
calculations of the heat transfer coefficients,
together with the values of the constants needed, is

given in Appendix B.
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3.4 : STMULATION OF THE HEAT EXCHANGER RIG

As with the CIP simulation, a computer simulation was
written using Turbo Pascal.'The differential equations were
once again solved using a fourth order Runge-Kutta routine.
A listing of the coding of the heat exchanger simulator is

given in Appendix C.

In order to find the steady state values of temperatures,
equations 3.1 to 3.3 needed to be rearranged. The pipes in
each tank were all divided into 20 sections. Thus in each
tank number i, the temperature in pipe section n can be

calculated. For the sections submerged under water :

PwCwFpi Uydj -
PwCwFpitUpAi PwCwFpitUnA4

While for the sections losing heat to the surrounding air :

PyCwFpi Uadj
Tpn = Pn-1* Ty  (3.17)

PwCwFpitUaAj PwCwFpitUaA4

Once all the temperatures for the submerged pipé sections
have been calculated, the temperature of the water in the
tank is calculated as :

Li  Uyaj
b

Tri+y = Tri - [TPn - TTi} (3.18)

n=1  pyCyFrpi

The method of finding the correct steady state conditions is
similar to that used for the CIP simulator. For the first
tank, Tp; needs to be guessed. Then Tp, can be calculated
for all sections of pipe in tank 1 (equations 3.16 to 3.17).
The temperature of the water in tank 2 can also be
calculated (equation 3.18). This is done until Tgpg is found.
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The calculated value of Tqg can then be compared to the
specified value. Based on the difference of these values the
guess of Tp; is altered and the procedure is repeated until

Tps is sufficiently close to the specified value.

As with the CIP model, the HES is a four input and four
output system. The open loop transfer function matrix, G(s)
will then be defined by :

. ) - .
Yy G11|6G12(CG13|CG14 U
Y2 _ [G21)G22|%23|G24| |U2
Y3 G31|6G32(G33|G34 Uj
_Y4 LG41 G421G43(Gaa LF4J
Where

Outputs Y; to ¥, = Tp in Tanks 1 to 4
Inputs U; to Uy = L in Tanks 1 to 4

Matrix Gij = Open Loop Model

3.5 : ANALYSIS OF THE MODEL. AT STEADY STATE

Using equations 3.15 to 3.17 the steady state values under
five different conditions can be evaluated. These conditions
correspond to the level of water in each tank before and

after four different éteps.

e 3.1 : HES STEADY STATE VALUES (NO_ INPUT STEPPED

Tank L [%] Tp [°C] Tp [°C]
1 20.0 53.810057 33.204784
2 20.0 | 47.692402 31.195115
3 20.0 40.142961 28.254764
4 20.0 36.818572 24.611485
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Table 3.2 : HES STEADY STATE VALUES (STEP INPUT 1)

Tank L [%] Tp [°C] Tp [°C]
1 80.0 46.318420 35.027110°
2 20.0 41.688307 29.202427
3 20.0 35.974555 | 26.977039
4 20.0 33.458509 24.219643

Table 3.3 : HES STEADY STATE VALUES (STEP _INPUT 2)

Tank L [%] Tp [°C] Tp [°C]
1 80.0 47.176122 36.720861
2 80.0 36.046529 31.325621
3 20.0 32.057690 25.776418
4 20.0 30.301209 23.851447

Table 3.4 : HES STEADY STATE VALUES (STEP INPUT 3)

Tank L [%] Tp [°C] Tp [°C]
1 80.0 47.808345 37.969346
2 80.0 37.328833 32.890654
3 80.0 29.120060 | 27.668025
4 20.0 27.933248 23.575302

Table 3.5 : HES STEADY STATE VALUES (STEP INPUT 4)

Tank L [%] Tp [°C] Tp [°C]
1 80.0 48.117318 38.579490
2 80.0 37.955505 33.655498
3 80.0 29.995690 28.592467
4 80.0 26.737066 24.625893

Tables 3.1 to 3.5 show that for an increase in the level of
water in each tank, the temperature of the water in the pipe
for that tank decreases. Also Tp decreases in all tanks

further down the cascade and Tp increases further upstream.
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The open loop model at steady state is :

0.014295

-0.124861 0.010537| 0.005150

-=0.100068|-0.094030{ 0.021372] 0.010445
G(3J0) :

-0.069473],-0.065281|-0.048961| 0.014594

-=0.056001(-0.052622|-0.039466|-0.019936

This steady state analysis has shown that the signs of the
transfer functions are the same for the HERIG and CIP. This
indicates that the level of COLD water does mimic the mass
of carbon in a tank and the temperature of the HOT water
The
magnitudes of the functions are less for the lower diagonal .

does also mimic the concentration of gold in solution.

than for the on diagonals in a column. This is the same for
the CIP model. Thus by scaling of the inputs and outputs the
HERIG could be made to look very similar to CIP.

The upper diagonal elements have a layrger gain when compared
to the on diagonals than was found on the CIP model. This is:
due to the ratio of residence times for the HOT and COLD
streams being less than the ratio for the slurry and carbon

streans.

3.6 : ANALYSIS OF MODEL DYNAMICS

Four step tests are needed to extract the sixteen open loop
It was found that a long time period was
The
dynamic responses will be plotted in order to compare the
shape and speed of response of the HERIG to that of the CIP
It can be expected that they will be different due to
the different mechanisms of transfer for heat and for gold

transfer functions.

needed, 1000 seconds, before steady state was reached.

model.

adsorption.
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The on-diagonal elements show a second order response that
is characterised by two complex poles. The overshoot is
caused by the instantaneous change in level. As the surface
area 1is' increased a far greater amount of heat is
transferred extremely quickly.'If the level response was not
assumed to be instantaneous it is expected that there will
be no overshoot.

The lower diagonals show a decrease in the HOT pipe
temperature. This is caused by the HOT water in the previous
tanks being cooled by the increased level of COLD water and
this now colder HOT water being pumped to the succeeding
tanks.

The upper diagonals show a second order rise that is
charaéterised by two real poles, one slow and one fast. The
temperature rises due to less heat being transferred out of
the pipe since the temperature of the COLD water in the tank
has risen. As the temperature in the PIPE section downstream
decreases, due to the increased 1level of COLD water, more
heat is transferred from pipe sections further upstream in
an attempt to keep a thermal balance. This is happening at
the same time as less heat is being lost to the COLD water.
These two processes happen at two different rates, causing a

second order response.
3.7 : CONCLUSIONS ON THE HERIG AND CIP SIMITARITIES

This chapter has so far presented a model of the HERIG and
an analysis of the dynamic and steady state responses. The
model was partly derived to gain an understanding of the
HERIG and to observe the similarities between the HERIG and
the CIP process. It was hoped that the HERIG would mimic the
CIP process and the conclusions drawn in this respect will

now be summarised.
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3.7.1 : CHOICE OF INPUTS AND OUTPUTS-

The signs of the corresponding transfer functions for
the CIP model and those on the HERIG are the same. This
indicates that the inputs and outputs on both processes
behave in the same manner. On the HERIG the tank
temperature can be measured. Thus if instrumentation is
developed to measure on-line loading of gold on carbon,
the HERIG may further mimic the CIP process.

3.7.2 : RESPONSE OF THE ON-DIAGONAI. ELEMENTS

Both the CIP and HERIG on-diagonal responses show an
overshoot. They both look likely to be modelled by a
second order function with two complex poles. The
overshoot of the HERIG model is more than that of the
CIP model and consequently the pole positions will be
different. The fact that they could both be modelled by
the same class of function is very encouraging.

3.7.3 : RESPONSE OF THE OFF-DIAGONAIL_ELEMENTS

The lower diagonal elements shown a remarkably similar
type of response. The type of function has not been
identified but with scaling of the inputs and outputs
the corresponding functions could be made to look very
similar indeed.

-

The upper diagonal elements show the only marked
difference in the processes. They are both positive
gains, but the magnitudes are very different when
compared to the respective on-diagonals. The CIP
elements are much smaller than the corresponding HERIG
elements and thus will pose far less of a control
problem.
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Thus in conclusion of the simulation study of the HERIG, it

is felt that the HERIG does mimic the CIP process in many

respects. A formal control study of the HERIG plant can be

performed and the conclusions drawn as to the control of

this process can then be related to the control of the CIP

10.

11.

process.
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The HERIG is a MIMO system consisting of 10 inputs and 16
outputs, as shown by Figure 3.1. As it stands at present a
closed 1loop control system cannot be designed to track
setpoints since there are more outputs to be.controlled than
inputs that can be manipulatedl. Not only does the number of
controlled outputs have to be reduced, but certain inputs
may not affect any outputs or certain outputs be affected by
any inputs.

A structural study can be performed on the HERIG to
determine where there is interaction. This kind of analysis
is done using a Binary Interaction Matrix (BIM)2. The method
does not quantify the interaction between inputs and outputs
but merely specifies whether there is or is not an input-
output connection.

4.1 : BINARY INTERACTION MATRIX (BIM) STUDY OF THE HERIG

The BIM matrix is a matrix of ones (’1’) and zeros (’0’). It
has as many rows as there outputs and as many columns as
there are inputs. A matrix element containing a ‘1’
indicates an interaction exists between the corresponding
input and output. A ‘0’ indicates there is no interaction.
Once again it must be stressed that a ‘1’ element gives no
value to the magnitude of the actual interaction.

For the HERIG the ten inputs consist of six control valves
and four stirring rates. The sixteen outputs are made up of
ten temperature sensors, four level probes and two
flowmeters. The BIM matrix presented will represent a ‘1’
with a ’X’ and a ‘0’ will be represented by a blank. This
makes the matrix more easy to read.
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The full scale BIM matrix for the HERIG is then :

Cl |c2 |c3 |ca |c5 |[C6 |S1 |s2 |sS3 [S4
F1 | X
F2 _ X
L1 X | X
L2 X | X
L3 X | X
La || X | X
T1
T2 | X | X | X | X | x| x| x| X | X | X
™3 | X | X[ X | X | X|X|X]| X | X|X
T4 | X | X | X | X[ X | X | X | X | X | X
s | X | X | X | X | X | X| X | X | X|{X
T6
™7 | X | X | X | X | X | X| X | X | X | X
™ | X | X | X | X | X | X| x| X| X | X
o | x | x| x| x| x| x| x| x| x]|x
TO | X | X | X | X | x| X| X | X | X | X

Figure 4.1.1 : FULL ORDER BIM MATRIX

where :

F1,F2 : Flowrates in Tank and Pipe

L1,L2,L3,L4 : Levels in Tanks 1 to 4

T1 : Temperature of COLD reserve
T5,T4,T3,T2 ¢ COLD water temperature in Tanks 1 to 4
T6 : Temperature of HOT reserve
T7,T78,T9,TO ¢ HOT water temperature in Pipes 1 to 4
c1 : Control valve for Tank flowrate
Cc5,C4,C3,C2 : Control valve for Tanks 1 to 4

Cé : Control valve for Pipe flowrate

S1,S82,S83,S4 Stirring rates for Tanks 1 to 4
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4.1.1 : DESCRIPTION OF THE FULL SCALE BIM MATRIX

The temperatures Tl and Té are unaffected by any of the
inputs. They represent the reservoir temperatures which

are fixed and cannot be altered by the plant inputs.

The stirring rates affect the rates of heat transfer in
the respective tanks. Consequently they will affect the
temperatures of the COLD water in the tank and the HOT
water in the Pipe. There is no affect on the flowrates
if the stirrers are changed and if splashing is
regarded as a disturbance, then they do not change the

levels either.

Control valve Cé6 changes the flow of water in the pipe.
. This will also affect the temperatures of the HOT water
in the pipe and consequently the temperatures of the
COLD tank water, because of the heat transfer. Control
valve Cl affects the flowrate of COLD water coming from
the COLD reservoir. The water from the cold reserve
flows into the last tank and thus Cl1 also affects the
'level of water in tank 4.

Valves C2, C3 and C4 are at the outlets of tanks 4, 3
and 2 respéctively. Thus they affect not only the level
of their respective tanks but also the level of the
tanks further upstream, since this is the direction in
which the COLD tank water flows. Control valve C5 only
affects the flow out of tank number 1. -

4.1.2 : REDUCED ORDER BIM MATRIX

The rate of gold absorption onto carbon is assumed to
be constant for a given CIP plant. Thus an attempt will
be made to keep the heat transfer rate in a tank
constant. This can be done by fixing the stirring rate.
If this is done, then S1 to S4 can no 1longer be

considered to be  inputs.
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As was explained in the previous section, T1 and Té6

cannot be altered by any of the inputs. Thus they are.

both disregarded as controllable outputs. There is no
on-line instrumentation available to measure the
loading of gold on carbon. This concentration is
mimicked by the COLD stream temperature. Thus the tank
temperatures will also be discounted as controllable
outputs.

The BIM matrix has now been reduced to one that has 6
inputs and 10 outputs.

Cl {C2 (C3 |ca |c5 [ce6
F1 | x

F2 | . X
L1 ' X | X
L2 X | Xx.
L3 X | X
L4 | X | X~
T7 | X | X | X | X | x| X
™ | X | X | X | X | X | X
T | X | X | X | X | X | X
T | X | X | X | X | x| X

Figure 4.1.2 : REDUCED ORDER BIM MATRIX

This reduced order model still shows more outputs than
inputs. However the next section will use this reduced
order model to decide on the final control strategy to
be adopted.
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4.1.3 : FINAL CONTROL STRUCTURE FOR THE HERIG

There are certain conditions that exist on an
operational CIP plant that need to be considered when
designing a controller for the HERIG.

4.1.3.1 : CONTROL OF THE FILOWRATES

A CIP plant operated in continuous mode has a
fixed flowrate of carbon. The plants also run on a
fixed tonnage of slurry per day. This means that
the HERIG must also be run with both the HOT and
the COLD streams of water being pumped at a
constant flowrate. Thus valves Cl and C6 can be
used to control flowrates F1 and F2 respectively.

F1 Gpll| O c1
= *
F2 0 |[Gp22 ceé

Figure 4.1.3 : OPEN LOOP FLOW CONTROL

Since there is no interaction, two single variable
designs can be performed on each loop
independently. The step tests performed to obtain
Gp(s) will be presented in section 4.2, as will
the design of a suitable closed loop controller.

4.1.3.2 : CONTROL OF THE LEVELS

The pipe temperature will be controlled using the
level of COLD water in each tank. The levels need
to be under closed 1loop control before level
setpoints can be used to control temperatures.
They will be controlled using valves C2 to C5.



- CHAPTER 4 : STRUCTURAL ANALYSIS OF THE HERIG -

11 PGLli Grl2| o | o 1 es]
L2 0 |er22|6r23| o |ca
= %

L3 0| o |¢33|c34 c3
L4 o| o o |cra4 c2

Figure 4.1.4 : OPEN LOOP LEVEL CONTROL

This transfer function matrix “has an upper
diagonal structure. This indicates that there is
no multivariable problem and single variable
designs can be carried out on each loop
independently. The interaction can be eliminated
by designing a suitable pre-compensator that
eliminates the upper diagonal elements. This will
all be presented in section in section 4.3.

4.1.3.3 : CONTROL OF THE PIPE TEMPERATURES

The level setpoints can now be used to control the
pipe temperatures. This can be done since it is
known from the work done by De Waal3 that the
level responses will be much faster than the

temperature responses.

17 _GTll Gpl2|Gpl3 GT14- [11]
T8 Gp21|Gp22|Gp23 | Gp24 L2
= *

T9 Gp31|Gp32|Gp33|Gp34|  |L3
T8 Gp4l|Gré2|Gra3|Gras L4|

Figure 4.1.5 : OPEN LOOP TEMPERATURE CONTROL
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This matrix is of full order. It poses a
challenging multivariable problem. The design of a
suitable controller for such a system will be
discussed in the chapters that follow.

4.1.4 : TMPLEMENTATION OF THE DESIRED CONTROL SCHEME

A Turbo Pascal software package was written to run the
HERIG from a personal computer. The package displays
all the current values of the outputs as well as the
current settings for the inputs. Data can be logged and
displayed graphically. The package can run with the
flows, levels and temperatures in either closed or open
loop. For closed 1loop cdntrol, the controllers are
implemented in state space form. A fourth order Runge-
Kutta routine implements the controller numerically. A
listing of the software package 1is presented . in
Appendix D.

In order to design a controller a model needs to be
" found for all transfer functions. Data from step tests
performed on the rig were stored on disk. A software
programme was written in Turbo Pascal which took as its
input the data from such a step test. The programme
then offers the user a choice of transfer functions to
fit to the data. The user can alter all parameters of a
given transfer function, until they are satisfied that
the function approximates the data adequately.

The package is merely a tool to implement ﬁarious trial
and error approximations. It was not intended to be a
fully fledged system identification software package. A

listing of the code written is given in Appendix E.
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4.2 : CIOSED LOOP FLOW CONTROL

The flowrates in both the Pipes and the Tanks ‘are kept
constant during the running of the rig. A closed 1loop
controller will be designed to do this, based on a model for
the flowrates obtained from step tests. The open loop flow
step test results are :

|__HEAT EXCHANGER RIG : FIOW CONTROL ] |_HEAT EXCHANGER RIG : FLOW CONTROL |
vpuvo [ OPEN LOOP STEP TEST: (Fow Ry w Valv I ) ] l"ﬁ”{;,{‘ﬁ’ [ OPEN L0OP STEF TBST: (RlowPly w Velv Q1 ;
oo '-- ; .. ............. e 10 l-- 100 ] HOA A S S S e o S O : : :
SN SO rs.08 79.00 | il
m.u.m‘mi
Bs.00 33,00
© p.ad 0.00 "‘“ 4.; X \ . . . f L ) :
r 0.0 20.0s 40.0s 60.0s ©90.0s 100.0s 120.0 140.0s 160.0s 180.0s 200.0s

Figure 4.2.1 : FIOW Gl1li(s) Figure 4.2.3 : FLOW Gl12(s)
| HEAT EXCHANGER RIG : FIOW CONTROL ] | HEAT EMCHANGER RIG : FLOW CONTROL ' |
v-tpnu-co [ OPEN OOP STEP TEST: [ low P2y v Valv 5 | B v:gpru-co [ OPEN LOOP STEP TEST: [ Flow F2y ws Valv 5 | |
Lm.‘mo.' e e A O : oo & 160.5 o F— ] .

!{LIM.G- - ho.cd 0.0
{ JE=S . EEmes B =

! . , , . ; , R ; ,
0.08 20.0a 40.0x 60.0s B0.0s 100.0x 120.0c £40.0c 160.0s (80.0x 200.0% 0.0 20.0u 40.0s 60.0s B0.0z 100.0¢ 120.0s 140.0c 160,05 180.05 2Z00.0s

Figure 4.2.2 : FIOW G21(s) Figure 4.2.4 : FLOW G22(s)

These step tests confirmed the expected diagonal structure
of Gp(s). The diagonal elements are easily identified as
first order functions. The open loop model is :

N r 0.15 A
-1.24 — 0
. : s+0.15
Gp(s) =
0.15
0 l -0.50
- ' s+0.15-

Figure 4.2.5 : OPEN LOOP FLOW MODEL
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4.2.1 : CIOSED ILOOP FLOW CONTROLLER

This open loop model is diagonally dominant and. thus
two PI controllers can be designed independently for
each loop. Further there will be no need to design a
pre-compensator since there is no interaction. The
controller was chosen to give a closed loop response
that is as fast as the open loop model, without using
excessive control action.. The closed 1loop flow

controller designed is

- s + 0.2 -

Kp(s) =

Figure 4.2.6_: CLOSED LOOP FLOW CONTROLLER

4.2.2 : FILTER FOR _FILOW CONTROIL

When implemented on the rig, a filter, Fp(s) was
inserted in the feedback path of the closed loop
system. The breakpoint frequency of the filter was
chosen to be at least ten times faster than the open
loop model Gp(s). The filter is intended to eliminate
high frequency signal noise. '

o 2.0 -
0
el
Fp(s) = ) > o
o |
- s + 2.0

Figure 4.2.7 : FILTER FOR FIOW CONTROL
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4.2.3 : CLOSED LOOP CONTROL STRUCTURE

The HERIG flowrates under closed loop control from a PC

has the following structure :

CLOSED LOOP FLOW CONTROL

O R
v=[F1:F2]
uv={Cr:ce}

J Fyis)

K,(8) = PI Controller for Fiowa

Fo(8) = Fliter for Flows

Figure 4.2.8 : CLOSED LOOP FLOW CONTROI,

The results of closed loop flow step tests are :

—

veoero [ CUOSED (00P STEP TRST: (Fow Ay w RowArl |

100§ 100.5

| HEAT EXCHANGER RIG : FLOW CONTROL

p.co 0.00 4 : i 4 : P 4 —
+ + + ————— t 1= t t— t |
0.0» 20.0s 40.08 60.Us B0.0s 100.0s 120.0s 14D.0s 150.0s 130.0s 200.0u|

Figure 4.2.9 : FLOW Hll(s)

| HEAT EXCHANGER RIG : FLOW CONTROL ]

vaeco [ CLOSUD U0OP STEP TEST: [ Flow 2y w Flow For J |

100§ 100§

bs.of 73,00 |-

bo.0§ 20.08

R T Y T T LT T o]
0.0s 20.0s 40.0s 60.0s 8G.0x 100.0s 120.0s 140.0s 150.Us 1B0.08 200,0sf

Figure 4.2.10 : FLOW H21(s)

55

| HEAT EXCHANGER RIG : FIOW CONTROL ' |

vgae-oo [ OSED L0P STEP TEST: [ Flow Fly w Flow Air } ]

oo § 1005

I : : e
ho.of 90.00 oo
g : : e

P .00 ; Y i— b ; ——
0.0s 20.08 40.0s 60.0s 50.0s 100.0s 130.0s 14D.0s 150.0s 190.0v 200.0s|

Figure 4.2.11 : FLOW H12(s)
]

vepeco [ QUOSED L00P STEP TBST: ( Flow F2y w8 Flow F2r | ]

hoo § 100§

| HEAT EXCHANGER RIG : FLOW CONTROL

L I 4
rs.ob 7.op | i

b .08 50.00

P oo ey
0.0s 20.0s €0.0 60.0s W.0s 100.0s 120.0s J4D.0s 160.0s 190.08 200.0s|

Figure 4.2.12 : FILOW H22(s)
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These graphs show that the HERIG flows track their setpoints
and do not show any interaction between the loops: as was
expected. The input action required to achieve these
responses are :

| HEAT EXCHANGER RIG : FLON CONTROL ] [ HEAT EXCHANGER RIG : FLOW CONTROL ]
ugpaeto | CLOSED LOOP STEP TWST: (Valv 01 w Flow Fir 1 | vapat [ |
00100 [ T T T e Mfm?l. i ]
73.08 75.00 5.8 75,08 :
Bo.08 %0.00 m.u'suf "
Bs.ob .00 [ o508 3. :
i l :
D.00 0.00 L 1 4 1 I 1 4 I i i p.co ©.00 L 3 i 1 il 4 3 i :
0.0s 20.05 40.0s 60.0s 60,05 100.0s 120.0s 190.05 (60.0s 180.0s 200.0s 0.8 20.0s 40.0x 60.0s B0.0s 100.0s 120.0s 140.0s 160.0s 160.0s 200.03|
Figure 4.2.13 : FLOW Ul1(s) Figurev4.2.15 : FIOW Ul2(s)
| HEAT EXCHANGER RIG : FIOW CONTRAL ] [ HEAT EXCHANGER RiG : FLOK CONTROL ]
wepnco [ COSED WOOP STEP THST: (Valv (5 w Fowfor] | v aeo | CLOGED LOOP STEP TEST: [ Valv (B v Flow For | |
f100.§ 100§ ; ; T T T T oo 100.5 - — — —
e e T P ¢ :
Irs.08 3.0} i75.08 7308
1] 11l kim
T S O A S A S A S MO Bo.od 90,0 : -
5.0 25.00 5,08 25,00 S SO A
b.os 0.00 | . . . . ! . \ ; — b.od 0.00 | , : : — J . : , - X
0.8 20.0s 40.0s 60.0s 80.0: 100.0s 120.0s 140.0s 160.0s 180.0s 200.0%| 0.0s 20.0s 40.06 60.0s 90.0s 100.0s i20.0s 140.0s 160.0s 180.0s 200.0%|
Figure 4.2.14 : FLOW U21(s) Figure 4.2.16 : FLOW U22(s)

4.3 : CLOSED LOOP LEVEI, CONTROL

The structural study shows that the open loop model should
be upper diagonal. The tanks are small in volume, 22 liters,
and it is expected that they will the characteristics of an
integrator. The open loop level step test resulté are show
graphically in the following two pages.
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| HEAT EXCHANGER RIG : LEVEL, CONTROL

vetowoo | OPEN L00P STEP TEST: (Levi iy v Valv G5 ] |

mn.imu.[ ..... -

75.08 75,

¥
b

&
[ —-§+—— - J—
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Figure 4.3.1 : LEVEL Gl1(s)
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Figqure 4.3.2 :
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Figure 4.3.3 :

| HEAT EXCHANGER RIG : LEVEL CONTROL
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Figure 4.3.4 : LEVEL G41(s)
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[ HEAT EXCHANGER RIG : LEVEL CONTROL ]
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Figure 4.3.5 : LEVEL G12(s)
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Figure 4.3.6 : LEVEL G22(s)
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Figure 4.3.7 : LEVEL G32(s)

[ HEAT ENCHANGER RIG : LEVEL CONTROL ]
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Figure 4.3.8 : LEVEL G42(s)
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]

vov-or | OPEN LO0P STEP TEST: [ledl Ly w Vabv (5 |
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| _HEAT EXCHANGER RIG : LEVEL CONTROL
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Figure 4.3.9 : LEVEL G13(s)
—

| HEAT EXCHANGER RIG : [EVEL CONTROL
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Figure 4.3.10: LEVEL G23(s)

| HEAT EXCHANGER RIG : LEVEL CONTROL
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Figure 4.3.11: LEVEL G33(s)
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Figure 4.3.12: LEVEL G43(s)
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| HEAT EXCHANGER RIG : LEVEL CONTROL |
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Figure 4.3.13: LEVEL Gl4(s)

| HEAT EMCHANGER RIG : LEVEL CONTROL |
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Figure 4.3.14: LEVEL G24(s)

| HEAT EXCHANGER RIG : LEVEL CONTROL |
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Figure 4.3.15: LEVEL G34(s)

{HFAT EXCHANGER RIG : EVEL CONTROL ]
v:oaug | OPEN LOOP STEP TEST: (Ll Uy v Valv 2 |
oo § 100. ; PO T
g
.ok 7.
B,
+ o

{50.08 90 .
ps.0f 5. ; : . o
b.od 0.00 ; . , ! ! : ! — ,

0.0 10.0s 20.0s 20.0s 40.0s S0.0c 60.0s 70.0s 80.0s %0.05 100.0s]

Figure 4.3.16: LEVEL G44(s)
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The step tests confirm the expected structure of Gr(s). The
elements of the model are all integrators, the gains of
which can be found using the slopes of the graphs and the
step sizes. The dead times seen in the graphs are small and

have been ignored. The open loop model is

0.009}{ -0.01
0 0
S )
0.0105], =0.01
0 0
S )
GL(S) = -
0.0105} -0.01
0 0
S )
0.012
0 0 0 —_—
)

Figure 4.3.17 : OPEN LOOP LEVEL MODEL

4.3.1 : PRE-COMPENSATOR FOR LEVEL CONTROL

Since the open loop model is upper diagonal and all
the-
compensator can be designed to diagonals the open loop

elements in matrix are integrators, a pre-

level model.

1 1.1111/1.0582{1.0078

0 1 0.9524{0.9070
Kc(s) =

0 0 1 0.9524

-0 0 "0 1

Figure 4.3.18 : LEVEL PRECOMPENSATOR MATRIX
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4.3.2 : CIOSED I1.OOP LEVEL CONTROLLER

The pre-compensator Kq(s) diagdnalises the model Gy (s).
Thus a diagonal PI control matrix can be designed to
achieve setpoint tracking for all of the loops. The
controller was chosen to give as fast a response as was
possible, without making the valves too sensitive to

level fluctuations.

1+2000s ’
20 — 0 0 0
2000s.
1+2000s
0 20 ——— 0 0
2000s ‘
KL(S) =
: 1+2000s
0 0 20 ————— 0
: 2000s
1+2000s
0 0 0 20 —m—
2000s

Figure 4.3.19 : CIOSED LOOP_FLOW CONTROLLER

This controller needed to make the loop very fast since
level setpoints will be used to control temperatures.
Thus the level control will be an inner loop with the

temperature control being a slower outer loop.

4.,3.3 ¢ FILTER FOR FIOW CONTROL

As with the flow control a filter had to be designed to
filter out any noise on the level readings. This filter
also serves to filter any splashing that might be
caused by the stirrers. ‘
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- -
1.0
0 0 0
s+1.0
1.0
0 0 0
. s+1.0
Fi(s) =
1.0
0 0 0
s+1.0
1.0
0 0 0
s+1.0
L 4

Figure 4.3.20 : FILTER FOR FLOW CONTROL

4.3.4 : CIOSED LOOP CONTROIL_ STRUCTURE

The HERIG flowrates under closed loop control from a PC

has the following structure :

CLOSED LOOP LEVEL CONTROL

C -] u ¥
O KT [ K8 ft HERIG [T

I J F{s) 1

- K {0] - Dlagormuiiaing pre~gompensator for Levels
y-(tr;e2;ca el
¥ {8} = P contralier for Levels
u-[CB;0s:08:C21] (01 - Fiter for Loveln

Figure 4.3.21 : CLOSED LOOP FLOW CONTROL

Closed loop level step tests were performed on the HERIG.
The level response, as well as the control action used, are

displayed in the graphs that follow.
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| HEAT EXCHANGER RIG : LEVEL CONTROL
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Figure 4.3.22: LEVEL H11(s)

| HEAT EXCHANGER RIG : LEVEL CONTROL |

vgrneco [ CLOSKD 10OP STEP THST: (Levl 12y v Levl (27 1 |

00§ 100.
oA7s.ob [
L.u'm.u'

o z5.00

.00 0.00 i , N . . . . . .
+ ——t + : + 4 t 4 d
9.0s 20.0¢ 40.0c 60.0s 80.0s 100.06 iz0.0s 140.0s 160.0s 160.0s 200.0|

LEVEL H21(s)
—

Figqure 4.3.23:
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Figure 4.3.24: LEVEL H31(s)
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Figure 4.3.25: LEVEL H41(s)
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[ HEAT EXCHANGER RIG : LEVEL CONTRO. ]
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Figure 4.3.26: LEVEL H12(s)

| HRAT EXCHANGER RIG : LEVEL CONTROL ]
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Figure 4.3.27: LEVEL H22(s)

[ HEAT EXCHANGER RIG : LEVEL CONTROL ]
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Figure 4.3.28: LEVEL H32(s)
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Figure 4.3.29: LEVEL H42(s)
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| HEAT EXCHANGER RIG : [EVE], CONTROL
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| HEAT EXCHANGER RIG : LEVEL CONTROL
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Figure 4.3.31: LEVEL H23(s)
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Fiqure 4.3.32: LEVEL H33(s)
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Figure 4.3.33: LEVEL H43(s)
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[ HEAT EXCHANGER RIG : LEVEL CONTROL l
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Figure 4.3.34: LEVEL H14(s)
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Figure 4.3.35: LEVEL H24(s)
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Figure 4.3.36: LEVEL H34(s)
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Fiqure 4.3.37: LEVEL H44(s)
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| HEAT EXCHANGER RIG : LEVEL CONTROL
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Figure 4.3.39: LEVEL U21(s)
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Figure 4.3.40: LEVEL U31(s)
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Figqure 4.3.41: LEVEL U41(s)
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Figure 4.3.42: LEVEL Ul2(s)
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Figure 4.3.43: LEVEL U22(s)
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Figure 4.3.44: LEVEL U32(s)
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Figure 4.3.45: LEVEL U42(s)
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Figure 4.3.46: LEVEL Ul3(s)
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Fiqure 4.3.47: LEVEL U23(s)
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Figure 4.3.48: LEVEL U33(s)
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Figure 4.3.49: LEVEL U43(s)
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Figure 4.3.50: LEVEL Ul4(s)
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The graphs presented so far have shown that closed loop flow
control can be achieved without excessive input action. the
level control appears to be 1like bang-bang control. The
speed of the level control needs to be as fast as poséible
if the levéls are going to be used in an inner 1loop to

control temperatures.

4.4 : OPEN LOOP TEMPERATURE RESPONSES

An open 1loop model needs to be found for the HERIG
temperature response, Gp(s). The rig is first brought under
level and flow control and then only are step tests done to
extract the necessary transfer functions.

The step tests will be performed under the same conditions
to those used for the simulator. The flowrates will be the
same, as will the reservoir temperatures. The HERIG was
allowed to reach a steady state with the all the levels
.being at 20%. Then as was done on the simulator, four
successive step were done, each a raise of 60% in the leVel.
The time period for data logging was kept the same, so that
a comparison of the settling times between the actual rig
and the simulator could be done.

One technical problem encountered on the rig was a drift in
the temperature of the HOT reservoir. The HERIG was designed
such that the heated COLD water leaving the first tank is
recycled into the HOT reservoir. This results 1in. the
reservoir heating up by a few degrees and thus causing the
temperature of the reservoir to drift slightly above the.
temperature to which the controller is set.

This drift was most noticeable in the first step test done,
where all four pipe temperatures show an upward drift due to
the slightly increasing reservoir temperature. The rise is
not more than 6ne‘to two degrees and did not interfere in
later step tests. |
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Transfer functions were fitted to the open loop data, using
a sbftware package written for this purpose. A listing of
. the code written is given in Appendix E. Plots of all the
functions fitted are presented in Appendix F. They show the
data plotted against the estimated transfer function. The
functions that were fitted to the response from the first
step test, Gpll to Gp4l, ignored the drift that was

mentioned previously.

Transfer functions from the first step :

Transfer functions from the second step :
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Transfer functions from the third step :

Transfer functions from the fourth step :
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4.5 : COMPARISON BETWEEN THE MODEL AND THE HERIG

"In Chaptér 3 a model for the HERIG was developed. This model
was derived entirely from thermal and mass balances. The
heat transfer coefficients were calculated from equations
and not measured on the rig. This section will examine how
well this model compares to the actual data obtained from
the rig, as presented in the form of the derived transfer

function matrix Gp(s).
4.5.1 : COHPARISON OF THE STEADY STATE GAINS

The steady state gains from the transfer functions of
section 4.4 and the calculated steady state gains of

the model, see séction 3.5, are plotted on the same

graphs.
HERIG SIMULATOR vs ACTUAL HERIG DATA
Gains for Step in oput 1
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Figure 4.5.1 : GAINS FOR COLUMN 1
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Figure 4.5.4 : GAINS FOR COLUMN 4

These tabulated gains indicate that the model describes
the HERIG fairly well at steady state. The signs of all
the corresponding functions are the same. The values
for the diagonal elements correspond well, but the
elements furthermost from the diagonal are the worst.
Most of the gains are less than one order of magnitude
in difference, which 1is considered reasonable for

controller design®.

The gains for the elements above the diagonal show
different trends. The simulator indicated an expected
decrease in gain for elements further from the
diagonal. Step test data indicates that the gains in
fact do the opposite. This was attributed to the drift
in the reservoir temperature. The reservoir water is
first pumped through Tank 1, and thus the gains for the
first tanks are higher than expected.
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4.5.2 : COMPARISON OF THE SPEED OF RESPONSE

A comparison will bé made separately between the
diagonal elements, the upper diagonals and the 1lower
diagonals.

4.5.2.1 : DIAGONAL ELEMENTS

The settling times of the diagonal elements for
the simulator go from 300s in Pipe 1 to 800s in
Pipe 4 (see Figures 3.6.1 to 3.6.16). The HERIG
data shows corresponding settling times ranging
from 400s for Pipe 1 to a little more than 1000s
for Pipe 4 (see Appendix F). The slower settling
times for the rig is due to level response of the
rig.

The simulator assumed an instantaneous level
response, but the HERIG levels take around 80s to
settle (see Figures 4.3.22 to 4.3.37). This level
settling time could also account for the fact that
the rig data did not show the slight overshoot
that the simulator predicted.

4.5.2.2 : LOWER DIAGONAL ELEMENTS

Data from the HERIG temperature step tests show
that all the 1lower diagonal responses are all
first orders with some dead time. The simulated
responses show first order responses, but with no
dead time. The dead in the rig comes about as the
level controller requires around 80s to settle.
This means the temperature only begins to change
noticeably once the level has settled.
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Some of the médel lower diagonal transfer
functions exhibit an overshoot that is not
observed in the rig data. .This phenomena also
occurred for the diagonal elements and the
explanation is the same as is offered in the

previous section.
4.5.2.3 : UPPER DIAGONAI. ELEMENTS

The simulator predicted a second order response
characterised by two real poles. This type of
system does not have any overshoot. The HERIG
results showed a distinct overshoot. The models
fitted to these functions are characterised by two
real poles and a dominant zero that causes the

overshoot.

Thus the data for the upper diagonal elements have
the expected pole characteristics, but exhibit an
unexpected zero. The shapes of all these responses
are the same though, as are the shapes of the

simulated responses.

A model has been found for the temperature response of the
HERIG to a change in water level. This model corresponds
well to the model predicted by the simulation of the rig.-
The final chapters of this dissertation will deal with the
design and implementation of a robust multivariable
controller for the rig temperatures.
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The H, Optimal method of designing multivariable feedback
controllers is a relatively new approachl. It is a frequency
domain based method of robust, uncertainty tolerant,
controller design. The method uses singular value bode plots
to evaluate the multivariable feedback system performance?.

This chapter will present the definition of the H, norm of a
transfer function matrix and explain its meaning. An
algorithm will then be presented in which the synthesis and
design phases of obtaining a controller will be presented.
This chapter attempts to provide a guideline for anyone

wishing to use H, as a design method.
5.1 : DEFINITION OF THE OPERATOR NORM

In single variable systems the closed loop performance is
determined by the variation of the loop gain with frequency,
assuming that closed 1loop stability is achieved. For
multivariable systems, the problem arises that a matrix does
not have a unique gain. Multivariable systems can be

described by their singular values, or principle gains3.

5.1.1 : SINGULAR VALUES

For a multivariable system the norm ||G(s)u(s)| depends
on the direction of the vector u(s). Using the notation
that ||x| denotes any vector norm, an INDUCED MATRIX
NORM is defined by,

lex||

(5.1)

lel = sup
x<>0 x|
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The vector norm can be described by the Euclidean
vector nornm, '

=l = J[xHX} (5.2)
This is calculated as the positive square root of the
complex conjugate transpose of X, denoted xH,

multiplied with the vector x. The induced matrix norm
then becomes the HILBERT or SPECTRAL NORM,

lelg = o (5.3)

This Hilbert norm 1is calculated as the maximum
eigenvalue of GHg. For a square nxn matrix G, n
positive square roots of the eigenvalues of GHg can be
calculated. They are called SINGULAR VALUES. The

‘maximum singular value is then the Hilbert norm.

5.1.2 : PRINCIPLE GAINS

In section 5.1.1 the singular values were calculated
for a constant matrix G. Instead in practice we have a
frequency dependent matrix G(s) and the singular values
now depend on frequency. They are then called PRINCIPLE
GAINS. The Hilbert norm is now frequency dependent,

Ic(iw) g = a(jw) (5.3)

The principle gains can be ordered as 012032...20y,
then the maximum and minimum principle gains can be

denoted as ¢ and g respectively.
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This measure of transfer function ‘gain’, the principle
gain, is evaluated at individual frequencies. It is useful
to have a cruder measure of a single number to describe the
fgain’ of a transfer function matrix. One such measure is
the H, norm%, ‘

This norm, being a single number, is calculated as the

maximum value that the maximum principle gain of a matrix

G(jw) reaches.

The usefulness and meaning of the H, norm is shown in a
theorem proved by Vidyasagar®. Suppose an input signal u(t)
has finite energy, it is useful to know what is the maximum
increase in energy that can occur between the input and the
output for a given system. Vidyasagar has proved that'this
maximum amplification is in fact the H, norm as described in
equation 5.4 above.

5.2 ¢ ALGORITHM FOR THE DESIGN OF FEEDBACK CONTROLIERS

When designinq a controller for a given process, a closed
loop design is preferred to an open loop design since it has
the advantages of robustness in the face of process
variations, rejection of external disturbances and the

ability to stabilise unstable processes®.

All these advantages can be translated into objectives that
can be specified, for example a minimum attenuation required
for a disturbance at a particular frequency. The choice of
these objectives form the design section of the  control
problem. '
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The synthesis of a controller that satisfies the design
objectives is a problem that has been solved by Doy1e7. An
algorithm for obtaining such a controller is presented in
the following flowchart. |

- [ OBTAIN PLANT G(s) |

| SELECT 1/W1,1/W2,1/W3 |

|__SELECT Gamma |

| AUGMENT PLANT |

| PERFORM SCALING | |
ADJUST - ADJUST

Gamma ' 1/W1 1/W2 1/W8
| SOLVE SMALL GAIN PROBLEM |

[ OBTA;N K(s) |

| L
/OPTIMAL

SOLUTION
YES

1 PLOT SINGULAR VALUES
PLOT TIME RESPONSES

SYNTHESIS

\

4

{

\ N
l LOOP

DESIGN

PERFORMANCE
QBJECTIVE

YES

NO
LOOP

S -

Figure 5.1 : FLOWCHART FOR H, BASED CONTROLLER DESIGN
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\

The synthesis technique developed by Doyle is calléd r-
iteration. The plant and the desired objectives, specified
as weighting functions, are collected together to form a
nominal plant P(s). Together with the controller K(s), it
forms a feedback loop.

CLOSED LOOP PLANT CONFIGURATION

Augmented Plant

Ul =——> P(S) Y1

u2 1 y2
K(s)

Feedback controller

Figure 5.2 : NOMINAL PLANT WITH CONTROLLER IN FEEDBACK
If we suppose that P(s) can be partitioned such that
Pll(S) Plz(S)

P(s) = | (5.5)
P21(s) Pz3(s)

Then in terms of figure 5.2, we can write

Y1 = Ppi*u; + Ppo*u;
(5.6)

Yo = Ppi*u) + Pyo*u,



> - CHAPTER 5 : H, OPTIMAL CONTROLLER DESIGN AND SYNTHESIS -

The variables y, and u, can eliminated, using u,=K*y,, which

results in

This is more conveniently written as

| ot
y1 = F1(P,K) * uy | (5.8)7 mfc'

The robust control problem stated in 5.8 is called an H,
small gain problems. It is solved if given a plant P(s), a
stabilising controller K(s) can be found such that the
closed loop function F;(P,K) is internally stable and its
infinity-norm is less than or equal to one.

The TI'-iteration algorithm developed by Doyle involves

choosing a I > 0 and finding a controller K(é) that
satisfies the following problenm.

The algorithm then involves choosing a large value of I to
start with and then gradually decreasing it. The T value

chosen is included in the plant and the small gain problem
of equation 5.9 is solved to give a stabilising controller.

It has been shown that as I’ is increased to very large
values, the Glover-Doyle algorithm generates a controller
that conberges to a controller found using the LQG method?.
jg?or this non-optimal case, the algorithm will give a
controller with the same number of states as the plant P(s).
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The minimum value of I' is that for which there is no smaller
value for which a stabilising controller can be found.

During the designs that the author has performed ‘it was
noticed that the optimal value found for I vielded a

controller with the least possible number of states.

5.3 : OBTAINING A PLANT MODEL

A description for the plant is usually obtained from step
tests. From these tests a matrix of transfer functions is
found that describe the plant dynamics and steady state
values. The matrix elements are presented in the form of
Laplace transforms.

The__solution_of_the_H,_problem | uses_a_plant described in
state space form, G(s) : [A B;C D]. Thus the transfer

function matrix needs to be converted from transfer function
matrix to state space matrix form. This process often
results in a system with a large number of states, many of

them superfluous.

Thus a model reduction is performed and the H, method done
on this reduced order model. This not only saves on
computational time but also allows a controller of lower
order (less states) to be found than would be possible with

a full-order plant model.

eductior ique thi issertation is the
Optimal Hankel minimum degree approximation. It is a method
developed by Safonov and is documented and coded as a
function that can be used with MATLAB!O. The reduced order
model should be checked with the original in the frequency
‘as well as the time domains. This involves finding the
minimum ordér model for which the principle gain plots and

the time domain simulations remain virtually the same.
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5.4 : WEIGHTING FUNCTIONS SPECIFICATIONS

For multivariable systems the performance specifications are
expressed in terms of principle gains. The H, method
fequires weighting functions to ‘be. placed on the signals
that measure the required performance functions. The
traditional closed loop feedback configuration and weighting
functions are shown in the figure below.

CLOSED LOOP SIGNALS WITH ASSOCIATED WEIGHTINGS

[

s +_<-[> oK (S} e —G(S) e

Figure 5.3 : CLOSED LOOP CONFIGURATION WITH WEIGHTS

The functions  that measure the performance of the closed

loop system are
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The closed 1loop . requirements, specified in terms of

principle gains can typically be described as followsll,

(1) SENSITIVITY ¢ The measured output should not be affected
by added disturbances at the output. The transfer
function between the output and disturbances is the same
as between the error and the setpoint. Thus we have a
requirement that o[S(s)] should be as small as possible.

(2) ROBUSTNESS : Uncertainty in the plant can be described
in terms of multiplicative and additive uncertainties.
It is common to lump these two into a single
Vmultiplicative uncertaintyl?2. The smaller the maximum
principle gain of the robustness function, the greater
will be the size of the smallest destabilising
perturbation, and hence ‘the greater the stability
margin. Hence a requirement is that G[T(s)] be as small
as possible. This also has the effect of attenuating
sensor noise. ' '

(3) SETPOINT TRACKING : The most elementary of performance
objectives is that the outputs reach their specified
values. This results in limit being imposed on both the
minimum and maximum principle gains. The requirement is
that o[T(s)] = 1 and also g[T(s)] = 1.

(4) MINIMISE CONTROL ACTION : Most real systems have a limit
on the amount of input action that can be delivered.
This poses the problem that if a designed controller has
too large a control action, the inputs will hit limits
and the linear theory to predict the outputs will be
invalidl3. Thus a further requirement is to keep G[K(s)]
as small as possible.

-These requirements conflict with one another, for example 2
conflicts with 3. Thus the solution is to achieve each

specification within a specified frequency range.
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5.4.1 : DESIGN OF WEIGHT ON S(s

The design objective of sensitivity can be achieved by
keeping G[S(s)] less than some weighting function at
low frequencies. High frequency disturbance rejection
needs to be sacrificed to accommodate the robustness

requirements.

o[s(s)] < w1

1W1S]le

IA

(5.14)

IA

1

The design_of a suitable_weight W;-! then becomes a,

e e

—filter design problem. Typically W,”! would be as

depicted in the figure below.

Magnitude

+db T

O db
Fraquency

" w - [Rad/s]

Amin :,.

Qain : Overell funstion galn

-db - Amax : Maximum logse in paessband
* Amin ¢ Minimum icas 10 gatopband

wp | Pasaband edge frequensy
wy  Stopband edge frequengy

Figure 5.4 : WEIGHTING FUNCTION wi~1

since the function W;, not its inverse W;~l, needs to
be multiplied with S(s), W; need to have a realisable
state space form. Figﬁre 5.4 indicates W; should be

designed as a LOW PASS filter with a gain offset. _The
method_used__in_this dissertation is the Butterworth

design methodl4.
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5.4.2 : DESIGN OF WEIGHT ON R(s

The algorithm developed by Glover and Doyle requires
that the weight W, be non zero. If it is not present

certain_state space matrix rank conditions will not be
~satisfied. This weighting function also serves the
purpose of satisfying the input action design

objective.

o[R(s) ] s'wzfl

”WZR“m

(5.15)

IA

1

In controller designs documented to datel® the
weighting function Wz'l has been chosen as a constant,
to satisfy the required rank condition.

WEIGHTING FUNCTION @ Input Action

Magnitudea
+db *
-1
W2
Qaln
O db m—-
Fraguency
w - [Rad/s]
Galn :'Overall funstion getn
-db :

Figure 5.5 : WEIGHTING FUNCTION w2~1

It has been shown that Wz'l need not be included to
satisfy the rank conditionsl®. But this requires W5~1
to be chosen in a specific form and the plant model to

be amended.
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.a__general _strategy.._to. _be._.adopted. when . designing,
_controllers. This together with the usefulness of W,”1

e |

This does not make for a versatile means of formulating.

in limiting the input action has led to it being
included—in-the weights used in this dissertation,

5.4.3 : DESIGN OF WEIGHT ON T(s)

The design objective of setpoint tracking will be
achieved if G[S(s)] << 1 at low frequencies, sincel”
S(s) + T(s) =:1I. The robustness specification can be
achieved if W3‘1 is chosen such that o[T(s)] is small
at high frequencies. The conflicting requirements have

now been resolved by dividing the problem in frequency.

G[T(s)] < Wy~1

1W3Te

IA

(5.16)

IA

1

The design of a suitable weight W3'1 is then also a
filter design problem. Typically W3'1 would be as
depicted in the figure below. '

WEIGHTING FUNCTION : Robustness

Magnituda
+db 4

WS— L Frequency
w - [Rad/s]

O db

Qain : Gverall funstion galn

-db % Amax : Maximum Ioss In passband
Amin: Minimum lozs In stopband

wp | Pasgband edge frequangy
we | Stopband edge frequenrsy

Figure 5.6 : WEIGHTING FUNCTION wW3~1
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As with Wwp, the weight W4y needs to have a state space
realisation. It is evident from figure 5.6 that W,

‘ needs to be designed as a HIGH PASS filter with
associated gain. Once again the Butterworth method is
usedl8, '

No mention has yet been made on how to choose the filter
parameters to achieve the design objectives. There is no
documentation in literature to date to suggest how one goes
about doing this. Part of the aim of this dissertation is to
formulaté such a scheme. This process will be viewed as a
design stage and will be discussed in in section 5.6.

5.5 ¢ SYNTHESIS

«_functions are adapted to form_an_augmented plant, a form in
which the H, problem can be solved. The rank conditions that

need to be satisfied will be defined, as will the scaling
required to achieve certain matrix conditions. ‘

Once thiSL_haS been__done a_stabilising controller can_be
found by solving two Ricatti equations. The method of

finding such a controller will be explained briefly. Finally
the scaling performed on the plant need to be incorporated

into the controller.

The scheme that will be laid out in this section ‘is that
adopted by craigl?, which is the algorithm formulated by
Glover and Doyle. '

5.5,1 : AUGMENT PIANT

The closed loop plant configuration of figure 5.3 needs
to be converted, augmented, into the form shown in
figure 5.2. The plant and weights are assumed to both
have realizable state Space_forms.
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AUGMENTED PLANT P(a}

W2 : y2a
u am kel G(s) ziel W3 _._. y3a
RS ——— y2
K(s)
CONTROLLER

Figure 5.7 : AUGMENTED PLANT

Using - equations 5.5 and 5.6 this augmented plant has

the following description

T -
yi = |0 |ul + Wy [u2
- . (5.17)

y2 = [I ul + [ -G |u2

Assuming the plant has a state space realisation of

A}

G(s) = 7 (5.18) .
Assuming the weights have state space realisations of

Awi | Bwi
(5.19)

Wi(s) = |
Cwi | Dwi
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Using the state space descriptions above, the augmented
plant can be realised in state space form. The
augmented plant then has realisation

A l B, B,

D11 Dio (5.20)
D31 D22

P(S) = Cl
C2

Where the matrices are as follows

A 0 0 0
“By1Cp Ayy O 0
A = 0 0 AWZ 0 (5.21)
BysCp O 0 Ay
0 Bp
By1 | “BwiDp
[By|By] = g ngo (5.22)
w3Pp
- -
Dw1Cp Cwi O 0
Ccy 0 0 Cya O
Ia— = Dw3cP 0 0 Cw3 (5. 23)
C2
-Cp 0 0 0
L J
Dy1 | ~Dwi1Dp
Dyy|D12y | O Dy2
=] o0 Dy3Dp (5.24)
D211D22 . 5
~Dp

This concludes the state space description of the
augmented plant and weighting functions. '
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5.5.2 : SCALE PLANT

The augmented plant needs to be scaled to accommodate
the I' iteration procedure. A scaled plant incorporates
the I' in equation 5.10 and a controller is found to
solve the original specification of eQuation 5.9.

Scaled Plant P™(s)

Figure 5.8 : SCALE THE PLANT

The scaled plant, P7(s), then has a realisations of

A | B1/JT By*/T
Co*J/T | Dp3  Dpp*T
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5.5.3 : SCALE CONTROLS AND MEASUREMENTS

The error and input signal, which form the . inputs and
outputs respectively to the controller, need to be
scaled such that

T _
Djp™Dyp =1

T _
DyDp1" =1

(5.26)

Two matrices, Su and Sy, are used for the scaling. They
can be computed using Cholesky decomposition to solve

the following

suTsu = D;,TD;,

- (5.27)

sy t(sy™1)T = D,1Dy;

The scaling is performed by inserting the matrices as

shown in the figure below

Scaled Controls P7(s)

u1“§ | N SCALED gyj”
‘ " PLANT T
P7(s)
u2” - ye©
B ESLJ1 » Sy ——>

Figure 5.9 : SCALE CONTROLS AND MEASUREMENTS
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The new plant matrix, P~(s), then has a realisations of

A" | BT B,"su~!
Pr(s) = Cy” D1;” D12:Su:i (5.28)

5.5.4 : SOLUTION

The solution will assume that the plant P(s) has been
scaled as indicated in sections 5.5.2 and 5.5.3. The
procedure further requires that the augmented plant
P(s), the scaled version, have certain matrix

properties.

5.5.4.1 : TRANSFER FUNCTION P11 BE STRICTLY PROPER

For P,;(s) to be strictly proper, D;; must be
zero. If as suggested in section 5.4.1 weighting
function W; is designed as a low pass filter, then
this will automatically be fulfilled since Dy
will be zero.

5.5.4.2 : TRANSFER FUNCTION P22 BE STRICTLY PROPER

All real plants exhibit high frequency roll-off20,
This means that Dp will be 2zero for'real'plants
and consequently D,, will be zero as well, thus
ensuring a strictly proper function Pj5(s).

5.5.4.3 : TRANSFER FUNCTION P21 BE PROPER

For P,;(s) to be proper, it must be ensured that
D,; 1s non-zero. In the standard feedback
configuration used D,; is equal to the identity
matrix and thus this condition is satisfied.
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5.5.4.4 : TRANSFER FUNCTION P12 BE PROPER

I1f, as stated in section 5.5.4.2, real plants are
studied then it is evident from equation 5.24 that
in order for D;, to be non-zero (thus satisfying

‘Plz(s) be proper) the element Dy, must be non-

zero. But since we have <chosen to include
weighting W, this can be satisfied if W, is
designed as a constant, or as will be suggested

later as a high pass filter.

- A_compensator can_now be found for the scaled version.

e e L . e

of the'auggented plant, since all the conditions are

—guaranteed to be met,.

—— PLANT  —

Controller K{s)
Figure 5.10 : H,, CONTROLLER STRUCTURE

VA legitimate choice?l for @ is, Q(s) = 0. This value

will

be used throughout. The plant P(s) :

(A,B,B5,C1,C5,D19,D12,D31,D32] is assumed to be scaled

for I', control signals and measurements.
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The state space realisation of J(s) is

J(s) = (5.29)A

where the matrices are as follows

- - Tic. -
A = A-KpCy-BoKo+YeCyT(Cq=DgoKc) (5.30)
By = [Kg | Kgp] (5.31)
—KC ' .
Cy = |—— (5.32)
Kea
0 -1
Dy = - (5.33)
with
Ke = (BpTXp + D1TC1) (I - YoXe) ™t (5.34)
CKeop = (D35BT = Cu) (I - YeXeo) ™t (5.35)
Kp = (YuCpT + ByDpy7T) (5.36)
Kpp = (YeCqTD3p + By) (5.37)
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Xo 1s the unique solution of the Algebraic Riccati

equation

(A=ByDy,TC;)TXy + Xp(A-B,Dy,TCy) - X (B5B5T=B1B1 T) Xy -
+ (C3-D,D1,T¢1)T(ey-Dy 5Dy, Cy) = 0
(5.38)

Yo 1s the unique solution of the Algebraic Riccati

- equation
(A=B3DyqTCy) Y + You(A-B1DypTCo)T = Y (o, T-ci01T) Y,
+ (By-B1D31TD51)T(B;-B1D5;TDy5) = 0

(5.39)

5.5.5 : OBTAIN CONTROILER

The scaling that was performed on the plant P(s) needs
to be incorporated into the controller. This will

result in the final controller to be implemented.

U1 PLANT -y
F(s)

v

up | | yo

Figure 5.11 : SCALING THE CONTROILLER
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With Q(s) = 0, the state space description of the
compensator K~(s) is

Ag” | Bk
K*(s) = (5.40)
CK/\ | DK/\
where the matrices are as follows
Ag" = A-KpCy-B,Ke+YqCyT(Cq=Dg oK) (5.41)
CKA = KC . (5.43)
DKA = 0 . ) (5.44)

'Incorporating the scaling; the final controller K(s)

has a realisation

K(s) = (5.45)

where the matrices are as follows

Ag = A" ‘ (5.46)
Bg = JT*Bg~*Sy (5.47)
Cg = JT*su™lxcyr (5.48)
Dg = *su~l#Dyr*sy (5.49)
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5.6 : H, DESIGN

The decisions on how_to adjust the weighting functions to
achieve the desired performance objectives are design
choices. The choices need to be made with the help of time

—Simulations and principle gain_ plots of the closed loop
system that the H, synthesis generates.

This section will outline the effects the weights have on
the various objectives. These effects are based_ on__the

desd gn nvr\n‘ri ence...the anthor has gained by USiina the H_,

method-\ The means of achieving certain of the frequency
domain objectives, for example roll-off of T(s) at high
frequency, has been discussed in the literature. Little
emphasis has however been placed on the means of achieving

certain time domain specifications. In particular none of
the references used by the author has considered the
limiting of input action, a very real problem encountered on
industrial plants22.

5.6.1 : SETPOINT TRACKING

The low frequency gain of Wl'l determines if setpoint
tracking will be achieved. If this gain is made very
small, say below -60db, then it ensures that S(s) is
below this value and since S(s) + T(s) = I this
guarantees T(s) = I at low frequencies. If Wl'l is not
made sufficiently small at low frequencies, then S(s)
does not become sufficiently small enough to ensure
setpoint. tracking.

5.6.2 : DISTURBANCE REJECTION

The rejection of low frequency disturbances is achieved
in the same manner as setpoint tracking. Ensuring W;~1
is very small at low frequencies ensures that S(s) is
small at those frequencies, thus achieving a dual gain

of setpoint tracking and disturbance rejection.

i)
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The H, synthesis method automatically eliminates
interaction if the design specifications are chosen
correctly. Choosing Wz'l as a small constant value,
results in a noticeable amount of interaction.
Increasing its value decreases the amount of
interaction. This is as a result of a relaxing‘of the
constraint placed on the input action. More input
action is allowed and thus the interaction can be
eliminated.

5.6.6 : INPUT ACTION

It was found that in achieving the optimal solution
using the I' iteration procedure, the inputs for time
simulations were 1large. In an attempt to eliminate
these large ‘discontinuous inputs, the weight W, was
designed as a high pass filter, thus eliminating the
high frequency discontinuities. This proved successful
in reducing the inputs in magnitude, as well as having

smooth input function in time.

The next chapter will present the design of a controller for

the Heat Exchanger Rig. The design objectives that will be

examined are those outlined in this section.
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In this chapter the design methodology of Chapter 5 will be
put into practice to design a controller for an actual
process, a Counter Current Heat Exchanger Rig.

This HERIG has been studied in depth in previous chapters
and an open loop model has already been found for the
process. This model will be reduced in order and the design
will be done using the reduced order model. It will be shown
that the reduced order model is a good approximation of the
full order model. '

The design will involve various. stages before a final
controller is chosen to be implemented on the HERIG. Once
the final controller has been found, it will be implemented
on the HERIG and ‘the results obtained will be evaluated.

6.1 : SOFTWARE USED TO PERFORM DESIGN

The software needed to solve the synthesis problem was
written by Safonov and Chiangll and 1is available in the
MATLAB Robust Control Toolbox. Further software for MATLAB
needed to be developed to implement the loading and saving
of multivariable matrices, as well as writing a programme
with which a controller for any plant can be designed. A
listing of all the software written by the author is
presented in Appendix G.

A PASCAL programme was also written to enable a user to
input a multivariable transfer function matrix. MATLAB
software written by the author then loads this data and
converts it into a state space form. Finally software was
also written to load and save the multivariable state space
matrix forms.

- 103 =~
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6.2 : MODEL. REDUCTION

The derivation of a multivariable transfer function matrix
for the temperature response of the HERIG is detailed in
Chapter 4. The matrix Gp(s), when converted to a state space
form, becomes a 28 state model. The reduction of this model
was done using MATLAB. A routine for the Optimal Hankel

minimum degree approximation was used?.

The reduced order model needs to be evaluated by examining
the frequency as well as the time responses of both systems.
The reduced order was iteratively decreased until, by
examining both sets of plots, it was felt that the minimum
order model was found. The minimum order found was an 6TH

order model.

The frequency response of the original 28TH order model and
the reduced 6TH order model are compared in the following
figure. Since each model has four inputs and four outputs
there will be four principle gains plotted for each model.

MODEL REDUCTION
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Figure 6.2.1 : COMPARATIVE FREQUENCY RESPONSE
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The responses of the two systems are now compared for a step

in the four inputs.

HMODEL REDUCTIOM

Butput - 1°C)

Time — L[=3

Figure 6.2.2 : COMPARATIVE STEP RESPONSE (STEP IN?UT 1)

MODEL REDUCTIOM
2 .04 o T

Output - 1'C)

Time — (=]

Figure 6.2.3 : COMPARATIVE STEP RESPONSE (STEP INPUT 2)

MODEL REDUCTIOM
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Outpat - 1'C]

-a.e1 |- g cee s e

sSeo
Time — [m]

Figure 6.2.4 : COMPARATIVE STEP RESPONSE (STEP INPUT 3)

MODEL REDUCTIOM i

-85

-4

.a3

ez

a1

Qutput - ['C)

—9 .31

Timeo — (=l

Figure 6.2.5 : COMPARATIVE STEP RESPONSE (STEP INPUT 4)

The responses show that the reduced order model is
sufficiently similar to the original. The reduced order

model has a state space realisation Gp(s) : [Ap Bpi;Cp Dpl.

- 105 -



- CHAPTER 6 : HERIG TEMPERATURE CONTROL USING H, DESIGN -

—-0.11237 0.04249|-0.02730/-0.81698|-0.50692 ~0.21676]
0 -0.03346| 0.03701| 0.20319|-0.02755|-0.91587
0 0 -0.01945| 0.19856| 0.05059|-0.30513
0 0 -0.00147|-0.01925| 0.01134| 0.01571
0 0 0 0 -0.01606|-0.05495
0 0 0 0 0.00065|~0.00655
(6.1)
- -
-0.05915| 0.00106|-0.13061] 0.08681
0.02010{-0.03872| 0.03221| 0.02388
-0.02331| 0.02644| 0.02003| 0.01249
Bp = (6.2)
0.00240( 0.00031|-0.00102| 0.00007
-0.00283|-0.00033{ 0.00115| 0.00177
0.00008| 0.00005| 0.00015| 0.00022
[ 0.00006 -0.01285| 0.01144|-0.25317| 0.35220| 0.68954]
-0.00700| 0.02520|-0.04804|-0.10234| 0.67748| 0.90750
0.00168|-0.00854|-0.00382| 0.61062| 0.53456| 0.30306
-0.01030|-0.00845|-0.00050| 0.61062| 0.27354|=-0.40409
(6.3)
[ 0 0 0 o |
0 0 0 0
Dp = : (6.4)
0 0 0 0
0 0 0 0
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This reduced order model has poles that are determined by

the eigenvalues of the matrix'AT.

Poles of Gp(s) : '
-0.1124
-0.0335
-0.0194 + j 0.0171

-0.0113 + j 0.0036

The zeros are computed as the transmission 2zeros of the

state space systen.

Zeros of Gmp(s) :
0.0551

+=0.0097

The transfer functions in Chapter 4 show that most of the
full order syétem poles lie in the region between -0.01 and
-0.02. From the poles of the reduced order system it can be
seen that this real value of pole position has been retained
but that an imaginary component has been added.

The transfer function matrix has dead times in it, which are
realised in state space via a first order Pade
Approximation. This leads to non-minimum phase zeros being
introduced. This right half plane 2zero characteristic has
been retained by a zero at +0.0551 in the reduced order
model.
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6.3 : DESIGN NUMBER 1

The initial design is to make the closed loop system as fast
as the open loop system. From Figure 6.2.1 it is seen that
the open 1loop bandwidth is"around 0.02 rad/s. Since the
closed loop bandwidth is determined by the frequency at
which the weights Wl'l and W3"1 cross over, these weights
are chosen to cross over around this frequency. Both weights
are chosen as first order functions so as to keep the order
of the controller down.

To achieve disturbance rejection, setpoint tracking and
robustness the low and high frequency gains of wl'l and W3’1
respectively were chosen to be below -60db. The weight W2'1
was chosen as a constant 10db, to keep the controller order

as low as possible.

Table 6.1 : SPECIFICATIONS FOR WEIGHTS IN DESIGN 1

Gain wp wSs Ayax AMIN
[dB] [rad/s] [rad/s] [dB] [dB]
(wi~ly,, || -s60 1.0E-5 1.0E-2 4 60
(wi~1h)55 | -s60 1.0E-5 1.0E-2 4 60
(w1~1)35 | -s60 1.0E-5 1.0E-2 4 60
(w1 1y, || -60 1.0E-5 1.0E-2 4 60
-1 . - -
(W271);; 10
(w2"1)55 10 — —
(wz‘i)33 10 — —
(w2"1) ;3 10 — —
-1 - -
(W3721)1 60 2.0E+1 2.0E-2 4 60
(w3~1)55 | -60 2.0E+1 2.0E-2 4 60
(w3"1H)35 || -s60 2.0E+1 2.0E-2 4 60
(w3™1),1 || -s60 2.0E+1 2.0E-2 4 60
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6.3.1 : SYNTHESIS STAGE 1 (I = 1E6)

An initial value of 1E6 was chosen for I'. This large

value of T results a controller that has 14 states, the

same number of states that of the augmented plant P(s).
t

The principle gains of weighting functions and the
performance functions that result from the controller
designed are displayed below.

Magnitude ~ {[d4B1

Hagnitude — (4B]

WEIGHTING FUNCTIONS - Sensitivity, Input Action & Robustness
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Figure 6.3.1 : WEIGHTING FUNCTIONS (DESIGN 1.1)
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Figure 6.3.2 _: PERFORMANCE FUNCTIONS (DESIGN 1.1)
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The output and input functions for steps in the four

setpoints are displayed in the figures that follow.
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(Step Setpoint 4)

110 -



- CHAPTER 6 : HERIG TEMPERATURE CONTROL USING H, DESIGN -

6.3.2 : SYNTHESIS STAGE 2 (T = 16)

The value of I' was reduced until the minimum value was
found, I 16. This gives a controller with 10 states,
the of this of
weighting functions.

optimal number states for choice

g8 WEIGHTING FUNCTIONS - Sensitivity, Input Action & Robustness
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Figure 6.3.11 : WEIGHTING FUNCTIONS (DESIGN 1.2)
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Figure 6.3.12 : PERFORMANCE FUNCTIONS (DESIGN 1.2)
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' The output and input functions for steps in the four
~ setpoints are displayed in the figures that follow.
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Step Setpoint 1

CLETID LoGP STI? ATPOIBE - [init Step In Setpoint 2

R

[} N 2 W S Pe P TR s T e
Time - (s]

igure 6.3.18 : INPUT
(Step Setpoint 2)
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The principle gain plot of T(s) for both synthesis cases are
not close together. This indicates that the loops will not
behave like independent single variable loops and
interaction can thus be expected. This unacceptably high
amount of interaction is confirmed when the time simulations

are plotted.

This interaction is attributed to the low constraint (10 dB)
placed on the input function. It should also be noted that
for this low value of Wz‘l the functions S(s) and T(s) are
not less than their weighting functions, even for the
optimal solution. This phenomenon cannot be explained. The
weighting function on the input will be relaxed in the next
design in an attempt to rectify this and the interaction

problems.

The synthesis technique of finding the minimum T value
results in a controller of minimum order being found. A side
effect of this optimai controller is that the inputs become
discontinuous functions, they have large spikes as initial
values. This high frequency action is due to the high
frequencieé of R(s) not being attenuated (see Figure
6.3.12). The spikes do not as yet pose a problem since they
remain less than *50%, the limiting region of input space.

Finally finding the Optimal controller also ensures that the
speed of response of the on-diagonal elements are the same
as the designed values. In synthesis stage 1 the bandwidth
is a decade lower than expected and consequently the speed
of response is much slower than anticipated. In stage 2 the
bandwidth is around its expected value of 0.02 rad/s and
response times around 50s.
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6.4 : DESTGN NUMBER 2

The initial design of section 6.3 achieved setpoint
tracking, due to the low gains chosen for Wl'l and W3’1, and
the desired response times for the loops were also achieved.
There was however a large amount of interaction between the
loops. This second design will attempt to eliminate this
interaction but still retain the setpoint tracking,
disturbance rejection, robustness and Tresponse times

attained in the previous section.

To maintain the response the cross-over frequency of the
first and last weights must be maintained. Their gain must
be retained at the low value of -60db to ensure the other

specifications still remain.

The initial value of 10db on Wz'l is relaxed to 60db. It
should be noted that there is still no frequency related

constraint, since a constant value is still used.

Table 6.2 : SPECIFICATIONS FOR WEIGHTS IN DESIGN 2

Gain wp wS Ayax AMTN
[dB] [rad/s] [rad/s] [(dB] | [dB]
(wi 1y, || -60 1.0E-5 1.0E-2 4 60
(Wwi~hy55 | -e0 1.0E-5 1.0E-2 4 60
(wi=1)33 | -60 1.0E-5 1.0E-2 4 60
(w1 1),, | -60 | 1.0E-5 | 1.0E-2 4 60
(wz:i)ll 60 — —_ .
(wz_l)zz . 60 _— —_
(wz_l)33 60 _— N
(W2 )44 60 —_ —_—
w3 1y, || -60 2.0E+1 2.0E-2 4 60
(W3~1)55 | -e0 2.0E+1 2.0E-2 4 60
(w3~ 35 || -60 2.0E+1 2.0E-2 4 60
w31y 4 || -60 2.0E+1 2.0E-2 4 60




- CHAPTER 6 : HERIG TEMPERATURE CONTROL USING H, DESICN -

6.4.1 : SYNTHESIS STAGE 1 (I' = 1E6)

An initial value of 1E6 was chosen for I'. This high
value results in a controller that has 14 states, the

same number of states that the augmented plant P(s)
has.

The principle gains of weighting functions and the
performance functions that result from the controller
designed are displayed below.

WEIGHTING FUNCTIONS - Sensitivity, Input Action & Robustness
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Figure 6.4.2 : PERFORMANCE FUNCTIONS (DESIGN 2.1)
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The output and input functions for steps in the four
setpoints are displayed in the figures that follow.
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6.4.2 : SYNTHESIS STAGE 2 (I' = 0.95

The value of I' was reduced until the minimum value was
found, ' = 0.95 (note that Doyles algorithm only
requires I' > 0 and allows fractional values less than
one). This gives a controller with 10 states, the

optimal number of states for this choice of weighting
functions.

WEIGHTING FUNCTIONS - Sensitivity, Input Action & Robustness
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Figure 6.4.12 : PERFORMANCE FUNCTIONS (DESIGN 2.2)

- 117 -



- CHAPTER 6 : HERIG TEMPERATURE CONTROL USING H,, DESIGN -

The output and input functions for steps in the four

sétpoints are displayed in the figures that follow.
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It might seem curious as to why a I' value less than one is
chosen (see equation 5.9). If a limiting value greater than
one is found it means that the weights are too restrictive
for the solution of equation 5.9, whereas if a positive
fractional value less than one is the bptimal case then it
indicates that the weights are too relaxed and a solution
can be found for a more constrained case.

From the principle gain plots of T(S) it can be seen that
increasing the value of W2°1 has resulted in the principle
gains being much closer together. This means that there is
very little variation of the loops and each behaves as if
they were single variable loops3. The lack of interaction is.
also evident in the time simulations.

The performance advantages gain from the first design have
not been lost and the response time has remained the same

for the case of the minimum value of T.

The input action has now become a problem. The initial
spikes in input (see Figures 6.4.17 to 6.4.20) have become
larger than for the first design. These values, greater than
+100%, are outside the allowable input space, which is an
unacceptable design.

The next design will downgrade the performance, speed of
response, in an attempt to have a closed loop design with
acceptable'input action.
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6.5 : DESTGN NUMBER 3

ane"again the advantages géinedv from the previous two
designs must not be lost when improving on them. This
section will slow the response time down in an attempt to
have the input functions as more acceptable continuous

function.

This was done by choosing the closed loop bandwidth to be
about 0.004 rad/s, thus giving a closed loop time constant
in the region of 250s. It 1is felt that any. further
downgrading of the closed loop response time will result in
a system that is unacceptably slow when compared to the open
loop time constants.

Table 6.3 : SPECIFICATIONS FOR WEIGHTS IN DESIGN 3

Gain wp ws AMAX AMIN
[dB] [rad/s] [rad/s] [dB] [dB]
(w1 1ly,; | -s60 3.0E-6 3.0E-3 4 60
(wi~1)55 | -60 3.0E-6 3.0E-3 4 60
(w1i~1)35 | -s60 3.0E-6 3.0E-3 4 60
(w1 1), | -60 3.0E-6 3.0E-3 4 60
(wz‘i)11 60 — — — | —
(W2T1)33 60 — — — | —
(w2"1),2 60 — —_
(w3™1ly,; || -e0 5.0E+0 5.0E-3 4 60
(w3155 || -60 5.0E+0 5.0E-3 4 60
(w3~1)35 || -60 5.0E+0 5.0E-3 4 60
(W3™1)a || -60 5.0E+0 5.0E-3 4 60
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6.5.1 : SYNTHESIS STAGE 1 (I" = 1Eé6

An initial value of 1E6 was chosen for I'. This high
value results a controller that has 14 states, the same
number of states that the augmented plant P(s) has.

The principle gains of weighting functions and the
performance functions that result from the controller
designed are displayed below.

a8 UEIGHTING FUNCTIONS - Sensitivity, Input Action & Robustness
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The output and input functions for steps in the four
setpoints are displayed in the figures that follow.
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6.5.2 : SYNTHESIS STAGE 2 (I' = 0.85)

The value of I was reduced until the minimum value was
found, I' = 0.85. This gives a controller with 10
states, the optimal number of states for this choice of
weighting functions. |
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The output and input functions for steps in the four

- setpoints are displayed in the figures that follow.
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The design in synthesis stage 1 shows a very much slower
response than was designed. But as is expected when the
optimal value of I' is found the system responds with the
desired speed (time constant of around 250s). The principle
gain plots show that the previously achieved levels of
disturbance rejection and robustness have not been lost.
Setpoint tracking has also been retained. ‘

From the time responses of the inputs it is evident that
slowing the response time down has not affected the input
action at all. This is due to the high frequency action (see
Figure 6.5.12) of R(s) not being limited. The weight Wz'l is
a constant and thus does not have a state space realisation
(matrices A, B and C are all null). This results in no
frequency dependent characteristics being imposed on the
input function R(s).

The final design will use a frequency dependant'weight W2‘1
to eliminate the high frequency spikes.
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6.6 : DESIGN NUMBER 4

Another problem generated by the controller spikes are large
numerical values in the state space matrices of the
controller. This creates a system whose solution is
dependent on a very small sampling interval. Thus it is
reasoned that by eliminating the violent input action, the
numerical values in the controller will become acceptably

small to solve in real time.

From the previous graphs of input action, it is seen that
the predominating feature is a high frequency spike at the
time of a step. Thus if a frequency limitation can be placed
on the input' action, these high frequency spikes can be
eliminated.

This can be done by designing the weighting function Wz‘;

with the same frequency dependent characteristics as weight
W3'1 has, then the weight Wz'l will attenuate the high
frequencies of the input signal and a smoother input time

response should result.

Table 6.4 : SPECIFICATIONS FOR WEIGHTS IN DESIGN 4

Gain wp wS AMax AMTN

[(dB] [rad/s] [rad/s] [dB] {dB]
(wi~1y;, |l -60 3.0E-6 3.0E-3 4 60
(w1~1)35 | -60 3.0E-6 3.0E~3 4 60
(wi~1)35 || -e60 3.0E-6 3.0E-3 4 60
(w1 1y, |l -60 3.0E-6 3.0E-3 4 60
(w2"1),, || -e0 5.0E+2 | 5.0E-1 4 60
(w2=1)55 | -60 5.0E+2 5.0E-1 4 60
(w2-1)35 | -60 5.0E+2 5.0E-1 4 60
(w2"1y,; | -60 5.0E+2 5.0E-1 4 60
(w3~Ly,; || -60 5.0E+0 5.0E-3 4 60
(w3~1)55 || -e0 5.0E+0 5.0E-3 4 60
(w3~1)335 | -60 5.0E+0 5.0E-3 4 60
(w3™1),4 | -60 | 5.0E+0 5.0E-3 4 60
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6.6.1 : SYNTHESIS STAGE 1 (I = 1E6

An initial value of 1E6 was chosen for I'. This high
value results a controller that has 18 states, the same
number of states that the augmented plant P(s) has.

The principle gains of weighting functions and the
performance functions that result from the controller
designed are displayed below.

WEIGHTING FUNCTIONS - Sensitivity, Input Action & Robustne=s

108 HERAEH H TN LA A

=

=

!

[

<

E]

hot

e

o

]

=
18-S 19-4 18-3 19-2 181 199 19t

Frequency — [Rad/sl

Figure 6.6.1 : WEIGHTING FUNCTIONS (DESIGN 4.1)
58 PRINCIPLE GAINS - Sensitivity, Input Action & Robustness
]

=

=

i -58

[}

o

3

£ -108

[

@

o

=

-158
_zaa N N N NN N N R .

18-S 18-4 18-3 18-2 19-1 189 18t

Fraquency - [Rad’/s]

Figure 6.6.2 : PERFORMANCE FUNCTIONS (DESIGN 4.1)

- 127 -



- CHAPTER 6 : HERIG TEMPERATURE CONTROL USING H, DESIGN -

The output and input functions for steps in the four

setpoints are displayed in the figures that follow.
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6.6.2 : SYNTHESIS STAGE 2 (L' = 0.9)

The value of T' was reduced until the minimum value was
found, T = 0.9. This gives a controller with 14 states,
the optimal number of ‘states for this choice of
weighting functions. '
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The output and input functions for steps in the four

setpoints are displayed in the figures that follow.
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The time responses show that the input action is now a
smooth function. The principle gain plot of S(s), R(s) and
T(s) all below the designed frequency weighted functions,
thus eliminating the wunexplained problem of the first
design. The input action R(s) also shows the expected
attenuation of high frequency input action. The trade-off
that has resulted from this smooth function is that the
augmented plant now has four extra states, which results in
a controller of 14 states.

. The design procedure could continue to make one or more of
the loops faster, but this was not done since it was found
that making the loops faster resulted in a controller that
could once more not be implemented due to an unachievable
real time sampling interval. The controller as designed in
this section was tested and found to work with the time step
available on the computer dedicated to the HERIG. The
results of closed loop - step tests performed using this
controller will be presented in the next section of this

chapter.

This design facet of 1limiting input action has not been
discussed in any of the literature to date. The limitations
of input action is a typical problem encountered on
industrial plants and this method of designing for such
input action limitation is seen as a further step in the
acceptance of H, as a method of designing multivariable

controllers for industrial applications.
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6.7 : IMPLEMENTATION OF THE CONTROLLER

The controller, Kgp(s), from synthesis phase 2 of design
number 4 was chosen to be implemented on the HERIG. It has

14 states and the H, synthesis guarantees it to be stable.

As was discussed by Craig? the H, synthesis places zeros at
the augmented plant pole positions and poles at the
augmented plant zeros (not right half plane zeros though).
‘It then places poles in the controller to achieve the

desired performance conditions.

Poles of Kg(s) :

-0.325
-0.250

-0.165

-0.060 * j 0.0185
-0.0094

-0.000003
-0.000003

-0.000003 * j 0.00000003

As expected there is a controller pole near the augmented
plant zero position of -0.0097. There is also no controller
pole at the non-minimum phase zerolposition, else this would

give an unstable controller.
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Zeros of Kp(s) :
=-500.0
—500.0.
-500.0

-500.0

~0.1124
-0.0335
-0.0194 *+ j 0.0171

-0.0113 + j 0.0036

The full order augmented plant has 18 states. The reduced
order model eliminates four of them and a system with 14
states is used. As it turns out the states that are removed
are those relating to weight W;. The controller is now
expected to have zeros in the pole positions of the reduced
augmented plant, now comprising poles from Gp(s), W, and Wj. .

The four controller zeros at -500 cancel out the plant poles
resulting from weight W,;. Similarly the zeros ‘at -5 cancel
out the poles from weight W5. The last six controller zeros

cancel the poles of the reduced order plant Ggp(s).

Thus it can be seen that the Hy, synthesis works as expected.
It is now left to verlfy that the 1mplementat10n of the
controller on the HERIG is as expected.

The results of closed loop step tests on the HERIG are now

presented.
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- CHAPTER 6 : HERIG TEMPERATURE CONTROL USING H, DESIGN -

These step responses show that all the required stepped
setpoints are tracked. In addition the setpoints of the
other outputs are maintained when step tests are performed
on each loop. The first three step tests were performed
sequentially, but the step test on the fourth tank had to be

performed separately due to limitations of the input space.

A full examination of the time responses, inputs and outputs

will be discussed in the next chapter.
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The previous chapter presented sets of simulated closed loop
responsés for both the outputs and the inputs. Each set of
graphs was for a particular controller design. Theh finally
a controller was chosen and implemented on the HERIG. The
closed loop step test results were also presented in this

chapter.

These two different sets of graphs need to be compared
against each other to determine how well the designed
controller behaves on the HERIG when 'compared to the

simulated results.
7.1 : COMPARISON OF OUTPUTS

When presenting the output responses, they will be plotted
against ‘the respective. setpoints which will indicate if
setpoint tracking has been achieved. Further the outputs
will indicate the amount of interaction there is between the
loops. Finally the rise times of the on-diagonal elements of
the two outputs can be compared on the same graph.

Thé simulated outputs from Chapter 6 needed to be level
shifted to the steady state values before the setpoints were
stepped. -Further the simulated results needed to be scaled
for the size of step performed on the HERIG, since the
simulated results were all for unit steps in setpoints.
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- CHAPTER 7

: COMPARISON OF RESULTS -

7.1.1 STEP IN SETPOINT 1

In the following four graphs the setpoints and outputs

for both the
plotted.

simulated and observed responses
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- CHAPTER 7 :

COHMPARISON OF RESULTS -

7.1.2 : STEP IN SETPOINT 2

In the following four graphs the setpoints and outputs

for both the simulated and' observed responses
plotted.
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7.1.3 : STEP IN SETPOINT 3

In the following four graphs the setpoints and outputs
for both the simulated and observed responses are
plotted. '
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7-1.4 : STEP IN SETPOINT 4

In the following four graphs the setpoints and outputs
for both the simulated and observed responses are
plotted.
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The graphs show that all the on-diagonals track the
setpoints, for the HERIG results even in the‘face of some
noisy readings. The interaction between the 1loops was
- greater than expected in some cases (see section 7.1.3). The
interaction appear at the same time in all four graphs and
has the same characteristic and is attributed to being an

external disturbance.

The response times for the second and third loops are
excellent. It is seen that the first loop responds quicker
than expected. This is due to the drift of the HOT reserve
increasing the temperéﬁure of the water fed to the first
tank, thus this is a false indication of the risetime. The
fourth 1loop was very troublesome, due to a very small
temperature drop across tank 4. Thus the response for the

fourth step are not very good.

Finally it should be noted that even though the controller
was implemented on a real process, that has many non-
linearities in it, steady state disturbance rejection and

setpoint tracking was achieved.
7.2 : COMPARISON OF_ INPUTS

It is not sufficient to judge a controllers performance with
outputs alone. The inputs need to be checked to ensure that
none of them hit any 1limits in achieving the required
setpoints. The input functions themselves also need to be
compared to check that they behave in the same manner.

Finally the inputs needs to be checked to verify that they
settle down to final wvalues and thus ensure that there are

no long term closed loop instabilities.

- 144 -
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7.2.1 : STEP IN SETPOINT 1

In the following four graphs the setpoints and outputs
for both the simulated and observed responses are
~plotted.
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7.2.2 : STEP IN SETPOINT 2

In the foilowing four graphs the setpoints and outputs

for both the simulated and observed responses are
plotted.
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7.2.3 : STEP_IN SETPOINT 3

In the following four graphs the setpoints and outputs

for both the simulated and observed responses are
plotted.
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7.2.4 : STEP IN SETPOINT 4

In the following four graphs the setpoints and outputs
for both the simulated and observed responses are
plotted.

CLOSED ILOOF STEP RESPONSE
Input : UL 4(a)

S oToIhTni RS sl
———-—""-
@ oo N -N-] -0 o o O -o o > OO AT o000
Tirme — o=
T8 T =) 7 e % . SOOLATED |

Figure 7.2.13 : OBSERVED AND SIMULATED Ul4(s)

CrILOSED ILOOFY STEPRP RESPONSE
Inmput : 4 (es)

Figure 7.2.14 : OBSERVED AND SIMULATED U24(s)

CILOSED IT.O0O00OFP STEFP RESPONSE
Inmpuat = US4 C(e) K

Figure 7.2.15 : OBSERVED AND SIMULATED U34(s)

CILOSED ILOOP STEPRP RESPOINSE
Imput : U4 al(e)d

7o
o —
£ WO oo
L aoc -
X ..

=z o -

2o

Figure 7.2.16 : OBSERVED AND SIMULATED U44(s)

- 148 -



- CHAPTER 7 : COMPARISON OF RESULTS -

By checking the inputs it can be said that all of them seem
to settle to a final value, and thus stability is ensured.
None of the inputs hit a limit during the step tests (care
was taken with the step sizes to ensure this). |

All the input functions from the HERIG had the same polarity:
as their corresponding simulated functions. The final values
that they settled to were in a few cases very similar, but
in general they were different. This is due to variations in
the gains, from the modelled values, of the actual plant,
which then requires more (or less) input action to achieve
the desired setpoints.

The shapes of the input responses are the same for many of
the plots. This indicates that not only does the Hy
synthesis and design predict the correct responses, but that
the controller has been implémented on. the HERIG

successfully.

Thus in conclusion it can be said that the H, designed
controller performed as expected on the actual HERIG,
despite drifts, sensor noise, input disturbances and

variations in the actual process parameters.
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This dissertation has presented a discussion and modelling
of the Carbon-in-pulp gold extraction process as well as a
Heat Exchanger Rig that simulates the CIP process. A new
method of controller design, H, optimal Control, has been
formally presented and used to design a multivariable
feedback controller for the HERIG. Based on the contents of
this dissertation, the following conclusions can be drawn.

8.1 : MODELLING OF CIP

The CIP process is one which is being studied extensively in
the literature. Much attention is being paid to the accurate
modelling of this process, as it is chemicélly a very
involved process. A simple model, based on fundamental rate

exchange expressions, was found to be easy to derive.

This simple model for the CIP process was found to simulate
the adsorption of gold onto activated carbon accurately
enough. The simulation provided a basic understanding of the
process involved and also gave a indication as to the gains -
and time constants that can be expected on an operational
plant that transfers the carbon in a continuous manner.

The simulations showed that there is a noticeable amount of
interaction between the gold concentrations in solution in
the different tanks due to changes in the amount of carbon
in the tanks. This has led to the conclusion that to operate
the process in closed loop a multivariable controller should
be considered because of this interaction.
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8.2 : MODELI.ING OF THE HERIG

The Heat Exchanger Rig was found to be a highly involved
real process. The simulation of such a process involved many
thermal calculations of rates of heat transfer. It was found
that the approximation of a luﬁped parameter model was
acceptable as the system was broken up into a large number
of small sections that were lumped together to form the
model.

The results of the temperature responses of the HERIG to a
change in water levels were found to be good. All steady
state values agreed with the data obtained from steady state
calculations. The transient behaviour was explained 1in
detail and the responses observed correlated well with those
observed on the HERIG itself.

Thus it was concluded that the modelling of the HERIG
provided a good understanding of the process involved and
that the predicted results of the simulator were very

similar to those noted on the rig itself.

8.3 : STMILARITIES BETWEEN CIP AND THE HERIG

When comparing the resﬁlts of the simulators it was found
that the gains of the two systems were very different, but
this was expected as the means of heat and carbon transfer
are different. By the same reasoning the time constants are

also different but expected.

The two processes show the same types of response to changes
in the respective inputs. The fact that the gains are
different does not pose any problem as scaling of the inputs
and outputs can eliminate this difference. The assumptions
made about which variables are to be related on the two

processes turned out to be correct.
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The conclusions drawn about the similarities in the two
processes are that there are enough variables that behave
similarly to say that the two systems can be compared. The
similarities in the dynamic response curves allows the
conclusion to be drawn that a study of the closed loop
control of the HERIG will allow relevant comments to be made
about the closed loop control of the CIP process.

8.4 : H,, DESIGN METHODOLOGY

The mathematical complexities of the solution to the
synthesis problem posed have been solved. This allows the Hy
method of controller design to be considered much more
readily as a design tool. The method involves frequency
domain specification to be placed on a plant model, after
which a controller may be able to be found that satisfies

these frequency criteria.

The method of obtaining a controller can be seen to involve
a synthesis as well as a design phase. The synthesis is an
easily solved problem, provided certain matrix conditions
are obeyed. The design section is one that was studied in
depth in this dissertation and the following conclusions
were drawn as to the objectives, time and frequency domain,
that could be achieved with the weighting functions.

The frequency domain aims of robustness, disturbancé
rejection and measurement noise attenuation are easily
achieved as the weights are specified in this domain.
Setpoint tracking is also easily achievable since this
merely requires that the closed 1loop transfer function
matrix, T(s), be equal to the identity matrix I at 1low

frequencies.
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It was found that interaction between the loope could be
eliminated easily. In the frequency domain interaction can
be seen when the principle gains of the closed loop transfer
function T(s) are not close together. If they are found to
be far apart, an adjustment of the weight szl on the input

action was found to cure this problemn.

Finally the problem of excessive input action was addressed.
Violent input action results when an optimal controller is
- found using the synthesis technique of Glover and Doyle.
This will show up on the principle gain plot of the input
action . function R(s). Obtaining a smooth input action
function was achievable by choosing the weight W2'l such
that R(s) is attenuated severely at high frequencies.

Finally the speed of response of a system has a direct
bearing on the magnitude of the input action. If the
magnitudes are too big then the closed loop system can
easily be slowed down and the magnitude of the input action
will.decrease. The speed of reeponse is determined by the
crossover frequency of the sensitivity function S(s) and the

robustness function T(s).

Thus it can be concluded that the design objectives in both
the time and frequency domain can be achieved using
frequency domain weighting functions. It has been shown that
using the principle gain plot, much insight can be gained as
to the design of weights that will accomplish the design
objectives. The time domain objectives can be seen in the
principle gain plots, but need to be verified using time

domain simulations.
8.5 : DESIGN OF A CONTROLLER FOR HERIG TEMPERATURE CONTROL

An algorithm was developed to implement the design and the
synthesis phases in obtaining a controller for the HERIG.

This can be achieved using a suitable computer package.
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It was found that a reduction of an original model proved
useful for two different reasons. Firstly it reduces the
order of a controller that achieves the desired performance
objectives and secondly it saves greatly on computational
time. This is useful as a full multivariable design is a
lengthy process.

The design of a controller that worked for simulations
proved easy, but when it came to implementation of the
controllers problems were encountered. These were solved by
ensuring that the input actions generated were smooth
functions. Thus a design that met all of the time and

frequency domain specifications was achieved on the HERIG.
8.6 : CONTROI OF THE HEAT EXCHANGER RIG

The controller implemented on the HERIG tracked all the
required setpoints, even though the interaction between some
of the loops was greater than expected. The response times
of the loops compared very well with those expected from the

simulations.

The input functions never hit limits and all settled down to
.some or other final value. Many of the inputs showed exactly
the same responses as the simulator predicted, which

validated the controller implementation.

Thus in conclusion the designed controller was closed loop
stable and most functions performed as expected. The
implementation of the H, designed controller was thus

considered totally successful.
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8.7 : CONTROL OF THE CIP PROCESS

Since the models of the CIP and HERIG processes were shown
to be similar, it is concluded that a multivariable H, based
controller can be designed for an actual CIP process. It
would require that the carbon on a CIP process be
transferred continuously. The concentrations of gold in
solution in each tank can then be controlled to specific
setpoints without affecting the concentrations in other
tanks.

The amount of carbon used is critical, as the activated
carbon is expensive. It has been shown that using the H,
method that the amount of input action used to achieve the
required dynamic responses, carbon used in this case, can be
controlled in the design of a controller. This is very
important economical conclusion when <considering the

implementation on an operational plant.

Thus finally this dissertation concludes that the H, Optimal
method of controller design can successfully be used on
counter current processes, in particular it has application
to the industrial process of carbon-in-pulp gold extraction.
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A.1 : MATN PROGRAMME

PROGRAM carbon_in_pulp_simulator;
{$H 65520,0,655360}

USES
plant,matrix,data,
crt;

VAR
inpt : vect_ptr;
oupt : vect_ptr;

stat : stat_ptr;
logs ¢ data_ptr;

pts : integer;
time : real;
ch : char;
row : integer;

PROCEDURE setup_vect;

BEGIN

new (inpt);vect_initl (inpt);
new (oupt);vect_initl (oupt);
END;

PROCEDURE setup_stat;

BEGIN

new (stat);stat_initl (stat);
END;

PROCEDURE setup_data;

BEGIN

new (logs);data_init (logs);
END;

PROCEDURE setup_stst;
VAR
i,j + integer;
z ¢ double;
BEGIN
clrser;

gotoxy (1, 1)swrite (';
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qotoxy (1, 2);write (' CALCULATION ~ OF THE  STEADY  STATE  VALUES J');
gotoxy (1, 3);write (' s
gotoxy (1, 4);write (’ N
gotoxy (1, 5);write ( : : e
gotoxy (1, 6)write (/| - SPECIFIED : Fs = Cs0 = ";
gotoxy (1, 7);write (’ Fc = Ceh = ' ":
gotoxy (1, 8);write (' ";
gotoxy (1, 9)write ( inpt[T] s [g/T] Cc [g/T] oupt(q/T] :;;
gotoxy (1,10);write (/ :
gotoxy (1,11);write (/ _ o H
gotoxy (1,12);write ( 1)
gotoxy (1,13);write ('} ' H;
gotoxy (1,14);write (’ ‘ OH
gotoxy (1,15);write (' N
gotoxy (1,16);write (’ : ' ' ":
gotoxy (1,17);write (‘| _ O H
gotoxy (1,18);write (’ CALCULATED : Cc5 = oY)
gotoxy (1,19);write (’ Iter = o H
gotoxy (1,20);write (’ "
gotoxy (1,21);write ( - 11);

POR i := 1 to max_cntrl do
BEGIN

inptr.on[i] := Mass[i];

inptr.nn[i] := Mass[i];

gotoxy (32-24,10+i);write (inptA.m~[i]:7:3);
END;

gotoxy (56-24,6);urite (Fs:6:2,’ [T/hr}’);
gotoxy (56-24,7)write (Fc:6:2,’ [T/hr]’);
qgotoxy (79-24,6);write (Cs0:5:2,' [g/T]');
gotoxy (79-24,7);write (Cc5:5:2,' [q/T]');

stat*,0r[5] := 10%(Cc5);
j = 0;
REPEAT

inc (j):

stat”.07[1] := (Fs*CsO + inpt*.o”[1]*k2*stat”.07[5])/(Fs + inptr.nA[1]*k1*(ye-stat”.0*([5]));
statr.07[6] := statr.07[5] - inptA.n*[1]/Fc * (kl*stat”.o”[1]*(ye-statr.o”[5])-k2sstatr.0”[5]);
stat”.07[2] := (Fs*stat®.o”[1] + inpt~.o~[2]*k2*stat”.0%[6])/(Fs + inpt”.n"[2]*k1*(ye-stat”.07[6])):
statr.07[7] := stat”.07[6] - inptr.nn[2]/Fc * (kl*stat”.o”[2]*(ye-stat”.0”([6])-k2*statr.0”(6]);
stat”.07[3] := (Ps*stat*.o”[2] + inpt~.o~[3]*k2*stat”.0”[7])/(Fs + inpt.n~[3]*k1*(ye-stat”.07([7]));
stat®.0r[8] := stat*.0*[7] - inptr.n?[3]/Fc * (kl*statr.or[3]*(ye-stat”.o”[7])-k2*stat”.0"[7]);
stat®.on[4] := (Fs*stat”.0”[3] + inpt~.o”[4]*k2*stat”.o”([8])/(Fs + inpt~.n"[4]*k1*(ye-stat”.0”[8]));
z := stat?,07[8] - inpt”.n*[4]/Fc * (Kl*statr.on[4]*(ye-stat”.o0n[8])-k2xstat”.0"[8]);

FOR i := 1 to max_cntrl do

BEGIN
gotoxy (47-24,104i);write (stat*.o”[i+0]:10:6);
gotoxy (70-24,10+i);write (stat”.o”[i+4]:10:3);
oupt*.0”[i] := dydt (i,stat”.o”,impt*.n");
ouptr.n*[i] := dydt (i,stat”.o”,inpt”.n*);
gotoxy (91-24,10+i);write (ouptr.n"[i]:7:3);
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END;
gotoxy (64-24,18);write (z:12:6);
gotoxy (64-24,19);write (j:3);
stat®.0"[5] := statA.oA[S]\+ (Ce5 - 2)/2;

UNTIL (abs(Cc5 - 2)/Cc5 < 1E-14);

gotoxy (1,22);write (! ):
gotoxy (1,23);write (/ <<< PRESS ANY KEY TO CONTINUE »>> )i

" gotoxy (1,24);write (’ )i
REPEAT

UNTIL keypressed;
ch := readkey;

clrscr; A _
gotoxy (1, 1);write (’ : "i:
gotoxy (1, 2);write (/ 44}'):
gotoxy (1, 3)surite (’ S , ":
gotoxy (1, 4);write (/ : : )i
gotoxy (1, 5);write (/ )i
gotoxy (1, 6);urite (/ )i
gotoxy (1, 7);write (’ : )i
qotoxy (1, 8)jurite (’ 7 )i
qgotoxy (1, 9);write (/ _ ")
gotoxy (1,10);write (’ , )i
gotoxy (1,11);write (’ ' , ")
gotoxy (1,12);write (/ )i
gotoxy (1,13);write (’ - )i
gotoxy (1,14);write (/ )i
gotoxy (1,15);write ( _ ")
gotoxy (1,16);urite (’ _ "
gotoxy (1,17);write (’ )i
gotoxy (1,18);write (' K
gotoxy (1,19);urite (/ : ")
gotoxy (1,20);write (’ ")
gotoxy (1,21);write (’ _ | )i
~gotoxy (1,22);urite ( : ")
gotoxy (1,23);write (’ "):
qgotoxy (1,24);write (’ ' ")

POR i := 1 to max_state do
statr.nA[1] := dXdt (i,stat”.o®,inpt*.n?,stat”.0”,0);
FOR i :=1to4do
BEGIN
gotoxy (25,05+i);write (dCs’,i:1,’dt = /,stat*.n?[i40]);
gotoxy (25,15+i);write (‘dcc’,i:1,’dt = / statr.n*[it4]);
END; ’

REPEAT

UNTIL keypressed;
ch := readkey:
END;
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PROCEDURE open_loop_simulation;

PROCEDURE setup_scrn;
BEGIN
clrscr;
gotoxy (1, 1);write (/ ")
gotoxy (1, 2);write (/ ");
gotoxy (1, 3);urite (’ : ¥
gotoxy (1, 4);write (' CARBON-IN-PULP SIMULATION ' hr "
gotoxy (1, 5);urite (/ :  OPEN LOOP SYSTEM ' g H
| AN
i
)i
I)’

gotoxy (1, 6);urite (’
gotoxy (1, 7);write (’
gotoxy (1, 8);write (/
gotoxy (1, 9);write ('
gotoxy (1,10);write (’ "
gotoxy (1,11);write (' » ';
gotoxy (1,12);write (/ inpt oupt "
gotoxy (1,13);write (' : [ [q/T] "
gotoxy (l,l4);wr;te (! - S 3y
gotoxy (1,15);write (' : "
gotoxy (1,16);write (’ 'y
gotoxy (1,17);write (/
gotoxy (1,18);write (/
gotoxy (1,19);write (’
gotoxy (
(
(
(
(

1
|

!

!

[

7
8
9
0
gotoxy
gotoxy
gotoxy

gotoxy
END; .

,22)swrite (!
)urite (/
)iwrite (/

!

11

1,1 !
1,1 !
1,20);urite (' - - !
1,21);urite (/ : A !
1,2 !
1,23 !
1,24 !

!

PROCEDURE updat_scrn;
BEGIN
gotoxy (90-27,4);write (time:6:3);

gotoxy (57-27,15);urite (inpt~.n*[1]:7:3);
gotoxy (57-27,16);urite (inpt~.n~(2]:7:3);
gotoxy (57-27,18);urite (inpt~.n~([3]:7:3);
gotoxy (57-27,19);write (inpt*.n"[4]:7:3);

gotoxy (77-27,15);write (oupt*.n*[1]:7:3);
gotoxy (77-27,16);write (ouptr.n”[2]:7:3);
gotoxy (77-27,18);write (oupt™.n*[3]:7:3);
gotoxy (77-27,19);write (ouptr.n"[4]:7:3);

- END;
PROCEDURE loggs_data;
BEGIN
IF (pts <= max_point) and (abs(time - pts*dx) < dt/2) then
BEGIN

data_logq (logs,oupt”.n,inpt”.n,time,pts);
inc (pts);
END;
END;
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PROCEDURE simulate;
BEGIN '
time := time + dt;

IF abs(tine - 0.05*dx*nax_point) < dt/2 THEN
_inpt*.n*[row] := inpt”.n*[row] * Step[row];

stat_ip2op (inpt,stat,oupt);
END;

BEGIN
REPEAT
clrser;
write ('WHICH INPUT IS TO BE STEPPED (1/2/3/4) 2 ');
row := ord(upcase(readkey)) - ord(’0’);
UNTIL (row > 0) AND {(row <= may_cntrl);

setup_scrn;

loggs_data;
REPEAT

simulate;

loggs_data;

updat_scrn;

UNTIL (time > dx*max_point);

data_save (logs,’cip_g’+chr(ord(’0’)+row)+’.dat’);
END;

{************************************************}

{ HAIN PROGRANKE }
{************************************************}
BEGIN

setup_vect;

setup_stat;

setup_data;

setup_stst;

pts := 0;
time := 0;

open_loop_simulation;
END.
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A.2 : PLANT DESCRIPTION UNIT

UNIT plant;
{****************************}
INTERFACE
{**************************** }
CONST
{*kkxx - GENERAL CONSTANTS  k*kk#}
max_state = 8; { number of states in system }
max_cntrl = 4; { number of inputs/outputs in system }
max_point = 100; { number of points to be logged }
dt = 0.5; { time interval between increments [hr] }
dx = 0.5; { time interval between logging  [hr] }
{#kkk%  SPECIFIC CONSTANTS k#kkx}
Cs0 = 1.0; { concentration of Au in slurry entering Tank 1 [q Au/Ton slurry] }
Cc = 50.0; { concentration of Au on carbon entering Tank 5 [q Au/Ton carbon] }
Fs = 700.0; { flowrate of slurry [Ton slurry/hr] } ‘
fc = 0.6; ‘ { flowrate of carbon [Ton carbon/hr} }
Hs = 2592.0; { mass of slurry in each tanks-[Ton slurry} }
ki = 0.017; { adsorption rate constant [(g Au/Ton slurry)*-1 * (hr)*-1} }
k2 = 0.005; { adsorption rate constant [hr*-1] }
ye = 11650; { adsorption parameter [q Au/Ton carbon] }
TYPE

v_var = array [1..max_cntrl] of double;
v_ptr = *v_var;
vect_var = record

0 : v_ptr;

n : v_ptr;

END;
vect_ptr = “vect_var;

x_var = array [l..max_state] of double;
x_ptr = *x_var;
stat_var = record

0 : x_ptr; : _

n : x_ptr; ' -
END; '
stat_ptr = “stat_var;

VAR

Step : array [1..max_cntrl] of double; { factor to step input by }
Mass : array [l..max_cntrl) of double; { initial masses in tanks {Tons carbon] }

FUNCTION dXdt (i:inteqger;x:x_var;u:v_var;z:y_var;f:double) : double;
PUNCTION dYdt (i:inteqer;x:¥_var;u:v_var) : double;

{**tk*****t******************)
INPLENENTATION
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{****************************}
FUNCTION dXdt (i:integer;u:x_var;u:v_var;z:x_var;f:double) : double;

BEGIN

CA

1:

O ~J O O e W

END

SE

iof

dxdt :

. dXdt
+ d¥dt
. d¥dt
: dxdt
. dxdt
: dXdt
s d¥dt
END;

.
!

.o es oo oe o .
iww o n o v onn

X[5]) - k2%x[5]);
X[6]) - K2*x[6]);
27]) - K2*e{7]);

Ps/Ms * (Cs0 - X[1]) - u[l]/Ms * (Kl*x[1]*(ye
Fs/Ms % (x[1] - x[2]) - u[2]/Hs * (k1xx[2]*(ye
Fs/Ms * (x[2] - x[3]) - u[3]/Ms * (k1*x[3]%(ye
Fs/Ms % (x[3] - x[4]) - u[4]/Ms * (k1xx[4]%(ye - x[8]) - k2*x[8]);
Fc/u[l] * (x[6] - x[5]) + (K1*x[1]%(ye - x[5]) - k2*x[5]);
Fc/u(2] * (x[7] - x[6]) + (K1*x[2]*(ye - x[6]) - k2*x(6]);
Fe/u[3] * (x(8] - x[7]) + (k1*x[3]*(ye = x(7]) - k2*x[7]);
Fc/uf4] * {Cc5 - x[8]) + (K1*x[4]%(ye - x[8]) - k2%x(8]);

FUNCTION dYdt (i:integer;x:x_var;u:v_var) : double;

BEG

IN

CASE i of
1 : dydt
2 @ dydt
3 ¢ dydt

4 ¢ dydt :
END;

END

.
!

- ee oo ae
oo

x[1];
x[2];
X[3]:
x(4];

{*********************************f***i**}

{***

BEG

Step[1]
Step[2]
Step(3]
Step(4]

Mass(1]
Mass([2]
Mass[3]
Hass(4]

END

IN

.

INITIALIZATION SECTION kikk}
[Fekkkkkkdkkkkkkkkkkkkikkkkkkkkkkkkkkiik )
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A.3 : MATRIX HANDLING UNIT
UNIT matrix;

{****************************}

INTERFACE
{****************************}
USES

plant;

PROCEDURE vect_initl (v:vect_ptr);
PROCEDURE stat_initl (x:stat_ptr);
PROCEDURE stat_ip2op (u:vect_ptr;x:stat_ptr;y:vect ptr);

{****************************}

IHPLEMENTATION
{KrEREEEARRRRRRRR KR KRR KRR KRR )

PROCEDURE vect_initl (v:vect_ptr);
VAR
r : integer;
BEGIN
new (v~.0);
new (v~.n);
FOR r := 1 to max_cntrl do
BEGIN
vr.on(r] = 0;
vAar(r] = 0;
END;
END;

PROCEDURE stat_initl (x:stat_ptr);
VAR
j ¢ integer;

BEGIN
new (x*.0);

new (x*.n);

POR j := 1 to max_state DO

BEGIN

PROCEDURE stat_ip2op (u:vect_ptr;x:stat_ptr;y:vect_ptr);
VAR

j : integer;

m : array [0..4] of x_var;

BEGIN
FOR j := 1 to max_state DO m[0][]] := O;
FOR j := 1 to max_state DO m[1][]] := O;
FOR j := 1 to max_state DO m[2]{j] := 0;
FOR j := 1 = 0;

to max_state DO m[3][j] :
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FOR j := 1 to max_state DO m[4j[j] 1= 0;

FOR j := 1 to max_state DO
m{1]{j] := dt * dXdt (j,x*.0*,u*.n",m[0},0.0);
FOR j := 1 to max_state DO
p[2][j] := dt * dxdt (j,x.0*,w.n*,m[1],0.5);
FOR j := 1 to max_state DO
n[3][j] := dt * dxdt (j,x".0%ur.n*,m[2],0.5);
FOR j := 1 to max_state DO
n[4][j] := dt * dxdt (j,x*.0*,ur.n",m[3],1.0);

FOR j := 1 to max_state DO
¥A0A[3] = xA0n[3] + (1/6)*(m[1][3] + 2*m{2][§] + 2*m(3][j] + m{4][}]):

FOR j := 1 to max_cntrl DO
yr.r[g] e= dvdt (3% et

FOR j := 1 to max_state DO
X073 = X3

END;

R e T T T
{x%%  INITIALIZATION SECTION kkk)
[kkkkkxEERRE R R R R kR kR kkkkkkkkkkkkkkkkkhk |
BEGIN

END,
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A.4 : DATA HANDLING UNIT

UNIT data;

{****************************}

INTERFACE
{****************************}
USES

plant;

TYPE ‘
data_var = record
y : array [0..max_point] of v_ptr;
u : array [0..max_pointj of v_ptr;
X ¢ array [0..max_point] of double;
END;
data_ptr = ~data_var;

PROCEDURE data_init (d:data_ptr);
PROCEDURE data_loqq (d:data_ptr;y,u:v_ptr;x:double;z:inteqer);
PROCEDURE .data_save (d:data_ptr;f:string);

{****************************}

IMPLEMENTATION
{****************************}
USES

crt,qraph;

PROCEDURE data_init (d:data_ptr);
VAR
i : integer;
BEGIN
FOR i := 0 to max_point do
BEGIN
new (dr.y[i]):
new (dr.ufi]);
END; '
END;

PROCEDURE data_logg (d:data_ptr;y,u:v_ptr;x:double;z:integer);
VAR
r,c : integer;
BEGIN
FOR r := 1 to max_cntrl do
BEGIN
dhy[z]M[x] := yr(E];
droufzinr) = wr)s
END;
darx(z] = x;
END;

PROCEDURE data_save (d:data_ptr;f:string);
VAR
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i,j : integer;
outfile : text;
BEGIN
assign (outfile,f);
rewrite (outfile);
FOR i := 0 to max_point DO
BEGIN
FOR j := 1 to max_cntrl DO write (outfile,d*.y[i]*[i]):
FOR j := 1 to max_cntrl DO write (outfile,d*.u[i]*[j]);
write (outfile,d*.x[i]):
writeln (outfile);

END;

close (outfile);

END;
{****************************************}
{(##*  INITIALIZATION SECTION kik)
{****************************************}
BEGIN

END.
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The calculation of heat transfer coefficients for the HERIG
require properties of water and air to be wused. These
properties, together with data acquired froﬁ De Waall
concerning the physical layout of the rig will be presented
before the coefficients are calculated. '

B.1 : PROPERTIES OF AIR AND WATER

The properties of water are all obtained for an operating
temperature of 40°C, which was chosen as the mean of the
maximum and minimum temperatures on the HERIG. They are as
follows? : |

Mean wall temperature Twr = 313 [K]

Density py = 992.2 [kg/m3 ]
Viscosity . uy = 6.532E-4 [kg/ms]
Thermal conductivity ky = 0.6305 [J/smzK]
Heat capacity ¢y = 4178.5  [J/kQK]

The pipe sections not submerged lose heat to air at room
temperature, which is assumed to be at 23°C. The properties
used are3 :

Mean air temperature TrM = 296 [K]
Density pp = 1.1774  [kg/m3]
Viscosity u, = 1.983E-5 [kg/ms]
Thermal conductivity kpa = 0.02624 [J/smzK]
Heat capacity Ca = 1005.7 [T/kgK]
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B.2 : PHYSTICAIL LAYOUT OF THE HERIG

The lenghts of pipe in each tank are of different lengths,

but same inner and outer diameters.

each into 20 sections gives :

Inner diameter of pipev D1 0.0120

Outer diameﬁer of pipe Dg 0.0127

Pipe section volumes in Tankl Vp; 2.07E-5
Pipe section volumes in Tank2 Vp, 3.58E-5
Pipe section volumes in Tank3 Vpj '5.71E-5
Pipe section volumes in Tank4 Vp, 2.74E-5
Pipe area of contact in Tankl A, 7.38E-3
Pipe area of contact in Tank2 A, 12.8E-3
Pipe area of contact in Tank3 A3 20.3E-3
Pipe area of contact in Tank4 A, 9.78E-3

The - tank dimentions and stirrer specifications

Dividing the pipes in

are as

follows (the tank volumes refer to the maximum volume of

- water in a tank) :

Volume of Tank 1
Volume of Tank 2
Volume of Tank 3
Volume of Tank 4
Diameter of the tanks
Length of stirrers

Speed of stirrers
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B.3 : O HEAT TRANSFER COEFFICIENT TO WATER

Using equations 3.6 to 3.8, the Reynolds, Prandtl and
Nusseldt numbers are : '

6750

Rew
Prw = 4,33
Nuy = 47.83
By equationé 3.5 and 3.9, the inner and outer transfer
coefficients are :

Hjy = 2526 [J/sm?°C]

How 1908 [J/sm?°C]

Using equation 3.4, the overall heat transfer coefficient
then becomes :

Uy = 1058 | [J/sm2°C]

B.4 : OVERALIL HEAT TRANSFER COEFFICIENT TO AIR

Using equations 3.13 to 3.15, the Grashof, Prandtl and
Nusseldt numbers are :

Grp = 3951

Prp, = 0.76

Nup, = 3.92
By equations 3.11 and 3.12, the inner and outer transfer
coefficients are :

Hip = 2526 [J/sm2°C]

Hoa = 8.11 [J/sm?°C]
Using equation 3.10, the overall heat transfer coéfficient
then becomes :

Up = 8.08 [J/sm?°C]
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C.1 : MATN PROGRAMME
PROGRAM heat_exchanger_simulator;
{$X 65520,0,655360)

USES
plant,matrix,data,
crt;

VAR
inpt : vect_ptr;
oupt : vect_ptr;

stat : stat_ptr;
logs : data_ptr;

pts : integer;
time : real;
ch : char;
row : integer;

PROCEDURE setup_vect;
BEGIN

new (inpt);vect_initl (inpt);
new (oupt);vect_initl (oupt);
END;

PROCEDURE setup_stat;
BEGIN

new (stat);stat_initl (stat);
END;

PROCEDURE setup_data;

BEGIN

new (logs);data_init (logs);
END;

PROCEDURE setup_stst;
VAR
i,j ¢ integer;
z : double;
BEGIN
clrscr;

gotoxy (l( 1)swrite ('
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gotoxy (1, 2);write ( CALCULATION OF THE  STEADY STATE VALUES "):

gotoxy (1, 3);write (’ "
gotoxy (1, 4);write (’ "
gotoxy (1, 5);write (’ 4},);
gotoxy (1, 6)urite (’ SPECIFIED : Fp = Tpo = "N
gotoxy (1, 7);write (/ Ft = : 5 = 3y
gotoxy (1, 8);write (/ "
go:oxy 51, 9;;wr;:e E' inpt[%] Tp [°C] Tt [C] oupt{ C] ":
gotoxy (1,10);write (’ "
gotoxy (1,11);write (’ "N
gotoxy (1,12);write (’ 2y
gotoxy (1,13);write (’ 4 2y
gotoxy (1,14);write (’ : : "
gotoxy (1,15);write (’ "N
gotoxy (1,16);write (' : ar
gotoxy (1,17);write (/ _ _ "
gotoxy (1,18);urite (/ CALCULATED : Tt5 = N
gotoxy (1,19);urite (/ Iter = "
gotoxy (1,20);write ( "
gotoxy (1,21);write (’ : ";

FOR i := 1 to max_cntrl do
BEGIN
inptr.0n[i] := Hght[i];
inptr.nA[i] := Heht[i];
qotoxy (32-24,10+1);write (inptr.n*[i]:7:3);
END;

gotoxy (55-24,6);write (Fp*60E3:5:2,’ [1/min]’);
gotoxy (55-24,7);write (Ft*60E3:5:2,’ [1/min]’);
gotoxy (79-24,6);write (Tp0:5:2,' [ C]’):
gotoxy (79-24,7);write (Tt5:5:2,’ ['C]');

stat?.o"[Lv1441] t= (Tp0 + Tt5)/2.0;
ji=0; »
REPEAT

inc (j):

{ Tank 1 : Next Pipe Temps }

stat”.0r[1] := (Ul*ho[1]/{pw*Cw*Fp+Ul*Ao[1])) * stat~,on[Lvl#4+1] +
(pw*Cw*Fp/ (pw*Cu*Fp+Ul*Ao[1])) * Tpo;

FOR i := Lvl*0+2 to Lvl*Q+round(Lvl*inpt~.n*[1]/100) do

stat?.0r[i] := (Ul*Ao[1]/(pw*CwxFp+Ul*Ao[1])) * stat”.o~[Lvl*4+1] +
(pw*Cw*Fp/(pw*Cw*Fp+Ul*Ao[1])) * stat*.on[i-1];

FOR i := Lvl*O+round(Lvi*inpt~.n"[1]/100)+1 to Lvl*l do

statr.0f[1] := (U2%Ao[1]/(pw*Cw*Fp+U2%Ao[1])) * Ta +
(pw*Cw*Fp/(pw*Cw*Fp+U2%A0{1])) * stat”.on[i-1];

{ Tank 1 : Next Tank Temp }

stat”,0"[Lvl*4+2] := stat”,o”[Lvl*4+l];

FOR i := Lvl*0+1 to Lvl*O+round(Lvl*inpt~.n*[1]/100) do

stat”.0r[Lvl*442] ;= stat”.or[Lvl*4+2] - Ul*ho[1]/(pwrCw*Ft) * (stat”.o7[i] - stat”.o[Lvi*4+1]);

{ Tank 2 : Next Pipe Temps }
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FOR i := Lvl*1+1 to Lvl*1+round(Lvl*inpt~.n"[2]/100) do
“statr.or[i]  := (UL*Ao[2]/(pwkCw*Fp+Ul*Ao[2])) * stat”.o"[Lvl*4+2] +
(pw*Cw*Fp/ (pw*CukFptUl*A0[2])) * stat.on[i-1]:
FOR i := Lvl*l+round(Lvl*inpt~.n*[2]/100)+1 to Lvl¥2 do
stat?.0n[1] := (U2%ho[2]/(pw*CwkFp+U2*Ao[2])) * Ta +
’ (pu*Cu*Fp/ (pw*Cu*Fp+U2%ho[2])) * stat”.o*[i-1];

{ Tank 2 : Next Tank Temp }
stat”.o"[Lvl*443] := statr.o*[Lvl*4+2];
FOR i := Lvl*1+1 to Lvl*l+round(Lvl*inpt~.n*[2]/100) do
stat®.0"[Lvl*443] := stat”.o”[Lvl*4+3] - Ul*Ao[2]/(pw*CwxFt) * (stat*.o"[i] - stat”.o*[Lvl*4+2]);

{ Tank 3 : Next Pipe Temps }

FOR i := Lvl*2+1 to Lvl*2+round(Lvl*inpt~.n"[3]/100) do

stath.0n[i] = (Ul*Ao[3]/(pw*Cw*Fp+Ul*Ao[3])) * stat”.o”[Lvl*443] +
(pu*Cu*Fp/(pw*Cw*FptUl*Ao[3])) * stat”.on[i-1];

FOR i := Lvl*24round(Lvl*inpt*.n*[3]/100)+1 to Lvl*3 do

stath.0n[i] = (U2%A0[3]/(pw*CwFp+U2%ho[3])) * Ta 4
(pw*Cw*Fp/(pw*Cu*Fp+U2%A0[3])) * stat”.or[i-1];

{ Tank 3 : Next Tank Temp }

stat”,o”[Lvlk4+4] := stat”,o*[Lvl*4+3};

FOR i := Lv1¥2+1 to Lvl*2+round(Lvl*inpt~.n"[3]/100) do

stat?.0r[Lvl*4+4] := stat”.o"[Lvl*4+4] - Ul*Ao[3]/(pw*CuxFt) * (stat”.or[i] - stat*.o"[Lvl*4+3]);

{ Tank 4 : Next Pipe Temps }
FOR i := Lvl*3+1 to Lvl*3+round(Lvl*inpt”.n*[4]/100) do
stat*.or[i] := (Ul*Ao[4]/(pwkCw*Fp+Ul*Ao[4])) * stat”.or[Lvl*4+4] +
(pw*CwFp/(pw*CwxFptUl*Ao[4])) * stat.o[i-1]; : -
FOR i := Lvl*3+round(Lvl*inpt*.n"[4]/100)+1 to Lvl*4 do
stat®.0”[1] := (U2%Ao[4]/(pw*CwxFptU2%ho[4])) * Ta +
(pwkCwxFp/ (pw*Cu*Fp+U2%ho[4])) * stat”.or[i-1];

{ Tank 4 : Next Tank Temp }

2 = statA.oA[Lvl*444]7 )
FOR i := Lvl*3+1 to Lvl*3+round(Lvl*inpt~.n*[4]/100) do .
2 =2 - Ul*ho[4]/(puwkCwkFt) * (stat*.o”[1] - stat”.o*[Lvlx4+4]);

FOR i := 1 to max_cntrl do

BEGIN
gotoxy (47-24,10+i);write (stat~.o[Lvl*i]:10:6);
gotoxy (70-24,10+i);write (stat”.o"[Lvl*4+i]:10:6);
ouptr.0”[i] := dydt (i,stat”.o”,inpt".n");
ouptA.nA[i] := dydt (i,stat”.o”,inpt”.n?);
gotoxy (91-24,10+i);write (oupt*.n"[i]:7:3);
ED;

gotoxy (64-24,18);write (2:10:6);

gotoxy (64-24,19);write (j:3);

stat”.0"[Lvl*4+1] := statr.or[Lvl%4+l] + (Tt5 - z)/2;

UNTIL (abs(Tt5 - z)/Tt5 < 1E-14);

gotoxy (1,22);urite (’ ' , , )i
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qotoxy (1,23)urite (! << PRESS ANY KEY TO CONTINUE >>> '
gotoxy (1,24);write (/ _ ‘ "
REPEAT

UNTIL keypressed;

ch := readkey;

clrscr;

gotoxy (1, 1);urite (/ "
gotoxy (1, 2);write (’ e
gotoxy (1, 3);urite (/ _ e
gotoxy (1, 4);write (/ ¥
gotoxy (1, 5);write )i
gotoxy (1, 6);write )i
gotoxy (1, 7);urite g H
gotoxy (1, 8);write ")
gotoxy (1, )i

gotoxy (1,10);write

gotoxy (1,11);write

gotoxy (1,12);write
(1,1

1

!

!

!

' : )i
!

!

!

!

(!
(
(
(
9)urite (
(
(
(
(
(

gotoxy 3)surite aH
gotoxy (1,14);write ";
gotoxy (1,15);write (’ "
gotoxy (1,16);write (/ ' , )i
gotoxy (1,17);write (’ ' "
gotoxy (1,18);urite (’ "):
gotoxy (1,19);write (' H
gotoxy (1,20);write (’ ' "
gotoxy .(1,21);write (/ B H
gotoxy (1,22)write (’ . "
gotoxy (1,23);write (/ "
qgotoxy (1,24);write ( ' "y;

FOR i := 1 to max_state do
statr.nr{i] := dXdt (i,stat”.o”,inpt*.n",stat*.0*,0);
FORi:=1to 4 do
BEGIN
FOR j :=1 to Lvl do
BEGIN
gotoxy ((10+20%i)-28,14j);write ('Tp’,(Lvl*(i-1)+j):2,’ = ', statr.n*[Lvl*(i-1)+j]:10:6);
END;
gotoxy ((10+20%i)-28,3+Lvl);urite ('Tt’,i:1,’ = ', stat .n*[Lvl*4+i]:10:6);
END; )

REPEAT

UNTIL keypressed;
ch := readkey;
END; -

PROCEDURE open_loop_simulation;

PROCEDURE setup_scrn;
BEGIN

clrscr;

gotoxy (1, 1);write (/; BH
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gotoxy (1, 2);urite (’ ' ok
gotoxy (1, 3);write (' TR H
gotoxy (1, 4)swrite (’ BEAT EXCHANGER RIG SIMULATION S "
gotoxy (1, 5);write (’ :  QPEN LOOP SYSTEN "
gotoxy (1, 6);write (’ "
gotoxy (1, 7);write (/ :
gotoxy (1, 8);write (’ : ‘ aH
gotoxy (1, 9);write (’ ":
gotoxy (1,10);write (/ "
gotoxy (1,11);write (/ ")
gotoxy (1,12);write ('} - inpt oupt ")
gotoxy (1,13)swrite (' (%] ['c) ";
gotoxy (1,14);write (/ - ~ "
gotoxy (1,15);write (’ : . ");
gotoxy (1,16);write (’ : o H
gotoxy (1,17);write (/ = 6 — ' ‘ i
gotoxy (1,18);write (' , _ ")
gotoxy (1,19);write (’ ) "
gotoxy (1,20);write (/ — o H
gotoxy (1,21);write (' )i
gotoxy (1,22);urite (' )i
qotoxy (1,23);write (’ : H
gotoxy (1,24);write ( —');
£D; _ _

PROCEDURE updat_scrn;
BEGIN ,
gotoxy- (90-27,4);write (time:6:3);

gotoxy (57-27,15);write (inpt~.n"[1]:7:3);
gotoxy (57-27,16);write (inpt~.n"[2]:7:3);
gotoxy (57-27,18);write (inpt~.n~[3]):7:3);
gotoxy (57-27,19);write (inpt~.n"[4]:7:3);

gotoxy (77-27,15);urite (oupt”.n~[1]:7:3);
gotoxy (77-27,16);write (oupt*.n*{2]:7:3);
gotoxy (77-27,18);write (oupt~.n*(3]:7:3);
gotoxy (77-27,19);write (oupt”.n"[4]:7:3);
END;

PROCEDURE loggs_data;
BEGIN , ,

IF (pts <= max_point) and (abs(time - pts*dx) < dt/2) then

BEGIN :

data_logg (logs,oupt”.n,inpt”.n,time,pts);
inc (pts);

END;
END;
PROCEDURE simulate; ,
BEGIN

time := time + dt;

IF abs(time - 0.05%dy*max_point) < dt/2 THEN
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inpt~.n"[row] := inpt*.n*[row] * Step[row];

stat_ip2op (inpt,stat,oupt);
END;

BEGIN

REPEAT
clrscr;
write ('WHICH INPUT IS TO BE STEPPED (1/2/3/4) ? ');
row := ord(upcase(readkey)) - ord('0’);

UNTIL (row > 0) AND (row <= max_cntrl);

setup_scrn;
loggs_data;

REPEAT

simulate;

loqggs_data;

updat_scrn;
UNTIL (time > dx*max_point);

data_save (logs,’hes_g’+chr(ord(/0’)+row)+’.dat’);
" END;

{************************************************}

{ HAIN PROGRANKE }
{************************************************}
BEGIN

setup_vect;

setup_stat;

setup_data;

setup_stst;

pts := 0;
time := 0;

open_loop_simulation;
END.
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C.2 : PLANT DESCRIPTION UNIT

UNIT plant;
{****************************}
INTERFACE

{****************************} .

CONST
{*%kk%x  GENERAL CONSTANTS  *x#&%} .
max_state = 84; { number of states in system }
max_cntrl = 4; { number of inputs/outputs in system }
max_point = 100; { number of points to be logged )
dt = 0.5; { time interval between increments [s] )
dx = 10.0; { time interval between logging  [s] }

{*%k%%  SPECIFIC CONSTANTS %%xkx)
Lvl = 20; { number of pipe levels }

Tp0 = 58.0; { temperature entering pipes [C] }
Tt5 = 23.0; { temperature entering tanks [C] }
Fp = 2.5/60E3; { flourate entering pipes (m"3/s] }
Ft = 5.0/60E3; { flowrate entering tanks [m*3/s] }

Tw = 40.0; { water : operating temperature [C] }

o= 992.2; { water : density (kq/m3] }
Cu = 4178.5; { water : heat capacity (J/(kg.C}y] }
kv = 0.6305; { water : thermal conductivity [J/(m.s.C)] }
uw = 0.0006532; . { water : viscosity {kq/(m.s)] }
Ta = 23.0; { air : operating temperature [C] }

pa = 1.1774; { air : density {kg/m"3] }

Ca =1005.7; { air : heat capacity (J/(kg.C)] }
ka = 0.02624; { air : thermal conductivity [J/(m.s.C)] }
ua = 1.983E-5; { air : viscosity (kg/(m.s)] }
Dp = 0.50%0.0254; { outer diameter of copper pipe [m] }

Di = 0.47%0.0254; { inner diameter of copper pipe [m] }

Ls = 0.04; { length of srirrer in reactor [m] }

St = 400/60; { stirring rate in tanks [1/s] }

Dr =0.3; { diameter of empty reactor tanks [m] }

Vr : array [1..4] of double { volume of empty reactor tanks [m"3] }
= (22.0E-3,22.0E-3,22.0E-3,22.0E-3);

Lp : array [1..4] of double { length of copper pipes in tanks [m] }
=( 3.7, 6.4, 10.2, 4.9);

TYPE
v_var = array [l..max_cntrl] of double;
v_ptr = ~v_var;
vect_var = record
0 : v_ptr;
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‘n o ov_ptr;
END;
vect_ptr = “vect_var;

x_var = array [l..pax_state] of double;
x_ptr = ~x_var;
stat_var = record
0 : ¥_ptr;
n:ox_ptr;
END;
stat_ptr = “stat_var;

VAR \

{ Constants for : water }
Rew : double;
Prw : double;
Nuw : double;
Hiw : double;
How : double;
UL : double;

Reynolds number [] }

Prandtl number [] }.

Nusselt number [] }

outer heat transfer coefficient [J/(s.m*2.C)] }
innner heat transfer coefficient {J/(s.n*2.C)] }
overall heat transfer coeff [J/(s.n"2.C] }

— o, o,

{ Constants for : air )
Gra : double; { Grashof number [] }
Pra : double; { Prandtl number [] )
“Nua : double; { Nusselt number [] )}
{
{
{

Hia : double; outer heat transfer coefficient [J/(s.m*2.C)] }
Hoa : double; innner heat transfer coefficient [J/(s.m*2.C)] }
U2 : double; overall heat transfer coeff [J/(s.n*2.C] }

Vp : array [1..4] of double; { volumes of pipe sections [m"3] }

Vt : array [1..4] of double; { volumes of tanks [m*3] )

ho : array [1..4] of double; { surface area of pipe sections [m"2] }

Step : array [1..max_éntrl] of double; { factor to step inputs by }
Hght : array (1..max_cntrl] of double; { initial heights of tanks (%] )

FONCTION dXdt (i:inteqer;x:x_var;u:v_var;z:x_var;f:double) : double;
PUNCTION dYdt (i:integer;x:x_varju:v_var) : double;

{RkkkkkkkkkdhRRERRRIXXR KR EXKR |

INPLENENTATION

{****************************}

FUNCTION dXdt (i:inteqer;x:x_var;u:v_vaf;z:x_var;f:double) : double;

VAR

temp : double;
j ¢ integer:

BEGIN
CASE i of
: BEGIN ’ '
dxdt := Fp/Vp[1] * ((Tp0 . y=(x[1]+2[1]*£))
- UlxRo[1]/(pweCwiVp([1]) * ((x[1] +2[1] #f)-(x[Lvi*4+1]+z[Lvi*4+1]*f});

END;
Lv1*0+2..Lvl*1 : IF (i <= Lvl*0+round(Lvl*u[1]/100)) THEN

BEGIN
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dxdt := Fp/Vp[1] * ((x[i-1]4z[i-1]*f)-(x[1]+z[i]*f))

- UI*Ao[1]/(pwxCuxVp[1]) * ((x[i] +z[i] *f)-(x[Lvlx4+1]+z[Lvi*4+1]*f));
END
ELSE
BEGIN

[i-1]+z[i-1]*f)-(x[i]+z[1]*f))

dXdt := Pp/Vp[1] * ((x
- U2*ho[1]/(pwkCw*Vp[1]) * ((x[i] +z[i] *f)-(Ta));
END;
Lvl*1+1,.Lv1*2 : IF (i <= Lvl*l4round(Lvl*u[2]/100)) THEN
BEGIN
dxdt := Fp/vp[2] * ((x[i-1]4z[i=1]*f)=(x[i]+z[1]*f))
- UL*R0[2]/(pw*Cw¥Vp[2]) * ((X[1] +z[i] *f)-(x[Lvl*4+2]+z[Lvl*4+2]*f));
END
ELSE
BEGIN
dxdt := Fp/Vp[2] * ((x[i=1]+2[1-1]%E)=(x[1]+2[1]*))
- U2xdo[2]/(pwxCuxVp[2]) * ((x[i] +z[i] *f)-(Ta));
END;
Lvl%2+1..Lvl*3 ; IF (i <= Lvl*2+round(Lvl*u[3]/100)) THEN
BEGIN : ‘
dxdt := Fp/Vp[3] * ((x[i=1]+2[i-1]%f)=(x[1i]+2[1]*f))
- U1*Ro[3]/(puCwVp[3]) * ((x[i] +z[i] *f)=(x[Lvl*4+3]+z[Lvl*4+3]*f));
END )
ELSE
BEGIN
dxdt := Fp/Vp[3] * ((x[i-1]+z[i=1]%f)=(x[1]+2[1]*f))
- U2%ho[3]/(pu*CaVp[3]) * ((x[i] +z[i] *f)-(Ta));
END; .

Lvl*3+i..Lvl*4 ¢ IF (1 <= Lvl*3+round(Lvl*u[4]/100)) THEN

Lvl*4+41 :

Lvl%4+2

Lvl*443

BEGIN
dxdt := Fp/Vp[4] * ((x[i-1]+z[i=1]%f)=(x[1]+2[1]*f))
- Ul%ho[4]/(pwkCwxVp[4]) * ((x[i] +z[i] *f)-(x[Lvl*4+4]+z[Lvix4+4]*f));
END
ELSE
BEGIN
d¥dt := Fp/Vp[4] * ((x[i=1]+z[i-1]%£)-(x[i]+2[1]*f))
- U2+o[4]/(purCuiVp{4]) * ((x[i] +z{i] *f)-(Ta));
END;

BEGIN
temp := Pt/(VE[1]*u[1]/100) * ((x[it1]+z[i+1]%f)=(x[i]+z[i]*f))s
FOR j := 1 to round(Lvl*u[1]/100) do
temp := temp + Ul*Ao[1]/(pw*CwxVt[1]%u[1]/100) * ((x[Lv1*0+j]+z[Lv1*0+j]*f)=-(x[i]+z[1]*f))s
dxdt := temp;
END;
BEGIN
temp := Ft/(Vt[2]%u[2]/100) * ((x[i+1]+z[it1]%f)-(x[i]+z[i]*f));
FOR j := 1 to round(Lvl*u[2]/100) do ' '
temp := temp + UL*Ao[2]/(pw*CwkVt[2]%u[2]/100) * ((x[Lvl¥1+j]+z[Lvl*1+j]*f)-(x[i]+a[i]*f));
dxdt := temp; ‘
END;
BEGIN '
temp := Pt/(VE[3]*u[3]/100) * ((x[it1]+z[i+1]*f)-(x[i]+2[i]*f))s
FOR j := 1 to round(Lvl*u[3]/100) do
temp := temp + Ul*Ao[3]/(pw*Cw*Vt[3]*u[3]/100) * ((x[Lvl*2+j]+z[Lvl*2+j]*f)=(x[i]+z[1]*f));
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dXdt := temp;
END;
Lvl*4+4 : BEGIN
temp := Pt/(Vt[4]*u[4]/100} * (Tt5

=(x[ilt2(1]*)):

*u[4]/100) * ((X[Lv1#3+]]42[LvI#34+j]*E)-(x[1]+2[1]*£));

FOR j := 1 to round(Lv1*u[4]/100) do
temp := temp + Ul*Ao[4]/{pw*Cw*Vt[4]
d¥dt := temp;
END;
END;
END;
FUNCTION dYdt (i:inteqer;x:x_var;u:v_var) : double;
BEGIN
CASE i of
1 : dvdt := x[Lvl*1];
2 : dvdt := x[Lvl*2];
35 dydt := x[Lvl*3];
4 ¢ dYdt := x[Lvl*4];
END;
END;

{****************************************}

k%% INITIALIZATION SECTION k%)
{****************************************}
BEGIN

{ Heat transfer to water }

Rew := pu*(Fp/(pi*sqr(Di/2)))*Di/uw;

Pru := cu*uw/kw;

Nuw := 0.023%*exp(0.8*1n(Rew))*exp(0.4*1n(Prw));
Hiw := Nuwkkw/Di;
How

U1 := 1/((1/How)+(Dp/(Di*Hiw)));

{ Heat transfer to air )
Pra := ca*ua/Ka;

Gra
Nua := 0.53%exp((1/4)*1n(Gra*Pra));
:= Nuwkkw/Di;

:= Nua*ka/Dp;

Hia
Hoa'

02 := 1/((1/Hoa)+(Dp/(Di*Hia)));

{ Volumes and surface areas of contact }
Vp[1] := pi * sqr(Di/2) * Lp(1] / Lvl;
 Vp[2] := pi * sqr(Dij2) * Lp(2] / Lvl;
Vp[3] := pi * sqr(Di/2) * Lp[3] / Lvl;
Up[4] := pi * sqr(Di/2) * Lp[4] / Lvl;

Vt[1]) := Vr[1] - pi * sqr(Dp/2) * Lp[1}:
Vt[2] := Vr[2] - pi * sqr(Dp/2) * Lp(2];
Vt[3] := Vr[3] - pi * sqr(Dp/2) * Lp[3]:

:= 0.87%kw/Dr*exp((2/3)*1n(Ls*Ls*St*pw/uw))*exp((1/3)*1n(cw*uw/kw));

= 9.8%(1/(273+(Tw+Ta)/2) ) *(Tw-Ta)*exp(3*1n(Dp) ) /exp(2*1n(ua/pa)):
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Vt[4] := Vr[4] - pi * sqr(Dp/2) * Lp[4];

Ao[1] := pi * Dp * Lp[1] / Lvl;
‘A0{2] := pi * Dp * Lp{2] / Lvl;
Ao[3] := pi * Dp * Lp{3] / Lvl;
ho[4] := pi # Dp * Lp[4] / Lv;

Step[l] := 4.0;

Step[2] := 4.0;

Step[3] := 4.0;

Step[4] := 4.0;

Hght[1] := 20.0;
Hght[2] := 20.0;
Hoht[3] := 20.0;
Hght[4] := 20.0;
END.
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C.3 : MATRIX HANDLING UNIT

UNIT natriy;

{****************************}

INTERFACE
{kkkkkxkk R RRRERR KRR KRR KKK )

USES
plant;

PROCEDURE vect_initl (v:vect_ptr):
PROCEDURE stat_initl (x:stat_ptr);

PROCEDURE stat_ip2op (u:vect_ptr;x:stat_ptr;y:vect_ptr);

{****************************}

IMPLEMENTATION
(RRRRRRRERRERERRRI***h kAR )

PROCEDURE vect_initl (v:vect ptr),
VAR
: integer;
BEGIN
new (v*,0);
new (v.n);
FOR r := 1 to max_cntrl do
BEGIN
yr.onr] e
vA.r[r] = 0
END;
END;

PROCEDURE stat_initl (x:stat_ptr);

VAR
j + integer;
BEGIN
new (x*.0);
new (x*.n);
FOR j := 1 to max_state DO
BEGIN
X70M[§] = 05
.ar[j] = 05
END;
END; .-

PROCEDURE stat_ip2op (u:vect_ptr;x:Stat_ptr;y:vect_ptr);

VAR

j ¢ integer;

m : array [0..4] of x_var;
BEGIN

FOR j := 1 to max_state 00 m{0](]] :
FOR j := 1 to max_state DO m[1][J]
FOR j := 1 to max_state DO n{2](]

R j := 1 to max_state DO m[3]{j

OOOO
~e ~e ~a
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FOR j := 1 to max_state DO m{4][j] := 0;

FOR j := 1 to max_state DO
n{1]{j} := dt * dxdt (j,x".0", v .n",m[0],0.0);
FOR j := 1 to max_state DO
m{2][j] := dt * dxdt (j,x*.0*,u”.n",m[1],0.5);
FOR j := 1 to max_state DO
m{3]{j] := dt * dxdt (j,x".0*,ur.n",m[2],0.5);
FOR j := 1 to max_state DO
m[4][]] := dt * dxdt (j,x".0*,u.n*,m(3],1.0);

FOR j := 1 to max_state DO
x*.nA[3] 2= xr0n[3] + (1/6)*(m{1][] + 2*m[2](]]

FOR j := 1 to max_cntrl DO
yA.nr[3] = dYdt (3,x*.nhunnt);

FOR j := 1 to max_state DO
x*0r[3] 1= xAah i
END;

{****************************************}

{#+  INITIALIZATION SECTION kik)
(****************************************}
BEGIN

END.
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+ 2*m{3][§] + m[4](3]):

188 -



- APPENDIX C : HEAT EXCHANGER RIG SIMULATION SOFTWARE -

C.4 : DATA HANDLING UNIT

UNIT data;

{****************************}

INTERFACE
{****************************}
USES ’

plant;

TYPE
data_var = record
y ¢ array [0..max_point] of v_ptr;
u : array {0..max_point] of v_ptr;
X : array [0..ma¥_point] of double;
END; ’
data_ptr = ~data_var;

PROCEDURE data_init (d:data_ptr);
PROCEDURE data_logq (d:data_ptr;y,u:v_ptr;x:double;z:integer);
PROCEDURE data_save (d:data ptr;f:string);

{****************************}

TMPLENENTATION
: {****************************}
USES
crt,qraph;

PROCEDURE data_init (d:data_ptr);
VAR
i : integer;
BEGIN
- FOR i := 0 to max_point do
BEGIN
new (d*.y[{i]);
new (d*.ufi]);
END;
END;

PROCEDURE data_logg (d:data_ptr;y,u:v_ptr;x:double;z:integer);
VAR
r,c : integer;
BEGIN
FOR r := 1 to max_cntrl do
BEGIN
drylzIr[r] = yrxl
droufz}r[r] = urr];
END;
drx(z] = X7
END;

PROCEDURE data_save (d:data_ptr;f:string);
VAR
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i,j : integer;
outfile : text;
BEGIN
assign (outfile,f);
rewrite (outfile);
FOR i := 0 to max_point DO
BEGIN : :
FOR j := 1 to max_cntrl DO write (outfile,d*.y[i]*[3]):
FOR j := 1 to max_cntrl DO write (outfile,d*.u[i}*[j]):
write (outfile,d*.x[i]);
writeln (outfile);

END;
close (outfile);
END; :
{****************************************}
{*kx INITIALIZATION SECTION kkk )
{****************************************}
BEGIN
END.
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D.1 : MAITN PROGRAMME
PROGRAM herig;

USES
plant,matrix,data,intrface,
crt,dos;

VAR
filey,fileu : string{12];
outfile : text;

hrs,min,sec,hun : word;
time,told,tlog : real;
exit,ends,logg : boolean;
optn,chce,logs : integer;
loopl,loop2,pts : integer;
ch : char;

dacl,dac2 : array [0..7] of real;
adcl,adc2 : array [0..7] of real;

storey,storeu : data_ptr;
labley,lableu : labl ptr;

tbeg, ttky,stir : vect_ptr;
flur,flwe, £lwu, fluy, fluf @ vect_ptr;
1vlr,lvle,lvlu,lvly,1vlf : vect_ptr;
tppr, tppe, tppu, tppy, tppf : vect_ptr;

xf1k,xf1f : ssst_ptr;
nflk,eflf : ssmx_ptr;
x1vk,x1vf : ssst_ptr;
plvk,mlvf : ssmx_ptr;
xtpk,atpf : ssst_ptr;
ntpk,mtpf : ssmx_ptr;

PROCEDURE prog_varble_initl;
BEGIN
exit := false;

* new (storey);data_init (storey):
new (labley); ’

new (storeu);data_init (storeu);
new (lableu);
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new (tbeg);vect_initl (tbeg);
new (ttky);vect_initl (ttky);
new (stir);vect_initl (stir);

stirr.n?[1] := 20.0;
stirr.07[1] := 20.0;
stirr.nr[2] = 20.0;
stirr.0”[2] := 20.0;
stirr.n[3] := 20.0;
stirr.07[3] := 20.0;
stirr.nA[4] := 20.0;

stir~.o7[4] := 20.0;

new (flwr);vect_initl (flwr);
new (flwe);vect_initl (flwe);
new (flwu);vect_initl (flwu);
new (fluy);vect_initl (flwy);
new (flwf);vect_initl (flwf);

flur~.n[1} := 50.0;f1wer.n?[1]
flwr~.07[1] := 50.0;flwer,07[1]
flwrr.n”[2] := 50.0;flwe”.n"[2]
flurr.07[2] := 50.0;flwe”.0"2]
fler~.n~[3] := 0.0;flwer.n"[3]
flwr~.0”[3] := 0.0;flwe”.0"[3]
fler*.n*[4] := 0.0;flwe*.n"[4]

flur~.o"[4] :

new (1vlr);vect_initl (1lvlr);
new (lvle);vect_initl (lvle);
new (lvlu);vect_initl (1lvlu);
new (lvly);vect_initl (lvly);
new (1vlf);vect_initl (1lvlf);

Ivlrr.nA[1] := 40.071vler.n™(1] ¢
40.0;1vler.0"[1] ¢
40.0;1vle”r.n2] ¢

-~ vlrrior[l) s
-lvlrrann2] e

Ivir~.0r2] := 40.0;1vler.0"[2]

Ivlrr.nr[3] := 40.0;1vler.nr[3]

Ivlr*.or[3] := 40.0;1vler.0”[3] ¢
- lvlrA.onr[4] := 40.0;1vle”.nn[4] :
- 1vlrr.0n[4] := 40.0:1vier.on(4]

new (tppr);vect_initl (tppr);
new (tppe)svect_initl (tppe);
new (tppu);vect_initl (tppu);
new (tppy)svect_initl (tppy):
new (tppf):vect_initl (tppf):
tppr~.n*([1]
tpprr.onl] ¢
tppr~.nr(2] ¢
tpprt.on[2] ¢

= 40.0;tppe”.0r[1]
tpprr.nh(3] :=

32.0;tpper.nt(2]
32.0;tppe”.on[2]
27.0;tppe.nA[3]
tppr~.0*(3] := 27.0;tppet.o"[3]
tpprr.ni[4] = 24
tpprr.or[4] = 24

26 oo 20 oo s se oo
[ T T { T T N | NN | N T I ||

0.0;flwe”.0n[4] ¢

:= 40.07tpper.n*[1] :

.0stpper.nr[4]
.0;tppe”.on[4] ¢

B oW nonn

0.0;flwu”.nM1]
0.0;flwu”. 07 1]

0.0;flwur.nn[2] ¢

0.0;flwu". 07 2]
0.0;f1wur.n7 (3]
0.0;flwur. 03]

0.0;f1wur.nn[4] ¢

0.0;flwur.0n[4]

0.0;1vlur.n[1]
0.0;1vlur,0n1]
0.0;1vlur.nn2]
0.0:1vlur.0n[2]
0.0;1vlur.n?[3)
0.0;1vlur, 03]
0.0;1vlur.nn[4]
0.071vlur. o[ 4]

0.0;tppu”.n?[1]
0.0;tppur.on[1]
0.0;tpput.n[2]
0.0;tppur.on[2]
0.0;tppu™.n*[3]
0.0;tppur.on[3]
0.0;tppu*.n*[4]

0.0;tppun.or[4]

.o ee ®o as .s oo
w . n u uwu o n

0.0;flwyr.nr1] ¢
0.0;fluy”.0n[1] ¢
0.0;flwy*.nr2] ¢
0.0;flwy”.0"[2] ¢
0.07f1wyr.n"[3]
0.0;f1uyr.07[3]
0.0;f1lwyr.n"[4]
0.0;f1luy”.0"[4]

0.0;1vly*.n 1] :

0.0;1vlyr.0M1]
0.0;1vlyr.nn[2]
0.0;1vlyr.0M 2]
0.0;1vly~.n"[3]
0.0;1vly*.07[3]
0.0;1vly~.n"[4]
0.0;1vlyr.0MN4]

40.0;tppy~.n[1]
40.0;tppy”.0*[1]
40.0;tppy”r.nr(2] ¢
40.,0;tppy”r.0M2] ¢
40.0;tppyr.n7[3] ¢
40.0;tppy”.07[3] ¢
40.0;tppyr.n*(4] :
40.0;tppy”.or[4] ¢

- 192 -

.o e .o
[ [N LI T R L N 1} Il II Il

e ®e 2o ®+ so e -
i1 # 0 u nouw o ouon

50.0;f1lwf*.n"[1]
50.0;flwf”.0"[1]
50.

50.0;flwfr. 07 2]
0.0;flwf”.n[3]
0.0;f1wf”,07[3]

0.0;flwf .nA[4] ¢

0.0;f1wf”.07[4]

0:flwf”.nn[2] ¢

.o

60.0;1v1f~.nM[1] ¢
0.0;1vlfr.0M1] ¢
0.0;1vlfr. (2] ¢
0.071vlf~,07[2] ¢

0.0;1vlfr,00M3] ¢
0.0;1vlfr.nn[4] ¢
0.0;1v1fr.074] ¢

0O DO PO DD W W o
.u-u\l\lNNoO

6
6
6
60.0;1v1f~.n~[3]
6
6
6

.0stppfr.nr(1] ¢
L0;tppfr.on[l] ¢
.0:tppfr.nn[2] ¢
.0stppfr.on[2] ¢
L0rtppfr.nn[3] ¢
.0;tppfr.on[3] ¢
.0;tppfr.nn[4] @
.0stppfr.on[4]

50.0;
50.0;
50.0;
50.0;
0.0;
0.0;
0.0;
0.0;

w o n . non dtounn
(=)
o
o
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(3]
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new (xflk);ssst_initl (xflk);
new (mflk);ssmx_initl (mflk);
ssmx_loads (’kf.ssm’,mflk);

new (xfif);ssst_initl (xflf);
new (mflf);ssmx_initl (nflf);
ssmx_loads (’ff.ssm’,nflf);

new (xlvk);ssst_initl (xivk);
new (mlvk);ssmx_initl (mivk);
ssm¥_loads (‘kl.ssm’,mlvk);

new (x1vf);ssst_initl (xlvf);
new (mlvf);ssmx_initl (mlvf);
ssmx_loads (/fl.ssm’,mlvf);

new (xtpk);ssst_initl (xtpk);
new (mtpk);ssmx_initl (mtpk);
ssmx_loads (’kt.ssm’,mtpk);

new (xtpf);ssst_initl (xtpf);
new (mtpf);ssmx_initl (mtpf);
ssmx_loads (’ft.ssm’,mtpf);

dac_initl (1);
dac_initl (2);
adc_initl (1);
adc_initl (2);

ends := false;
logg := false;

chee
logs :

nn
-
~e

told := 0;
settime (0,0,0,0);
END;

PROCEDURE proq_varble_reads;
BEGIN
FOR loopl := 0 to 7 DO
BEGIN

adc_reads (1,loopl,adcl[loopi]):

CASE loopl OF

0 : tppy*.n*[looplHd] :
1..4 ; ttky*.n*{5-loopl] :
5 : tbegr.n*[loopl-3] :
6..7 ¢ tppy*.n*[loopl-5] :
END;

adcl[loopl] + 212.8

( ) / 51.55;
(adcl[loopl] + 212.8)

(

( )

5

51.55;
adcl[loopl] + 212.8) / 5
adci[loopl] + 212.8) / 5

1.55;
1055;

— T e

adc_reads (2,loopl,adc2({loopl]);

~CASE loopl OF
0..1 : flwy*.n*[loopl+l] :
2..5 : lvly*.n*[loopl-1] ::

100 * (adc2[loopl] - 819) / (4095 - 819);
100 * (adc2[loopl]/4095);
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6 : tppy*.n*[loopl-3] := (adc2[loopl] + 212.8) / 51.55;
7 i tbeg*.n*[loopl-6] := (adc2{loopl] + 212.8) / 51.55;
END;
END;
END;

PROCEDURE prog_varble_write;
BEGIN
FOR loopl := 0 to 7 DO
BEGIN
CASE loopl OF
0..3 : daclfloopl] := stir*.n"[loopl+l] * 40.95;
END;
dac_write (1,loopl,dacl]loopl]);
CASE loopl OF
0  : dac2[loopl} := flwu”.n*[loopl+l] * 40.95;
1..4 : dac2{loopl] := lvlur.n*[5-loopl] * 40.95;
5 ¢ dac2[loopl] := flwu".n*[loopl-3] * 40.95;

END;
dac_write (2,loopl,dac2[loopl]);
END; ’
END;
PROCEDURE prog_screen_initl;
BEGIN ‘
clrscr;
gotoxy(1, 1);write (' "
gotoxy(1, 2);write (’ ")
gotoxy(1, 3);write (’ ’ ");
gotoxy(1l, 4);write (’ B H
gotoxy(1l, 5);write (/ H

gotoxy(1l, 6);write (/
gotoxy(l, 7);write ('

"
/)’.

gotoxy(1, 8);write (’ > - = > ";
gotoxy(1, 9);write (/ ( ! ( f f ( ( ‘ _ ;
gotoxy(1,10);write (' 11);
gotoxy(1,11);write (’ ' );
gotoxy(1,12);write (/ ";
gotoxy(1,13);urite (/ ";
gotoxy(1,14);write (/ ';;
gotoxy(1,15);write (’ ";
qgotoxy(1,16);write (’ H "
gotoxy(1,17);write (’ ‘ ‘ \ l \ ‘ { l ";
gotoxy(1,18);write (' « < « <« « ";

gotoxy(1,19);write (’
gotoxy(1,20);write (’

I)I.
I);

gotoxy(1,21);write (’ ‘ ")
gotoxy(1,22);write (/ )i
gotoxy(1,23);write (' H
gotoxy(1,24);write (/ )i
gotoxy(1,25);urite (/ - ")y
END; -

PROCEDURE check_keys:
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PROCEDURE key_ShF1;
BEGIN
IF (stir*.m*[1] <= 90) THEN
stirr.n?[1] := stirr.nA{1] + 10,0
ELSE
stirr.n?[1] := 100.0;
END;

PROCEDURE key CtF1;
BEGIN
IF (stirr.n*[1] >= 10) THEN
stirr.mr[1] := stirr.n?(1] - 10.0
ELSE
stirr.nr[1] ¢
END;

0.0;

PROCEDURE key_ShF2;
BEGIN
IF (stir*.n*[2} <= 90) THEN
stirr.n”[2] := stir*.n*2] + 10.0
ELSE
stirr.nr[2] @
END;

100.0;

PROCEDURE key_CtF2;

BEGIN
IF (stir*.n”[2] >= 10) THEN
stirr.n[2] := stirr.nr2] - 10.0
ELSE
stirr.n?[2] := 0.0;

END;

PROCEDURE key_ShF3;

BEGIN

IF (stir*.n”[3] <= 90) THEN
stirr.nn[3] = stirr.n?(3] + 10.0
ELSE
stirr.nA[3] := 100.0;

END;

PROCEDURE key_CtF3;
BEGIN
IF (stir".n*[3] >= 10) THEN
stirr.n?[3] := stir*.n?(3] - 10.0
ELSE
stirr.n?[3] := 0.0;
END;

PROCEDURE key_ShP4;
BEGIN
IF (stir*.n*[4] <= 90) THEN
stirf.nr{4] := stirr.nr[4] + 10.0
ELSE
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stirr.n[4] := 100.0;
END;

PROCEDURE key_CtF4;
BEGIN
IF (stir*.n*[4] >= 10) THEN
stirr.n”[4] := stir*.n"[4] - 10.0
. ELSE
stir*.n"[4] := 0.0;
END;

PROCEDURE key_lfar;
BEGIN
CASE optn OF
1 : IF (chce » 1) THEN dec (chce);
2 : IF (chce > 1) THEN dec (chce);
3 ¢ IF (chce > 1) THEN dec (chce);
4 ¢ IF (chce > 1) THEN dec (chce);
END;
logs := 1;
END;

PROCEDURE key_rgar;
BEGIN '
CASE optn OF
1 : IF (chce < 2) THEN inc (chce);
2 3 IF (chce < 2) THEN inc (chce);
3 ¢ IF (chce < 1) THEN inc (chce);
4 : IF (chce < 1) THEN inc (chce);
END;
logs :=1;
END;

PROCEDURE key_upar;
BEGIN
CASE optn OF
1 : CASE chce OF
1 : IF (logs > 1) THEN dec (logs);
2 ¢ IF (logs > 1) THEN dec (logs):
END;
2 + CASE chce OF
1: IF (logs > 1) THEN dec (logs):
2 : IF (logs > 1) THEN dec (logs):
END;
3 :.CASE chce OF
1 : IF (logs > 1) THEN dec (logs):
END;
4 : CASE chce OF
© 1 : IF (logs > 1) THEN dec (logs):
END; ‘
END;
END;

PROCEDURE key_dnar;
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BEGIN
CASE optn OF

1:

END;
END;

CASE chce OF

1 ¢ IF (logs < 2) THEN inc (logs);
2 : IF (logs < 4) THEN inc (logs):
END;

: CASE chce OF

1 : IF (logs < 2) THEN inc (logs);
2+ IF (logs < 4) THEN inc (logs);
END; :

: CASE chce OF

1 : IF (logs < 4) THEN inc {logs);
END;

: CASE chce OF

1 : IF (logs < 4) THEN inc (logs);
END;

PROCEDURE key_pqup;
BEGIN
CASE optn OF

1:

CASE chce OF
1 IF (flwur.n*{logs] <= 90) THEN ,
flw~.n*logs] := flwu”.n*[logs] + 10.0
ELSE
flw".n*{logs) := 100.0;
2 ¢ IF (lvlur.n*[logs] <= 90) THEN
Ivlut.n*[logs] := lvlu*.n*[logs] + 10.0
ELSE
Ivlu~.n*{logs] := 100.0;
END;

¢ CASE chce OF

1 ¢ IF (flwr~.n"[logs] <= 90) THEN
flwr~.n*[logs] := flwr*.n"{logs] + 10.0
ELSE
flur~.n*[logs] := 100.0;

2 ¢ IF (lvlr*.n*[logs] <= 90) THEN
lvir*.n*[logs] := lvlr~.n"[logs] + 10.0
ELSE
lvir*.n*[logs] := 100.0;

END;

: CASE chce OF

-1 ¢ IF (tppu”.n"{logs] <= 90) THEN

tppur.n[logs] := tpput.n*[logs] + 10.0
ELSE

tppu”.n*[logs] := 100.0;
END;

: CASE chce OF

1 : IF (tppr*.n*[logs] <= 59) THEN
tppr*.n*[logs] := tppr*.n*[logs] + 0.5
ELSE
tppr~.n*[logs] := 60.0;
END;
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END;
END;

PROCEDURE key_pqdn;
BEGIN
CASE optn OF
1 : CASE chce OF
1 : IF (flwur.n*[logs] >= 10) THEN
flwu*.n*[logs] := flwu~.n*[logs] - 10.0
ELSE
flw*.n"[logs} := 0.0;
2: IF (1vlur.nn[logs) »>= 10) THEN
Ivlur.n”[logs] := lvlur.n~[logs] - 10.0
ELSE
lvlu*.n*logs] := 0.0;
END;
2 : CASE chce OF ,
1: IF (flwr*.n*[logs] >= 20) THEN
flur~.n*[logs] := flwr~.n*[logs] - 10.0
ELSE
flwr~.n*[logs] := 10.0;
2: IF (1vlr~.n"[logs] >= 10) THEN
1virr.n*[logs] := 1lvlr~.n*[logs] - 10.0
ELSE
Ivlr~.n~[logs] := 0.0;
END; ,
3 ¢ CASE chce OF
1 : IF (tppur.n*[logs] >= 10) THEN
. tppur.ntflogs] := tppur.nt{legs] - 10.0
ELSE
tpput.n*[logs] := 0.0;
END;
4 : CASE chce OF
1 : IF (tppr~.n~[logs] >= 21) THEN
tppr~.n*(logs] := tppr*.n*[logs] - 0.5
ELSE
tppr~.n~(logs] := 20.0;

END;
END;
END;
PROCEDURE key_altl;
BEGIN
IF NOT logg THEN
BEGIN
pts :=0;
-logq := true;

gettime (hrs,min,sec,hun);
tlog := hrs*3600 + min*60 + sec*l + hun*0.01;
END

ELSE IF logq THEN

BEGIN
pts :=0;
logq := false;
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textbackground (lightgray);textcolor (black);
gotoxy (26,04);write (‘AltL: LOGS');
textbackqround (black);textcolor (qreen);
END;

CASE optn OF
1 : CASE chce OF

1 : BEGIN

filey :
END;

2 : BEGIN

filey :
END;

END;

2 1 CASE chce OF

1 : BEGIN
filey :
fileu :

END;

2 : BEGIN
filey :
fileu :

END;

END; .

3 : CASE chce OF

1 : BEGIN

filey :=
. END;

END;

4 : CASE chce OF

1 : BEGIN
filey := 'ht_0.dat’;filey[4] := chr(48+logs);
fileu := 'ut_0.dat’;fileu[4] := chr(48+logs);

END; '

END;

END;

'gf_0.dat’;filey[4]

chr(48+logs);

'ql_0.dat’;filey[4] := chr(48+logs);

'nf_0.dat’;filey[4) :
"uf_0.dat’;fileuf4] :

chr(48+logs);
chr{48+logs);

'] 0.dat’;filey[4] :
vl _0.dat’;fileufd) :

chr(48+logs):
chr(48+1ogs);

-
]

'gt_0.dat’;filey[4] := chr(48+logs);

CASE optn OF
1 : CASE chce OF
1 : BEGIN

labley”.headl :
labley”.head2 :
labley*.yname[1]
labley”.yname[2]
labley”.yname[3] :
labley”.yname[4] :

'HEAT EXCHANGER RIG : FLOW CONTROL';
'QPEN LOOP STEP TEST/;

:= 'Flow Fly’;labley”.ylabl[1l] :
'Flow F2y’;labley”.ylabl[2]
" labley”,ylabl[3] :
¥ labley”.ylabl[4] :

labley”.uname[1] :
labley”.uname([2] :
labley”.uname[3]
labley”.uname( 4]

'Valv C1 /;labley”.ulabl[1] :
'Valv C6 /;labley”.ulabl[2]
" labley”.ulabl[3]
" labley”.ulabl[4] :

womnonon

labley*.xlabl := ’s’;
END;
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'Y’/;labley*.yunit([1] :
'Y’ ;1abley*.yunit[2]
'7; labley*.yunit[3] :
7: labley”.yunit[4] : i

'07;1abley”.uunit[1]
'y’;1abley”.uunit(2]
1+ labley*.uunit[3]
'!; labley”.uunit[4]

I%I;

I%I;
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2 ¢ BEGIN
labley”.headl :
labley”.head2 :

labley”.yname[1] :

labley”.yname[2]

labley”.yname[3] :

labley”.yname[4)

labley”.uname[1] :

labley”.uname[2]

labley”.uname[3] :

labley”.uname[4)

labley*.xlabl :
END;
END;
2 : CASE chce OF
1 : BEGIN
labley”.headl :
labley”.head2 :

labley”.yname[1] :
labley”.yname[2] :
labley”.yname[3] :
labley”.yname[4] :

labley”.uname[1] :
labley”.uname{2] :
labley”.uname[3] :

labley”.uname[4]

labley~.xlabl :

lableu”.headl :
lableu”.head2 :

lableu”.yname[1] :
lableu*.yname[2] :
lableu*.yname(3] :

lableu*.yname[4]

lableu”.uname[1] :
lableu”.uname[2] :
lableu”.uname[3] :

lableu”.uname[4]

lableur.xlabl :
END;
2 : BEGIN
labley~.headl :
labley”.head2 :=

labley~.yname[1] :
labley”.yname[2] :
labley”.yname[3] :
labley”.yname[4] :

'HEAT EXCHANGER RIG : LEVEL CONTROL';
'OPEN LOOP STEP TEST’;

e .o
nonwonon

.e .o
w nounon

‘Levl L1y’;labley”.ylabl[1] :
‘Levl L2y’;labley”.ylabl[2]
'Levl L3y’;labley*.ylabl[3] :
"Levl Ld4y’;labley”.ylabl[4]

'Valv C5 ’;labley”.ulabl[1] :
'Valv C4 ’;labley”.ulabl[2]
'Yalv €3 /;labley”.ulabl[3]
'Valv C2 ‘;labley”.ulabl{4)

!
Is;

.e
w o non N

Y’;labley”.yunit[1] :

Y’ ;1abley”. yunit[2]

'Y’;labley”.yunit[3] :

"Y’;1abley”.yunit{4)

0’;1abley” . uunit[1] :

U7 ;1abley” . uunit[2]

'U0’;1abley”.uunit([3] :
U’ ;1abley . uunit[4] ¢

'HEAT EXCHANGER RIG : FLOW CONTROL';
'CLOSED LOOP STEP TEST';. ‘

-
nomwon H

'Flow Fly’;labley”.ylabl[1] :
'Flow F2y’;labley~.ylabl[2] :
"y labley~.ylabl[3] :
" labley~.ylabl[4] :
'Flow Flr’;labley”.ulabl[1] :
'Flow F2r’;labley~.ulabl{2] :
' labley~.ulabl[3] :
labley*.ulabl[4] :

1
]

IS,;

'Y7;1abley”.yunit[1]
'Y’ ;1abley”.yunit[2]

*; labley”.yunit[3] :

17; labley*.yunit[4]

'R’;labley”.uunit[1] :

'R’ ;1abley”,uunit[2]

'+ labley~.uunit[3] :

"1; labley*.uunit(4]

'HEAT EXCHANGER RIG : FLOW CONTROL’;
'CLOSED LOOP STEP TEST’;

'Valv C1 /;lableut.ylabl[1] :
'Valv C6 /;lableu”.ylabl[2] :
" lableu.ylabl{3] :
s lableu”.ylabl[4]
'Flow Fir’;lableu~.ulabl[1] :
'Flow F2r’;lableut.ulabl[2] :
A lableu”.ulabl[3]
lableu”.ulabl[4]

1l
!

,S,,'

.I: LU )

'y’;1ableut.yunit[1] :

'U’;1ableur. yunit{2]

7 lablewt.yunit(3] :

7: lableur.yunit([4]

'R’;lableu”.uunit[1] :

'R’;1ablev”.uunit[2]

7. lableu~.uunit(3] :

'7: lableu”.uunit[4]

'HEAT EXCHANGER RIG : LEVEL CONTROL';
'OPEN LOOP STEP TEST';

'Levl Lly’;labley~.ylabl[1] :
'Levl L2y’;labley~.ylabl[2] :
'Levl L3y’;labley”.ylabl[3] :
'Levl L4y’;labley”.ylabl[4] :
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’Y';1abley . yunit[1] ¢

'Y’;1abley~.yunit[2]
'Y/ ;labley”.yunit[3]
'Y’;labley”.yunit[4]
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.o
nu w o

.o
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1
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END;
3 : CASE chce OF

labley”.uname(1]
labley”.uname{2]

labley”.uname[3] :

labley”.uname(4]

lableyA.xlabl

]

lableu”.headl
lableur.head2

lableu*.yname[1] :

lableu*.yname[2]

lableu”.yname[3] :

lableu”.yname[4]

lableu”.uname[1]
lableu”.uname[2]
lableu*.uname[3]
lableu*.uname[4]

lableu”.xlabl :
END;

1 : BEGIN

END;
4 : CASE chce OF

labley”.headl
labley”.head2

o oo
n qn

labley*.yname[1] :=

labley”.yname{2]

labley~.yname[3] :

labley”.yname[4]

labley”.uname[1] :

labley”.uname[2]

labley*.uname[3] :

labley”.uname[4]

labley~.xlabl :
END;

1 : BEGIN

labley”.headl
labley~.head2 :
labley”.yname[1] :
labley”.yname[2]
labley”.yname[3]

. labley”.yname[4]

labley~.uname[1]
labley”.uname[2]

labley”.uname[3] :
labley”.uname[4] :

labley~.xlabl :=

Levl Lir’;labley*.ulabl[1] :

‘Levl L2r’;labley”.ulabl[2]
Levl L3r’;labley~.ulabl[3]
'Levl L4r’;labley”.ulabl{4]

'S';

"HEAT EXCHANGER RIG

'OPEN LOOP STEP TEST';

. e
wonou n

ee *a ae oe
u n o n

'Valv C5 /;lableut.ylabl[1]
'Yalv C4 ’;lableu”.ylabl[2]
'valv C3 /;lableut.ylabl[3]
'Valv C2 ’;lableu”.ylabl[4]

'Levl Llr’;lableu”.ulabl[1]
Levl L2r’;lableu,ulabl[2]

Levl L3r’;lableu”.ulabl[3] :

'Levl L4r’;lableu*.ulabl[4]

ISI;

"HEAT EXCHANGER RIG :

'OPEN LOOP STEP TEST';

Temp T7y’;labley”.ylabl[1]
'Temp T8y’;labley”.ylabl[2]
'Temp T9y’;labley”.ylabl[3]
!Temp TOy’;labley”.ylabl[4]

Levl L1r’;labley”.ulabl[1]
Levl L2r’;labley”.ulabl[2]

'Levl L3r’;labley”.ulabl[3] :

'Levl Ldr’;labley*.ulabl[4]

ISI;

e oo se o= oo e
mn n n n nou oo

ee *o oo e
n " nu

e ce oo
[ 1 S | R [ I | ]

'R’;labley”.uunit[1] :

'R’ ;labley”.uunit[2]

'R’;labley*.uunit[3] :
'R’;labley”.uunit{4] :

: LEVEL CONTROL';

'0’;1ableu”.yunit[1]
'0’;1ableu”. yunit[2]
'0’;1ableu”.yunit[3]

'9’;1ableu”.yunit[4] :

/R’;lableu”.uunit[1]
'R’;lableu”.uunit[2]
'R’;lableu”.uunit[3]
'R’;1ableu”.uunit[4]

TEHPERATURE CONTROL' ;

’Y/;1abley*.yunit[1]
'Y/;1abley”.yunit[2]
’Y’;1labley”.yunit[3]
'Y/;1abley”.yunit[4]

/0’ ;1abley”.uunit(1]
10’ ;1abley”.uunit[2]

07 ;1abley”.uunit[3] :

'9’;1abley*.uunit[4]

'HEAT EXCHANGER RIG : TEMPERATURE CONTROL’;
!CLOSED LOOP STEP TEST’;

.

'Temp T7y’;labley*.ylabl[1] :
'Temp T8y’;labley*.ylabl{2] :
'Temp T9y’:labley”.ylabl[3]
'Temp TOy’;labley”.ylabl[4]

Temp T7r’;labley”.ulabl[1]
'Temp T8r’;labley~.ulabl[2]

'Temp T9r’;labley”.ulabl[3] :

s oo
n o Il II

'Temp TOr’;:labley”.ulabl[4] :=

IS,;
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’Y’;labley”.yunit[1]
Y ;1abley”.yunit[2)
'Y’ ;1abley”.yunit[3]
/Y’ ;1abley”.yunit[4)

/R’;1labley*.uunit[1]
/R’ ;labley”.uunit[2]
’R’;labley”.uunit[3]

/R’;labley”.uunit[4] :

.o
nonouon

-

ee o5 oo oo
[T L [ I 1

ee ®o oo e
[ LI | N T ¢ ]

. es e
uon o u

o oo oe s
oW

I%I;
I%I;
I%I;
I%L:

l%l;
I%I;
I%l;
I%I;

I%I;
I%I;
I%I;
I%I;

ICI;
ICI;
ICI;
ICI;

I%I;
I%I;
I%I;
I%I;

ICI;
lcl;
ICI;
ICI;

ICI;
ICI
ICI
ICI;
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lableu.headl := ‘HEAT EXCHANGER RIG : TEMPERATURE CONTROL';
lableu~.head2 := /CLOSED LOOP STEP TEST’; :
7’ ;1ableur.yunit{1]

lableu~.yname(1] := ‘Levl Llr’;lableu*.ylabl{l] := =%
lableu”.yname[2] := ‘Levl L2r’;lableu~.ylabl[2] := ‘U’;lableur.yunit{2] := '§';
lableu~.yname[3] := ‘Levl L3r’;lableu”.ylabl[3] := ‘U’;lableur.yunit{3] := ’%';
lableu~.yname[4] := ‘Levl Ldr’;lableu~.ylabl[4] := ‘U’;lableu~.yunit[4] := '§’;
lableu*.uname[1] := ‘Temp T7r’;lableu*.ulabl[1] := ‘R’;lableur.uunit(1] := 'C’;
lableu”.uname[2] := ‘Temp T8r’;lableut.ulabl{2] := ‘R’;lableu”.uunit[2] := 'C’;
lableu*.uname[3] := ‘Temp T9r’;lableu*.ulabl[3] := ‘R’;lableu”.uunit(3] := ’C’;
lableu”.uname[4] := ‘Temp TOr’;lableu*.ulabl[4] := ‘R’;lableu*.uunit[4] := /C’;

lableur.xlabl := ’'s’;
END;
END;
END;
END;

PROCEDURE key_altp;
BEGIN
data_plot (storey,labley);
CASE optn OF
1 : CASE chce OF
1:;
23
END;
2 : CASE chce OF
1 : data_plot (storeu,lableu);
2 ¢ data_plot (storeu,lableu);
END;
3 '+ CASE chce OF
1:3;
END;
4 : CASE chce OF
1 : data_plot (storeu,lableu);
END;
END; ,
prog.screen_initl;
END;

" PROCEDURE key_alts;
BEGIN
textbackground (lightgray);textcolor (black):
gotoxy (50,04);write (! SAVING ');

data_save (storey,labley,filey);

CASE optn OF

1 ¢ CASE chce OF /
1:; : |
2
END;

2 : CASE chce OF
1 : data_save (storeu,lableu,fileu);
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2 . data_save (storeu,lableu,fileu);

. END;

3 : CASE chce OF
1:;
END;

4 : CASE chce OF
1 : data_save (storeu,lableu,fileu);
-END;

END;

gotoxy (50,04);write (/AItS: SAVE');
textbackqround (black);textcolor (green);
END;

PROCEDURE key_altx;
BEGIN

ends := true;

END;

BEGIN

ch := upcase(readkey);

IF (ord(ch) = 0) THEN ch := upcase(readkey);
CASE ch OF

chr(84) : key_ShFl;

chr(85) : key_ShF2;

chr(86) : key_ShF3;

chr(87) : key_ShF4;

chr(94) : key_CtFl1;

chr(95) : key CtF2;

chr(96) : key_CtF3;

chr(65) : key_CtF4;

chr(75) : key_lfar;

chr(77) : key_rqar;

chr(72) : key_upar;

chr(80) : key_dnar;

chr(73) : key_pgup;

chr(81) : key_pgdn;
chr(38) : key_altl;

(25) : key_altp;
chr(31) key alts,
(

END,
END;

PROCEDURE check_logq;

BEGIN

gettime (hrs,min,sec,hun);

time := hrs*3600 + min*60 + sec*l + hun0.01;

IF (logq) AND (pts <= max_point) AND (round((time-tlog)/dx) = pts) THEN

BEGIN

textbackground (iiqhtqray);textcolor (black);

gotoxy (26,04);write ('PTS =',pts:5);
textbackqround (black);textcolor (qreen);
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CASE optn OF
1 : CASE chce OF
1 : data_loqq (pts,storey,fluy*.n,flwu”.n,pts*dx);
2 : data_logq (pts,storey,lvly”.n,lviur.n,ptstdx);
2 : CASE chce OF
1 : data_loqq (pts,storey,flwy*.n,flwr”.n,ptsdx);
2 : data_logq (pts,storey,lviy*.n,lvlr”.n,pts*dx);
3 ¢ CASE chce OF
1 : data_logq (pts,storey,tppy”.n,tppu”.n,pts*dx);
END;
4 : CASE chce OF
1 : data_logq (pts,storey,tppy”.n,tppr”.n,pts*dx);
END;
END;

CASE optn OF

1 : CASE chce OF
1:;
23
END;

2 : CASE chce OF ) -
1 : data_logq (pts,storeu,flwu*.n,flwr”.n,ptsdx);
2 ¢ data_loqq (pts,storeu,lvlur.n,lvir~.n,ptsdx);
END;

3 : CASE chce OF
1:;
END;

4 : CASE chce OF
1 : data_logq (pts,storeu,tppu.n,tppr*.n,pts*dx);
END;

END;

inc (pts);

END .
ELSE IF (logg) AND (pts > max_point) THEN
BEGIN

textbackground (lightgray);textcolor (black);

gotoxy (26,04);write (’AltL: LOGS’);

textbackqround (black);textcolor (green);

logg := false;

pts :=0;

END;

END;

{**********************************************************}

{*xx%%x  OPTION 1 : OPEN LOOP FLOW & LEVEL CONTROL  *#kkk)
{HrRERRREERIIRRRRRERERIAI AR AKX KL KRR ERREEIRRAIRRK KRR KRN )

PROCEDURE control_1;
PROCEDURE ctrl_screen_initl;

BEGIN
textbackground (1lightgray);textcolor (black);
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gotoxy (20,02);write (/ HEAT EXCHANGER RIG
qgotoxy (26,04);write (’AltL: LOGS’);
qgotoxy (38,04);write (’AltP: PLOT’);
gotoxy (50,04);write (’AltS: SAVE');
gotoxy (62,04);write (’AltX: EXIT');
textbackground (black);textcolor (qgreen);

highvideo;

gotoxy (03,02);write (’CHR :
normvideo;

gotoxy (04,03);

gotoxy (04,04);urite ('F2y=
gotoxy (04,07);write ('T6 =
gotoxy (04,09);urite (/C6 =

SLURRY');

O H
C'):
(3 H
FOR loopl := 1 to 4 DO

BEGIN
highvideo;

gotoxy (loopl*lé- 3,10);write (’TANK no’,loopl:l);

normvideo;
IF (loopl <> 4) THEN
BEGIN

qgotoxy (loopl*16+ 4,06);

gotoxy (loopl*l6+ 4,07);write ('T/,(loopl+6):l,’y=

END
ELSE
BEGIN
qgotoxy (loopl*l6+ 4,06);
gotoxy (loopl*lé+ 4,07);write (/T0’,
END;
gotoxy (loopl*l6- 4,11);
gotoxy (loopl*lé- 4,12);write (’S’, loopl 1
qgotoxy (loopl*16- 4,13);
gotoxy (loopl¥16- 4,14);
gotoxy (loopl*l6- 4,15);write (’'L’,loopl:l

'y=

/=

]

'Y=

gotoxy (loopl*16-12,17);write (’C’,(6-loopl):l,’ =
gotoxy (loopl*16-12,19);write (’T’,(6-loopl):1,’y=

gotoxy (loopl*16-12,20);
END;

$'):
chy;
)

gotoxy (68,17);write ('Cl
gotoxy (68,19);write ('T1
gotoxy (68,22);write (’Fly=
gotoxy (68,23);

highvideo;

gotoxy (67,24);write ('CCR : CARBON');
normvideo;

IF (chce = 1) THEN
BEGIN

textbackground (lightgray);textcolor (black);

gotoxy (04,22);write (’1:0/L FLOW');

gotoxy (04,23);write (' VLVE no’,(5*logs-4):1,’ ’);

textbackqround (black);textcolor (qreen);
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END
_ ELSE
BEGIN
gotoxy (04,22);write (/1:0/L FLOW');
' gotoxy (04,23);write (/ Vi
END;

IF (chce = 2) THEN
BEGIN
textbackground (lightgray);textcolor (black);
qgotoxy (16,22);write (/2:0/L LEVL');
gotoxy (16,23);write (' VLVE no’,(6-logs):1,' ');
textbackqround (black);textcolor (green);
END
ELSE
BEGIN
gotoxy (16,22);write (‘2:0/L LEVL');
gotoxy (16,23);write (/ o H
END;
END;

PROCEDURE ctrl_screen_updat;

BEGIN

gotoxy (08,03);

gotoxy (08,04);write (flwy~.n*[2]):5:1);
gotoxy (08,07);write (tbeg*.n*[2]):5:1);
gotoxy (08,09);write (flwur.nn[2]:5:1);

FOR loopl :=1 to 4 DO

BEGIN
gotoxy (loopl*l6t+ 8,06);
gotoxy (looplxl6+ 8,07);write (tppy~.n*[loopl]:5:1);
gotoxy (loopl*lé ,11); ,
gotoxy (loopl*l6 ,12);write (stir*.n*[loopl]:5:1);
gotoxy (loopl*lé ,13);
gotoxy (loopl*le ,14);
gotoxy (loopl*l6 ,15);write (lvly~.n*[loopl]:5:1);
gotoxy (loopl*16- 8,17);write (1lvlu~.n*[loopl):5:1);
gotoxy (loopl*1l6- 8,19);write (ttky”.n*[loopl]:5:1);
gotoxy (looplx1l6- 8,20);

END;

P

gotoxy (72,17);write (flwur.n~[1]:5:1);
gotoxy (72,19);write (tbegr.n”[1}:5:1);
gotoxy (72,22);write (flwy~.n~[1]:5:1);
qotoxy (72,23); '

END;

BEGIN
prog_screen_initl;
ctrl_screen_initl;
REPEAT

prog_varble_reads;
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(BRI aHBR R
{ IMPLENENTING CONTROL LOOP }
(HHBHBIR R R
gettime (hrs,min,sec,hun);

time := hrs*3600 + min*60 + sec*l + hun*0.01;

dt := time - told;

told := hrs*3600 + minx60 + sec*l + hun0.01;
(BB R

prog_varble write;
ctrl_screen_updat;

IF keypressed THEN
BEGIN
check_keys;
ctrl_screen_initl;
END;
check_loqg:
UNTIL ends;
END;.

kkkkkkkkkhkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk } .

{

{**%k%  OPTION 2 : CLOSED LOOP FLOW & LEVEL CONTROL kkx*}
e T E )]
P

ROCEDURE control_2;

PROCEDURE ctr2_screen_initl;
BEGIN ’
textbackground (lightgray);textcolor (black);

gotoxy (20,02);write (’ HEAT EXCHANGER RIG : [2] CLOSED LOOP FLOW & LEVEL CONTROL');

gotoxy (26,04);write (’AltL: L0GS');
qotoxy (38,04);write (’AltP: PLOT');
gotoxy (50,04);write (’AltS: SAVE');
gotoxy (62,04);write ('AltX: EXIT’);
textbackqround (black);textcolor (qreen);

highvideo;

gotoxy (03,02);write (’CHR : SLURRY’);
noravideo;

gotoxy (04,03);write (’F2r= (3
qgotoxy (04,04);write ('F2y= )

gotoxy (04,07);write ('T6 = ')
gotoxy (04,09);write ('Cé = (3 H
FOR loopl :=1 to 4 DO

BEGIN

highvideo;

gotoxy (loopl*16- 3,10);write (’TANK no’,loopl:l);
normvideo; )
IF (loopl <> 4) THEN

BEGIN

gotoxy (loopl*lé+ 4,06);

gotoxy (loopl*le+ 4,07);write (’T’,(loopl+6):1,'y=
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END
ELSE
BEGIN
gotoxy (looplxl6+ 4,06);
gotoxy (loopl*l6+ 4,07);write ('T0’, 'y= . C');
END;
gotoxy (loopl*l6- 4,11);
qgotoxy (loopl*l6- 4,12);write (’S’,loopl:l ,’ =
gotoxy (looplxlé- 4,13);
gotoxy (loopl*lé- 4,14);write
gotoxy (loopl*lé- 4,15);write
gotoxy (loopl*16-12,17);write
gotoxy (loopl*16-12,19);write
gotoxy (loopl*16-12,20);
END;

o

-~

—
~e

'L’,loopl:l =
'L’,loopl:l  ,'y=
'C’,(6-loopl):l,’ =
'T*,(6-1oopl):1,’y=

oe o\e

o\e
- 0~ o~ 0~

— o —
~e ~o w~a wo

gotoxy (68,17);write ('Cl
gotoxy (68,19);write (Tl
qotoxy (68,22);urite (’Fly= %
qgotoxy (68,23);write ('Flr= %
highvideo;

gotoxy (67,24);urite (/CCR
normvideo;

non
le) cnoA

I)’
I),
I)'
I)'
: CARBON');

IF (chce = 1) THEN

BEGIN ‘
textbackground (lightgray);textcolor (black);
gotoxy (04,22);urite ('1:C/L FLOW');
gotoxy (04,23);write ('’ FLOW no’,logs:1,’ ’/);
textbackground (black);textcolor (green);

END

ELSE

BEGIN
gotoxy (04,22);write (/1:C/L FLOW');
qgotoxy (04,23);write (’ "

END;

IF (chce = 2) THEN
BEGIN
textbackqground (lightqray);textcolor (black);
qgotoxy (16,22);write (’2:C/L LEVL');
gotoxy (16,23);write (’ LEVL no’,logs:1,’ ’);
textbackqround (black);textcolor (qreen);
END
ELSE
BEGIN _ .
qgotoxy (16,22);urite (’2:C/L LEVL');
gotoxy (16,23);write (’ "y:
END;
END;

PROCEDURE ctr2_screen_updat;

BEGIN |
gotoxy (08,03);write (flwr~.n*[2]:5:1);
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. gotoxy (08,04);write (flwy~.n"[2]:5:1);
gotoxy (08,07);write (tbegh.n*[2]:5:1);
gotoxy (08,09);write (flwur.n*[2]:5:1);

FOR loopl :=1 to 4 DO

BEGIN
gotoxy (loopl*lé+ 8,06);
gotoxy (loopl*16+ 8,07);write (tppy”.n*[loopl]:5:1);
gotoxy (loopl*lé ,11); '
gotoxy (loopl*l6 ,12);write (stir”.n*[loopl]:5:1);
gotoxy (loopl*lé6 ,13);
gotoxy (loopl*16 ,14);write (1lvlr*.n*[loopl]:5:1);
gotoxy (loopl*16 ,15);write (lvly~.n*[loopl}:5:1);
qgotoxy (loopl*16- 8,17);write (lvlu~.n"[loopl]:5:1);
gotoxy (loopl*l6- 8,19);write (ttky~.n"[loopl]:5:1);
gotoxy (loopl*16- 8,20);

END;

gotoxy (72,17);write (flwur.n~[1]:5:1);
gotoxy (72,19);write (tbegr.n*[1]:5:1);
gotoxy (72,22);write (flwy~.nA[1]:5:1);
gotoxy (72,23);urite (flwr*.n”[1]:5:1);
END;

BEGIN
prog_screen_initl;
ctr2_screen_initl;
REPEAT

prog_varble_reads;

Ciiiitititiadadaddizdsssissssssissiiissszisiiis’
{ IMPLEMENTING CONTROL LOOP }
Ritiiiataididddssddaddiddsssdstttiassittitiissd
gettime (hrs,min,sec,hun);

time := hrs*3600 + min%60 + sec*l + hun0.01;

dt := time - told;

told := hrs*3600 + min*60 + sec*l + hun*0.01;

stsp_ip2op (flwy,xflf,mflf,flwf);
vect_subtr (flwr,fluy,flwe);
stsp_ip2op (flwe,xflk,nflk,flwu);
vect_limit (flwu,100.0,0.0);

stsp_ip2op (lvly,xlvf,mlvf,1vlf);

vect_subtr (1lvlr,1vif,lvle);

stsp_ip2op (1vle,xlvk,mlvk,1lvlu);

vect_limit (1vlu,100.0,0.0);

{FREEEREE R R E IR R R )

prog_varble_urite;
IF keypressed THEN

BEGIN
check_keys;
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ctr2_screen_initl;
END;
check_loqq;

ctr2_screen_updat;
UNTIL ends;
END;

{Hkkkkkkkkkkkkkkkkkkkkkkkkkkkkkhhkkkkkhhkkhkhkkkkkhkkkkkkkk }

{*%x%x  OPTION 3 : OPEN LOOP PIPE TEMP CONTROL kkkkk)
{Fekkthik kbbb kB R )

PROCEDURE control 3

PROCEDURE ctr3_screen_initl;

BEGIN

textbackground (lightqray);textcolor (black);

gotoxy (20,02);write (* HEAT EYCHANGER RIG : [3] OPEN LOOP PIPE TENP CONTROL');
gotoxy (26,04);write (’AltL: LOGS');

gotoxy (38,04);write (‘ALtP: PLOT');

gotoxy (50,04);write (’AltS: SAVE');

gotoxy (62,04);write (/AltX: EXIT');

textbackground (black);textcolor (qreen);

highvideo;

gotoxy (03,02);write (/CHR : SLURRY’);
normvideo;

gotoxy (04,03);write (‘For=  §');
gotoxy (04,04);write (‘'F2y= §');

gotoxy (04,07);urite (/76 = ')
gotoxy (04,09);write ('C6é = )
FOR loopl :=1 to 4 DO
BEGIN
highvideo;
gotoxy (loopl*16- 3,10);write (’TANK no’,loopl:l);
normvideo;
IF (loopl <> 4) THEN
BEGIN

gotoxy (loopl*l6+ 4,06);
gotoxy (loopl*16+ 4,07);write (‘T’,(loopl+6):1 ’y— W H
END
ELSE-
BEGIN
gotoxy (loopl*16+ 4,06);
gotoxy {(loopl*l6+ 4,07);write (‘T0’, y= €,
END;
gotoxy (loopl*lée- 4,11);
gotoxy (loopl*16- 4,12);write ('S’ loopl:1 ,’ = )
gotoxy (loopl*16- 4,13);
gotoxy (loopl*16- 4,14);write ('L’ loopl:l ,’r= O H
gotoxy (loopl*l6- 4,15);write (’L’,loopl:l  ,'y= )
gotoxy (loopl*16-12,17);write (’C’,(6-loopl):l,’ = $');
gotoxy (loopl*16-12,19);write ('T/,(6-loopl):l,’y= ¢’);
gotoxy (loopl*16-12,20);
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END;
gotoxy (68,17);write ('Cl = (4 H
gotoxy (68,19);write (‘T1 = C'y:

gotoxy (68,22);write ('Fly= [ H
gotoxy (68,23);write ('Flr= )
highvideo;

gotoxy (67,24);write (/CCR : CARBON');
normvideo; ‘

IF (chce = 1) THEN
BEGIN

textbackground (lightqray);textcolor (black);

gotoxy (04,22);write (/1:0/L TENP/); -

gotoxy (04,23);write (’ LEVL no’,logs:1,’ /);
textbackqround (black);textcolor (qreen);

END
ELSE
BEGIN
gotoxy (04,22);write (/1:0/L TEMP');
gotoxy (04,23);write (’ o H
END;
END;

PROCEDURE ctr3_screen_updat;

BEGIN .
gotoxy (08,03);write (flwr~.n*[2]:5:1);
gotoxy (08,04);write (flwyr.n*[2]:5:1);
gotoxy (08,07);write (tbeg”.n"[2]:5:1);
gotoxy (08,09);urite (flwur.n*[2]:5:1);

FOR loopl :=1 to 4 DO
BEGIN
gotoxy (loopl*16+ 8,06);

qotoxy (loopl*16+ 8,07);write (tppy”.n*[loopl]:5:1);

gotoxy (loopl*l6 ,11);

gotoxy (loopl*l6 ,12);write (stirA.nA[loopl]:Szl);

gotoxy (loopl*16 ,13);

gotoxy (loopl*16 ,14);write (tppu*.n*[loopl]:5:1);
gotoxy (loopl*16 ,15);write (lvly*.n*[loopl]:5:1);
gotoxy (loopl*16- 8,17);write (lvlu*.n~[loopl]:5:1);
qgotoxy (loopl*16- 8,19);write (ttky*.n"[loopl]:5:1);

gotoxy (loopl*l6- 8,20);
END;

gotoxy (72,17);write (flwur.nr[1]:5:1);
gotoxy (72,19);write (tbeg”.n*[1]:5:1);
gotoxy (72,22)write (flwy~.n*[1]:5:1);
gotoxy (72,23);write (flwr~.n*[1]:5:1);
END; v

BEGIN
prog_screen_initl;
ctr3_screen_initl;
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REPEAT
prog_varble_reads;

Sitdiiiiiiiiiiiziiziidiiisiisssssidsssisiitiig!
IMPLEMENTING CONTROL LOOP }
Siiiidiidtiiiidadddssassissiddsdisidsssiississ!
gettime (hrs,min,sec,hun);
time := hrs*3600 + min*60 + sec*l + hunx0.01;
dt = time - told; _
“told := hrs*3600 + min*60 + sec*l + hun0.01;

stsp_ip2op (flwy,xflf,mflf,fluf);
vect_subtr (flwr,fluy,flwe);
stsp_ip2op (flwe,xflk,mflk,flwu);
vect_limit (flwu,100.0,0.0);

—

stsp_ip2op (1vly,x1vf,mivf,1vif);

vect_subtr (tppu,lvly,lvle);

stsp_ip2op (1lvle,x1vk,mlvk,1vlu);

vect_limit (1vlu,100.0,0.0);
Caiiidsidtisidsaddisididissdadistadisitiiiziig

prog_varble_write;

IF keypressed THEN
- BEGIN
check _keys:
ctr3_screen_initl;
~ END; "
check_loqq;

ctrl_screen_updat;
UNTIL ends;
END;

{**********************************************************}

{**%%%  OPTION 4 : CLOSED LOOP PIPE TEMP CONTROL *kkkk )
{FhkkkkrrkkhkkkkkkkkkkkkkkkhkhkkkRRRRRRRRRRKRRRRRRRRR KRR EE )

PROCEDURE control_4;

PROCEDURE ctrd_screen_initl;
BEGIN '
textbackground (lightgray);textcolor (black);

gotoxy (20,02);write (’ HEAT EXCHANGER RIG : [4] CLOSED LOOP PIPE TEMP CONTROL');

gotoxy (26,04);write (‘AltL: LOGS');
gotoxy (38,04);write (’AltP: PLOT’);
gotoxy (50,04);write (’AltS: SAVE’);
gotoxy (62,04);write (‘AltX: EXIT');
textbackground (black);textcolor (qreen);

highvideo;-

gotoxy (03,02);write (’CHR : SLURRY’);
normvideo;

gotoxy (04,03);write ('F2r= (A
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qotoxy (04,04);write (‘F2y= 3
qotoxy (04,07);write ('Té = AT
qgotoxy (04,09);write (/Cé = %)

FOR loopl :=1 to 4 DO
BEGIN
highvideo;
gotoxy (loopl*16- 3,10);write (‘TANK no’ loopl 1),
normvideo;
IF (loopl <> 4) THEN
BEGIN
gotoxy (loopl*16+ 4,06);write ('T’,(looplt6):l,’r= C')s

qotoxy (loopl*16+ 4 07) surite (‘T’,(looplt6):1,’y= ¢y

END
ELSE
BEGIN
gotoxy (loopl*16+ 4,06);write {'T’,0:1 = ')
gotoxy (loopl*l6+ 4,07);write {‘T’,0:1 My ¢
END; ,
gotoxy (loopl*16- 4,11);
qotoxy (looplxl6- 4,12);write (’S’,loopl:l ,’ = $');
qotoxy (loopl*16- 4,13);
gotoxy (loopl*16- 4,14);write ('L’, loopl 1 ,r= L H
qgotoxy (loopl*16- 4,15);write (‘L’,loopl:l  ,'y= )
gotoxy (loopl*16-12,17);write (’C’,(6-loopl):l,’ = $):
gotoxy (loopl*16-12,19);write (’T’,(6-loopl):1,’y= C');
qgotoxy (loopl*16-12,20);

END;
qotoxy (68,17);write ('Cl = $):
gotoxy (68,19);write (Tl = ¢’);

gotoxy (68,22);write ('Fly= ')
qotoxy (68,23);write ('Flr= )
highvideo;

gotoxy (67,24);write (’CCR : CARBON');
normvideo;

IF (chce = 1) THEN
BEGIN
textbackground (lightqray);textcolor (black);
gotoxy (04,22);write (’1:C/L TEMP');
- IF (logs <> 4) THEN
BEGIN
gotoxy (04,23);write (' TEMP no',(loqs+6) 1 ! ’),
END
ELSE
BEGIN
gotoxy (04,23);write (' TEMP no’,( 0):1," )
END;
textbackqround (black);textcolor (qreen);
END
ELSE
BEGIN
gotoxy (04,22);write (’1:C/L TEMP');
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gotoxy (04,23);urite ( )i
END;
END;

PROCEDURE ctrd_screen_updat;
BEGIN

gotoxy
gotoxy
gotoxy
gotoxy

08,03);write (flwr~.n"[2]:5:1)
08,04);write (flwy*.n"[2]:5:1);
08,07);urite (tbeg*.n"[2]:5:1)
08,09);write (flwur.n[2]:5:1)

FOR loopl := 1 to 4 DO

BEGIN

* gotoxy (loopl*1l6+ 8,06);urite (tppr~.n*[loopl]:5:1);
qotoxy (loopl*16+ 8,07);write (tppy”.n*[loopl]:5:1);
gotoxy (loopl*lé ,11);
gotoxy (loopl*l6 ,12);write (stir*.n*[loopl]:5:1);
gotoxy (loopl¥lé ,13);
gotoxy (loopl*16 ,14);write
gotoxy (loopl*lé ,15);write
gotoxy (loopl*l6~ 8,17);write
gotoxy (loopl*16- 8,19);write
gotoxy (loopl*l6- 8,20);
END; -

tpput.n~[loopl]:5:1);
1vly*.n*[looplj:5:1);
Ivlur.n*[loopl]:5:1);
ttky~.n*[loopl]:5:1);

— i o,

flwu~.n"[1]:5:1);
tbeg”.n*[1]:5:1);
fluy*.nr[1]:5:1);
flur~.n7[1]:5:1);

gotoxy (72,17);write
gotoxy (72,19);write
qgotoxy (72,22);write
gotoxy (72,23);urite
END;

 BEGIN.
prog_screen_initl;
ctr4_screen_initl;
REPEAT
. prog_varble_reads;

(IR TR
{ IMPLEMENTING CONTROL LOOP : }
(HitRHHHH BRI
gettime (hrs,min,sec,hun);

time := hrs*3600 + min*60 + sec*1 + hun*0.01;

dt := time - told; :

told := hrs*3600 + min*60 + sec*l + hun*0.01;

stsp_ip2op (flwy,xflf,nflf,flwf);

vect_subtr (flwr,fluy,flwe);

stsp_ip2op (flwe,xflk,nflk,flwu);

vect_limit (flwu,100.0,0.0); . _ :

stsp_ip2op (tppy,xtpf,mtpf,tppf);
vect_subtr (tppr,tppy,tppe);
stsp_ip2op (tppe,xtpk,mtpk,tppu);
vect_limit (tppu,100.0,0.0);
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stsp_ip2op (1vly,x1vf,mlvE,lvif);

vect_subtr (tppu,lvly,lvle);

stsp_ip2op (lvle,x1vk,mlvk,lvlu);

vect_limit (1vlu,100.0,0.0); v

(FHEH R R b

prog_varble_write;

IF Keypressed THEN
BEGIN
check_keys;
ctr4_screen_initl;
END;
check_logq;

ctrd_screen_updat;
~ UNTIL ends;
END;

************************************************}

{

{kkkkk WA LN PROGRANMNE hkxx)
{************************************************}
B

EGIN
prog_varble_initl;
REPEAT

clrser;

gotoxy(15,05);urite (/ )i
gotoxy(15,06);write (' COUNTER CURRENT HEAT EXCHANGER RIG CONTROL ")
gotoxy(15,07);write (/ : )i

gotoxy(15,10) write (! _ "

gotoxy(15,11);urite (/| 1. OPEN LOOP PLOW & LEVEL CONTROL '
gotoxy(15,12);urite ('| 2. CLOSED LOOP FLOW & LEVEL CONTROL "
qotoxy(15,13)urite (*| 3. OPEN LOOP PIPE TENPERATURE CONTROL )i
qotoxy(15,14) surite ('| 4. CLOSED LOOP PIPE TEMPERATURE CONTROL i
gotoxy(15,15) ;urite (/ 0, EXIT U H
gotony (15, 16);rite (! o—————— )

REPEAT
optn := ord(readkey) - ord (‘0’});
UNTIL ((optn >= 0) AND (optn <= 4));

ends := false;
CASE optn OF

1 : control_1;

2 : control_2;

3 : control_3;

4 : control_4;

0 : exit := true;
END;
UNTIL exit;
clrser;
END.
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D.2 : P DESCRIPTION UNIT
UNIT plant;
{****************************}
INTERFACE
{****************************}
CONST
max_cntrl = 4; { number of inputs/outputs in system }
max_sttsp = 12; { number of states in state space controllers }
max_point = 100; { number of points to be logged }
dx = 10.0; { time interval between loqging }
TYPE

v_var = array [l..max_cntrl] of double;
v_ptr = *v_var;
vect_var = record

o : v_ptr;

n: v_ptr;

END;
vect_ptr = ~vect_var;

_ ssmx_var = record
X : double;
u : double;
a : array [1..max_sttsp,l..max_sttsp] of double;
b : array [1..max_sttsp,l..max_cntrl] of double;
¢ : array [1..max_catrl,l..max_sttsp] of double;
d : array [1..max_cntrl,l..max_cntrl] of double;
END;
ssmx_ptr = ~ssmx_var;
s_var = array [l..max_sttsp] of double;
s_ptr = "s_var;
ssst_var = record
0 : s_ptr;
n:os_ptr;
END;
ssst_ptr = ~ssst_var;

VAR
dt : double;

{Rkkkkkkkkkkkkkkkkkkkhkkkddkk )
IMPLEMENTATION
{hikikkkkkkkkkEEERERK IS hRRK K |

{****************************************)

{##+  INITIALIZATION SECTION khk )
{****************************************)
BEGIN

END.
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D.3 : MATRIX HANDLING UNIT

UNIT matrix;

{****************************}

INTERFACE
(****************************}
USES

plant;

PROCEDURE vect_initl (v:vect_ptr);

PROCEDURE vect_subtr (v1,v2,v3:vect_ptr);

PROCEDURE vect_limit (u:vect_ptr;uppr,bott:real);

PROCEDURE ssmx_initl (qg:ssmx_ptr);

PROCEDURE ssst_initl (s:ssst_ptr);

PROCEDURE ssmx_loads (filename:string;q:ssmx_ptr);

PROCEDURE stsp_ip2op (u:vect_ptrjs:ssst_ptriq:ssmy_ptr;y:vect_ptr); -

{****************************}

IMPLEMENTATION
[Kkkkkkkkkkkhkkkkkhh*Ihkkkkk k) )

PROCEDURE vect_initl (v:vect_ptr);
VAR
r : integer;
BEGIN
new (v~.0);
new (v<.n); .
FOR r := 1 to max_cntrl do
BEGIN
vr.on(r] = 0;
vA.n(r] = 0;
END;
END;

PROCEDURE vect_subtr (v1,v2,v3:vect_ptr);
VAR :
r : integer;
BEGIN
FOR r := 1 to max_cntrl do
BEGIN '
v3r.nr(r] = vironA[r] - v2Aan(x)s
END;
END;

PROCEDURE vect_limit (u:vect_ptr;uppr,bott:real);
VAR
r : integer;
BEGIN
FOR r := 1 to max_cntrl do
BEGIN
wt.nr(r) s= uwrnA[r] + (uppr-bott)/2;
IF {v*.n*(r] > uppr) THEN
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w.nA[r] := uppr
ELSE IF (ué.nA[r] < bott) THEN
ut.nr[r] := bott;

END;
END;
PROCEDURE ssmx_initl (q:ssmx_ptr);
VAR
i,j ¢ integer;
BEGIN

g".x := max_sttsp;
g".u := max_cntrl;
FOR i := 1 to max_sttsp do
BEGIN
FOR j := 1 to max_sttsp do
gr.ali,j] = 0;
FOR j := 1 to max_cntrl do
g*.b[i,j] = 0;
END;

FOR i := 1 to max_cntrl do
BEGIN
FOR j := 1 to max_sttsp do
g9*.c(i,]j] = 0;
FOR j := 1 to max_cntrl do
g".d[1,3] = 0;
END;
END;

PROCEDURE ssst_initl (s:ssst_ptr);
VAR
j ¢ integer;
BEGIN
new (s*.0);
new (s*.n);
FOR j := 1 to max_sttsp do
BEGIN
sh.on[g] = 0;
sA M) = 07
END;
END;

“PROCEDURE ssmx_loads (filename:string;g:ssmx_ptr);
VAR
inpfile ¢ text;-
r,c : integer;
BEGIN
assign (inpfile,filename); .
reset (inpfile);
read (inpfile,q".x);
read (inpfile,g”.u);
readln (inpfile);

FOR r := 1 to trunc(q*.x) DO
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BEGIN
FOR ¢ := 1 to trunc(g”.x) DO read (inpfile,q*.a[r,c]);
FOR ¢ := 1 to trunc(q*.u) DO read (inpfile,q*.b[r,c]);
readln (inpfile);
END;
FOR r := 1 to trunc(q*.u) DO
BEGIN
FOR ¢ := 1 to trunc(g”.x) DO read (inpfile,g*.c[r,c]);
FOR ¢ := 1 to trunc(g”.u) DO read (inpfile,q~.d[r,c]);
readln (inpfile);
END;
close (inpfile);
END;

PROCEDURE stsp_ip2op (u:vect_ptr;s:ssst_ptri:q:ssmx_ptr;y:vect_ptr);
VAR : ‘
i,j : integer;
ml : array{l..max_sttsp] of double;
m2 ¢ array[l..max_sttsp] of double;
n3 : array[l..max_sttsp] of double;
md4 ¢ array[l..max_sttsp] of double;
BEGIN
{ Runge-Kutta : Pirst iteration }
FOR i := 1 to trunc(g”.x) do
BEGIN
ml(i] :
FOR j := 1 to trunc(g*.x) do
ml[i] := ml[i] + dtrgr.a[i,j]*(s*.0"[I])i
FOR j := 1 to trunc(g”.u) do
mi[i] := ml{i] + dt*g*.b[i,j]*u .n"[]];
END;

0;
1

{ Runge-Kutta : Second iteration }
FOR i := 1 to trunc(g".x) do
BEGIN
m2[i] :=.0;
FOR j := 1 to trunc(q*.x) do
w2(i] := m2[i] + dt*gr.a[i,j]*(s*.07[j+mi[]]/2);
FOR j := 1 to trunc(g*.u) do
m2{i] := m2[i] + dt*q".b[i, iR .m[3];
END;

{ Runge-Kutta : Third iteration }
FOR i :=1 to trunc(g".x) do
BEGIN

m3[i] := 0;

FOR j := 1 to trunc(g”.x) do

w3[i] := m3[i] + dt*g”.a[i,j]*(s".0*[]+m2[j]/2);

FOR j := 1 to trunc(g”.u) do

p3[i] := w3[i] + dtxg".b[i,j]*u .n[]];

END;

{ Runge-Kutta : Fourth iteration }
POR i := 1 to trunc(g”.x) do
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BEGIN
ma[i] := 0;
FOR j := 1 to trunc(g*.x) do
m4[i] := m4[i] + dt*qr.a(i,j]*(s".0"[F]+m3(3]):
"FOR j := 1 to trunc(g*.u) do
m4[i] := m4[i] + dt*gr.b[i,j)*ur.nn(3):
END;

FOR i:=1 to trunc(g".x) do
sh 1] 1= s70MA] + (1/6)*(mL[i]+2*m2(i]+2*m3[1]+m4[i]);

FOR i := 1 to trunc(gr.u) do
BEGIN
yr.nri] = 0; :

FOR j := 1 to trunc(gr.x) do }
A8 WIS IRERAN WY IEN ARSI LU W IH
FOR j := 1 to trunc(g”.u) do :
yrnr[i] = yhant[i] o+ gdd 1R[]

END;

FOR i := 1 to trunc(gr.x) do
§7.07M1] = shamMil;

FOR j := 1 to trunc(g”.u) do
LOTABIIRERVEN aIBIH

FOR j := 1 to trunc(g~.u) do
RCABIRER AR AbIH

END;

R T e T Y
{#%*  INITTALIZATION SECTION *kk)
[kkkkkkkkrERE R DRI RIRRRRRR DRI RAIA KKK KR k%)
BEGIN

END.
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D.4 : DATA HANDLING UNIT

UNIT data;

{****************************}

INTERFACE
{****************************}
USES

plant;

TYPE
data_var = record
y ¢ array [0..max_point] of v_ptr;
u : array [0..max_point] of v_ptr;
X ¢ array [0..max_point] of double;
END;
data_ptr = ~data_var;

labl_var = record

headl : string;

head2 : string;

yname : array [l..max_cntrl] of string;

uname : array [1..max_cntrl] of string;
- ylabl : array [1..max_cntrl] of string;

ulabl : array [l..max_cntrl] of string;

yunit : array [l..max_cntrl] of string;

uunit : array [1..max_cntrl] of string;

xlabl : string;

END;

labl_ptr = "labl_var;

PROCEDURE data_init (d:data_ptr);

PROCEDURE data_logq (z:integer;d:data_ptr;y:v_ptr;u:v_ptr;x:double);

PROCEDURE data_plot (d:data_ptr;l:labl_ptr);

PROCEDURE data_save (d:data_ptr;l:labl_ptr;f:string);

{****************************}

IMPLEMENTATION
{****************************}
USES

crt,graph;

PROCEDURE data_init (d:data_ptr);
VAR '

i : integer;
BEGIN
FOR i := 0 to max_point do

BEGIN v

new (d*.y[i}]);

new (d*.u[i]);

END;
END;
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PROCEDURE data_logg (z:integer;d:data_ptr;y:v_ptr;u:v_ptr;x:double);
VAR
r,c : integer;
BEGIN
FOR r := 1 to max_cntrl do
BEGIN
dr.y(2]”
d*.ufz]
END;
dar.xfz] = x;
END;

[r] := y*[r];
(r] = u"(

rl:

PROCEDURE data_plot (d:data_ptr;l:labl ptr);
VAR
y_maxi,y_mini : real;
_maxo,y_mino : real;
X_pos,y_pos : integer;
gd,qu : integer;
i,row : integer;
¢hl,ch2 : char;
exit_1 : boolean;
s : string;
BEGIN
qd := detect;
initgraph (qd,qm,’’):
setviewport (0,0,qgetmaxx,getmaxy,clipon);clearviewport;

setviewport (0,0,719,29,clipon);rectangle (0,0,719,29);
settextstyle (triplexfont,horizdir,2); '
outtextxy  (30,5,1%.headl);

setviewport (0,50,719,339,clipon); rectanqle (0,0,719,289);

row :=1;
exit_l1 := false;
REPEAT
{ Heading }
setlinestyle (solidln,1,normwidth);
setviewport (100,60,700,90,clipon);clearviewport;rectangle (0,0,600,30);
settextstyle (trlplexfont horizdir,1);
outtextxy (30,5,1%.head2+’ ; [ ’+1~.ynamel{row]+’ vs ’+1~.unamef[rowlt’ ]’);

_maxo := 100;
y_nino := 0;
maxi := 100;
_nini := 0;

{ Plot x-axis )}
setviewport (100,305,718,340,clipoff);
settextstyle (defaultfont,horizdir,l);
line (0,10,600,10);
for i := 0 to 10 do
BEGIN
line (i%*60,5,1%60,15);
str (i/10*dx*may_point:3:1,s);outtextxy (i*60-30,17,s+1".xlabl);
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END;

{ Plot y-axis : output }
setviewport (1,60,45,320,clipon);clearviewport;
settextstyle (defaultfont,horizdir,1);
outtextxy  (5,10,1*.ylabl{row]+'=[’+1*.yunit{row]+’]’);
setlinestyle (userbitln,$FFFF,thickwidth); :
line (10,25,35,20);
setlinestyle (solidln,l,normwidth);
line (35,40,35,240);
for i := 0 to 4 do
BEGIN
line (30,40+i%50,40,40+i%50);
str (y_maxo-i*0.25%(y_maxo-y_mino):4:2,s);
outtextxy ( 0,45+i*50,s);
END;

{ Plot y-axis : input }
setviewport (46,60,90,320,clipon);clearviewport;
settextstyle (defaultfont,horizdir,l);
outtextyy  (5,10,17.ulabl[row]+'~[’+1*,uunit{row]+']’);
setlinestyle (userbitln,$9999,thickwidth);
line (10,25,35,20);
setlinestyle (solidln,1,normwidth); -
line (35,40,35,240);
for i :=0to 4 do
BEGIN _
line (30,40+i%50,40,40+1%50);
str (y_maxi-i*0,25%(y_maxi-y mini):4:2,s);
outtextxy ( 0,45+i%50,s);
END;

{ Plot graph }
setviewport (100,100,700,300,clipon);clearviewport;
rectangle (0,0,600,200);

{ Plot grids }

setlinestyle (dottedln,1,normwidth);

for i := 1 to 19 do line (0,10%i,600,10%i);
for i := 1 to 19 do line (i*30,0,i%30,200);

{ Plot output }
X_pos := 0;
y_pos := 200 - round(200%( (d*.y[0]*[row]-y_mino)/(y_maxo-y_mino)));
moveto (x_pos,y_pos);
setlinestyle (userbitln,$FFFF,thickwidth);
for i := 1 to max_point do

BEGIN

¥_pos := 1 * (600 div max_point);

y_pos := 200 - round(200%((d~.y[i]*[row]-y_mino)/(y_maxo-y_mino)));

lineto (x_pos,y_pos);

END;
setlinestyle (solidln,1,normwidth);
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{ Plot input }

x_pos := 07

y_pos := 200 - round(200%((d*.u[0]*[row]~-y_mini)/(y_maxi-y_mini)));
moveto (x_pos,y_pos);

setlinestyle (userbitln,$9999,thickwidth);

for i := 1 to max_point do

BEGIN
¥_pos := i * (600 div max_point);
y_pos :=
lineto (x_pos,y_pos);

200 - round(200%( (d*.u[i}*[row]~y_mini)/(y_maxi-y_mini)));

END;
setlinestyle (solidln,1,normwidth);

REPEAT

chl := upcase (readkey);

row := ord(chl) - ord(’'0’);
UNTIL (row >= 0) AND (row <= max_cntrl);

CASE chl of
107 ¢ exit 1 := true;
END;

UNTIL exit_1;

setviewport (0,0,getmaxx,getmaxy,clipon);clearviewport;

closegraph;
END;
PROCEDURE data_save (d:data_ptr;l:labl_ptr;f:string);
VAR :
i,j : integer;
outfile : text;
BEGIN
assign (outfile,f);

writeln (outfile,1”.headl);
writeln (outfile,1*.head2);
FOR i := 1 to max_cntrl DO
BEGIN
writeln (outfile,1*.yname[i]);
writeln (outfile,l”.uname[i]);
writeln (outfile,1~.ylabl[i]);
writeln (outfile,1*.ulabl[i]);
writeln (outfile,1”.yunit[i]);
writeln (outfile,l”.uunit[i]);
END;
writeln (outfile,l*.xlabl);
FOR i := 0 to max_point DO
BEGIN
FOR j := 1 to max_cntrl DO write (outfile,d”.y[(i}*[i]);
FOR j := 1 to max_cntrl DO write (outfile,d~.u[i]*[]):
write (outfile,d*.x[i]);
writeln (outfile);
END;
close (outfile);
END;

(

revrite (outfile);
(
(

— —
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{**************************************** }
{#%%  INITIALIZATION SECTION Kk}
{****************************************}
BEGIN

END.

225



- APPENDIX D : HERIG CONTROLLER SOFTWARE -

D.5 : INTERFACE UNIT

UNIT intrface;

{****************************}

INTERFACE
{****************************}
CONST
nun_dac = 2;
dac_datareq : array [1..num_dac] of integer
= ($0224,%0226);
dac_statreq : array [1..num_dac] of integer
= ($50225,50227); :
dac_initial : array [1..num_dac] of integer
= ($000B,$000D);

num_ade = 2;

adc_datareq : array [1..num_adc) of integer
= ($02EC,$02EE);

adc_statreq : array [1..num_adc) of integer
= ($02ED, $02EF);

adc_initial : array [1..num_adc] of integer
= ($0001,%0001);

PROCEDURE dac_initl (i:integer);
PROCEDURE dac_write (i,j:integer;var z:real);
PROCEDURE adc_initl (i:integer);
PROCEDURE adc_reads (i,j:integer;var z:real);

{****************************}

TMPLEMENTATION
[Fkkkkkkkdhkkkdrrhkikihhkihk)

PROCEDURE dac_initl (i:inteqer);
VAR
X ¢ integer;
BEGIN
REPEAT
port [dac_statreq(i]] := 0;
x := port [dac_statreg(i]];
UNTIL ((x and $04) < 0);
port [dac_datareg(i]] := dac_initial[i];
END;

PROCEDURE dac_write (i,j:integer;var z:real);
VAR
x,hgh,low : integer;
BEGIN
IF (2 > 4095.0) THEN
X = 4095
ELSE IF (2 < 0.0) THEN
X:=0
ELSE
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X := round (z);

16*(X - 16%(x div 16)) + 2j;
x div 16;

low
hgh :

REPEAT UNTIL ((port [dac_statreg[i]] AND $02) = 0);
port [dac_datareq(i}] := low;

REPEAT UNTIL ((port [dac_statreg{i]] AND $02) = 0);
port [dac_datareq(i]] := hgh;
END;

PROCEDURE adc_initl (i:integer);
VAR
X : integer;
BEGIN
port [adc_statreg[i]] := $000F;
X := port [adc_datareg[i]]; '
REPEAT
X := port [adc_statreq[i]];
UNTIL ((x and $04) <> 0);
port [adc_datareq[i]] := adc_initial[i]:
END;

PROCEDURE adc_reads (i,j:integer;var z:real);
VAR ‘
X,hgh,low : integer;
BEGIN
REPEAT UNTIL ((port [adc_statreg[i]] AND $04) <> 0);
port [adc_statreq[i]} := $0C;

REPEAT UNTIL {((port [adc_statreg[i]] XOR $02) AND $02) <> 0);

port [adc_datareq[i]] := $00;

REPEAT UNTIL (((port [adc_ statreg[l]] XOR $02) AND $02) <© 0),
port {adc_datareq(i]] := i:

REPEAT UNTIL ((port [adc_statreg[i]] AND $05) <> 0);
low := port [adc_datareq{i]);

REPEAT UNTIL ((port [adc_statreg[i]] AND $05) <> 0);
hgh := port [adc_datareg{i]];

2 i= hght256.0 + low;
END;

{**************************************}

(k% INITIALIZATION SECTION  *kk}
{HhkkkkkkkkkkkkkkkkkkkkkkhhhEhhkkkkkkik )

BEGIN
" END.
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PROGRAM ident;
{$M 65520,0,655360}

USES
dos,crt,qraph;

CONST
pax_point = 100;
max_cntrl = 4;

valido : set of ‘0’..7%' = [’1/,72! /X'

TYPE
v_var = array [1..max_cntrl] of double;
v_ptr = *v_var;

data_var = record
u : array [0..max_point] of v_ptr;
y ¢ array [0..max_point] of v_ptr;
x ¢ array [0..max_point] of double;
END;

data_ptr = ~data_var;

labl_var = record

headl : string;

head2 : string;

yname : array [0..max_cntrl] of string;
uname : array [0..max_cntrl] of string;
ylabl : array [0..max_cntrl] of string;
ulabl : array [0..max_cntrl] of string;
yunit : array [0..max_cntrl] of string;
uunit : array [0..max_cntrl} of string;
xlabl : string;

END;
labl ptr = ~labl var;

VAR
datclc : data_ptr;
datlog : data_ptr:
lables : labl_ptr;

search : pathstr;
inputname : string;
inputfile : text;

x0,x1 : real;
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pL,p2,p3,pd : real;
21,22,13,24 : real;

“loopl : integer;
- loop2 : integer;
row,col : integer;
exit0 : boolean;
cho0 : char;

PROCEDURE data_plot (d:data_ptr;1:labl_ptr);
VAR :
y_maxi,y_mini : real;
y_Eaxo,y_mino : real;
i_fact,o_fact : real;
i_diff,o_diff : real;
X_pos,y_pos : integer;
i,qm,qd : integer;
s : string;
BEGIN
qd := detect;
initgraph (gd,qm,’’);

setviewport (0,0,getmaxx,getmaxy,clipon);clearviewport;

setviewport (0,0,719,29,clipon);rectangle (0,0,719,29);

settextstyle (triplexfont, horizdir,2);
outtextxy (30,5,1*.headl);

setviewport (0,50,719,339,clipon);rectangle (0,0,719,289);

{ Heading }
setlinestyle (solidln,1,normwidth);

setviewport (100,60,700,90,clipon);clearviewport;rectangle (0,0,600,30);

settextstyle (triplexfont,horizdir,1);

outtextxy (30,5,1%.,head2+’ : [ ’+1”.yname{row]+’

{ Determine y_maxi,y_mini,y_maxo,y_mino }
y_maxi := -1E12;
y_mini := +1E12;
y_Daxo -1E12;
y_mino := +1E12;
for i := 0 to max_point do
BEGIN :
if d*.ufi]*[row] > y_maxi then y maxi
if d~.ufi)*[row] < y_mini then y_mini
if d~.y[i]"[row] > y_maxo then y_maxo
if d~.y[i)°[row] < y_mino then y_mino :
END;

* ee oo
o ou

i_diff := y_maxi - y_mini;

i_fact := 1E-12;

REPEAT i_fact := i_fact*10;

UNTIL (i_diff*i_fact > 1);

y_maxi := (trunc(y_maxi*i_fact)+1.0)/i_fact;
y_mini := (trunc(y_mini*i_fact)+0.0)/i_fact;

vs ’+1”,uname[row]+’ ]');

dr.ufi]r[row);
d~.u[i]*[row];
dr.y[i]*[row];
ar.ylir[rowl;
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o_diff := y_maxo - y_mino;

o_fact := 1E-12; @

REPEAT o_fact := o_fact*10;

UNTIL (o_diff*o_fact > 1); ‘
y_maxo := (trunc(y_maxo*o_fact)+1.0)/o_fact;
y_mino := (trunc(y_mino*o_fact)+0.0)/o_fact;

IF (1*.uname[row] = 'Estimate’) THEN

BEGIN '
y_maxi :
y_mini :

END

ELSE

BEGIN
y_maxi :=
y_mini :=

"END;

y_laxo;
y_mino;

y_maxi;
y_mini;

{ Plot x-axis }
setviewport (100,305,718,340,clipoff);
settextstyle (defaultfont,horizdir,l);
line (0,10,600,10);
for i := 0 to 10 do
BEGIN

line (i*60,5,1%60,15);

str (d*.x[trunc(i*max_point/10.0)]:3:1,s) outtextxy (i*60-30,17,s+1".xlabl);

END;

{ Plot y-axis : output }
setviewport (1,60,45,320,clipon);clearviewport;
settextstyle (defaultfont,horizdir,l);

outtextxy  (
setlinestyle (userbitln,$FFFF,thickwidth);

line (10,25,35,20);

setlinestyle (solidln,1,normwidth);

line (35,40,35,240);

for i :=0to 4 do

BEGIN :
line (30,40+i*50,40,40+i*50);

str (y_maxo-i*0.25%(y_maxo-y_mino):4:2,s);
outtextxy ( 0,45+1*50,s);
END;

{ Plot y-axis : input }
setviewport (46,60,90,320,clipon);clearviewport;
settextstyle (defaultfont, horizdir,1);

outtextxy  (5,10,1%.ulabl[row]+'-['+1~.uunit[row]+']’);

setlinestyle (userbitln,$9999,thickwidth);
line (10,25,35,20);
setlinestyle (solidln,l,normwidth);
line (35,40,35,240);
for i :=0to 4 do
BEGIN
line (30,40+i%50,40,40+i%50);

5,10,1%.ylabl row]+'-["+1*.yunit[rou]+']');
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str (y_maxi-i*0.25%(y_maxi-y_mini):d:2,s);
outtextxy ( 0,45+i%50,s);
END;

{ Plot graph )
setviewport (100,100,700,300,clipon);clearviewport;
rectangle {0,0,600,200);

{ Plot grids }

setlinestyle (dottedln,1,normwidth):

for i := 1 to 19 do line (0,10%i,600,10%i);
for i :=1 to 19 do line (i*30,0,1*30,200);

{ Plot output }
X_pos = 0;
y_pos := 200 - round(200%( (d*.y[0]*[row]-y_mino)/(y_maxo-y_mino)));
moveto (X_pos,y_pos);
setlinestyle (userbitln,$FFFF,thickwidth);
for i := 1 to max_point do
BEGIN
X_pos := 1 * (600 div max_point);
y_pos := 200 - round{200%((d*.y[i]*[row]-y_mino)/(y_maxo-y_mino)));
lineto (x_pos,y_pos);
END;

{ Plot input }

%_pos := 0; ’

y_pos := 200 - round(200%({d*.u[0]*[row]-y_mini)/(y_maxi-y_mini)));
moveto (¥_pos,y_pos);

setlinestyle (userbitln,$9999,thickwidth);

for i := 1 to max_point do

BEGIN :
X_pos := 1 * (600 div max_point); _
y_pos := 200 - round(200%((d*.u[i]"[row]-y_mini)/(y_maxi-y_mini)));
lineto (x_pos,y_pos);

END;

REPEAT

UNTIL keypressed;

setviewport (0,0,qetmaxx,qetmaxy,clipén);clearviewport;
closegraph;
END;

{************************************************}

{*#%*%  PROCEDURE TO FIT DESIRED FUNCTION *#i*)
{************************************************}
PROCEDURE func_fit (ordr,tipe:char);
VAR '

loop- : integer;

tstp : integer;

tdel : integer;

step : real;

mean : real;

- 231 -



- APPENDIX E : SYSTEM IDENTIFICATION SOFTWARE -

delt : real;

FUNCTION estimate (t:real) : real;
BEGIN
CASE ordr OF
1’ : CASE tipe OF
1" : estimate
2" : estimate
3 : estimate :
4! : estimate :
END;
'2' : CASE tipe OF
1’ : estinmate :
2! . estimate :
p2*pi/pl))):
3’ : estimate :
‘4! : estimate :

step * x1*(1l-exp(-pl*(t)));

step * x1*(1-(1-pl/zl)*exp(-pl*(t))):
(
(

step * x1*(1-(1+pl/zl)*exp(-pl*(t))):
step * x1x(t);

1]

step * x1*(1-(p2*exp(-pl*(t))-pl*exp(-p2*(t)))/(p2-pl));
step * x1*(1-sqrt(pl*pl+p2*p2*pi*pi)/(p2*pi)*exp(-pl*(t))*sin(p2*pi*(t)-arctan(-

step * x1*(1-(1tpl*(t))*exp(-pl*(t)));
step * x1*(1-p2/z1*(pl-z1)/(pl-p2)*exp(-pl*(t))-pl/z1*(p2-21)/(p2-pl)*exp(-

pe*(t)));
END;
END;
END;

BEGIN
step := (datlog*.u{max_point]~[col] - datlog”.u[0]*[col]);
delt := datlog®.x[max_point]/max_point;
tdel := round(x0/delt);
tstp := 07
REPEAT

inc (tstp):
UNTIL (abs(datlog”.u[max_point]~[col]-datlog”.u[tstp+1]*[col]) < abs(step/3)):

mean := 0;

FOR loop := 0 to tstp+tdel DO
BEGIN
mean := mean + datlog*.y[loop]*[row];
END;

mean := mean / (tstp+tdel+l);

FOR loop := 0 to tstpttdel DO

BEGIN
datcler.u[loop)~[row] := mean;
datclc.y[loop]~{row] := datlog”.y[loop]~[row];

datclct.x{loop] := datlog”.x[loop]:
END;
FOR loop := tstpttdeltl to max_point DO
BEGIN

datclc*.u[loop]*[row] := mean + estimate (datlog”.x[loop]-datlog*.x{tstpttdel]);
datclc”.y[loop]~[row] := datlog.y[loop]~[row];
datcler.x[loop] := datlog”.x[loop];
END;
END;

{************************************************}
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{Hhkrk 1 : FIRST ORDER RESPONSES khkkk)
{************************************************}
PROCEDURE order 1;
CONST
validl : set of /07..72/ = ['1/,72/,'3','4' 'X'];

VAR

exitl : boolean;

chl : char;

{***********************************************}
{#kkt 1,1 : FIRST ORDER Khkkk)
[Rkbkx Real Poles : ¢ kkkkk)
{*kkkk Comp Poles : === kkkkk )
{kkkkk LHP Zeros : --- *****}
{hkkkk RHP Zeros : =--- hkkkk )
{***********************************************}

PROCEDURE selct_i;
CONST :
validll : set of /0/..73" = ['1/,72!,'3' ,'P/,'D! X' ];
VAR

exitll : boolean;

chll : char;
BEGIN
X0 @
X1

0;
1;
pl :=1;

exitll := false;
REPEAT
func_fit (choO,chl);

clrscr;

gotoxy (20,01);urite (/ - )i
gotoxy (20,02);urite (/ 1 : FIRST ORDER RESPONSE B H
gotoxy (20,03);write (/ "
gotoxy (20,04);write (’ a -g7 H
gotoxy (20,05);write (/ 1 K { ] e S H
gotoxy (20,06)write (/ S +a H
gotoxy (20,07);write (/ ‘ ‘ ";
gotoxy (20,09);write (/ - "

gotoxy (20,10);write (/ 1 : K= : "

gotoxy (20,11);write (/ 2 0t oas ")

gotoxy (20,12);write (/ 3 0: 7= )i

gotoxy (20,13);write (/ ")

gotoxy (20,14);urite (/ P : Plot O H

gotoxy (20,15);write (’ D : Display )

gotoxy (20,16);write (’ s Exit i

gotoxy (20,17);write (’ H

gotoxy (20,23);write (/ ":

gotoxy (20,24);urite (/ OPTION : "

gotoxy (20,25);write (/ - ";

qgotoxy (44,10);write (x1:10:6);
gotoxy (44,11);write (pl:10:6);
qgotoxy (44,12);write (x0:10:6);
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REPEAT
gotoxy (44,24);
chll := upcase(readkey);
. UNTIL chll in validll;
CASE chll OF

Ill

12I

I3I

IPI
IDI

: BEGIN

gotoxy (44,10);write (/ "y
gotoxy (44,10);readln (x1);
END;

: BEGIN

gotoxy (44,11);write (/ H
qgotoxy (44,11);readln (pl):
END;

: BEGIN

qotoxy (44,12);urite (’ TS
gotoxy (44,12);readln (x0);
END;

: data_plot (datclc,lables);
: BEGIN

clrscr;

writeln (’NUMERATOR’);
IF (x0 = 0) THEN
BEGIN
writeln (’s*0 = /,(x1%pl):20:12);
END
ELSE
BEGIN
writeln (’s*0 = /,(2%x1#pl1/x0):20:12);
writeln (/s”l = /,(=x1%pl):20:12);
END; , '
writeln;

writeln (/DENONINATOR’);

IF (x0 = 0) THEN

BEGIN
writeln (’s"0 = /,(pl):20:12);
writeln (’s™ = 7,(1.0):20:12);
END o

ELSE

BEGIN
writeln (/"0 = /,(2#p1/x0):20:12);
writeln (’/s*l = /,(p1+2/x0):20:12);
writeln (’s*2 = /,(1.0):20:12);
END;

writeln;

writeln (/<<< PRESS ANY KEY TO CONTINUE >>>');
REPEAT UNTIL keypressed;

END;

X7 ¢ exitll := true;

END;

UNTIL exitll;

END;
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{***********************************************}
{#%%%% 1,2 : FIRST ORDER kkkkk)
{Kkkkk Real Poles : ¢ kkkkk)
{*kkik Comp Poles : --- *****}-
{kkkkk LBP JZeros : a kkkkk )
{kkkkk ‘RHP Zeros : =-- kkkkk )

{***********************************************}

PROCEDURE selct_2;

CONST
validl2 : set of ‘0’
VAR
exitl2 : boolean;
ch12  : char;
BEGIN
X0 :=0;
X1 :=1;
pl :=1;
7l = 1;
exitl2 := false;
REPEAT
func_fit (cho,chl);
clrscr;
gotoxy (20,01);write

'Izl - [111'121'131,I4I'IPI,IDI'le];

gotoxy 2)write

20
20,0
gotoxy (20,03);write

gotoxy (20,05);write

1 : FIRST ORDER RESPONSE

(I
(I
(I
gotoxy (20,04);write (/
(I
(I
(I

gotoxy (20,07);write
gotoxy (20,09);write (’
gotoxy (20,10);write ('
gotoxy (20,11);write ('
gotoxy (20,12);urite (/
gotoxy (20,13);write (/
gotoxy (20,14);write ('
gotoxy (20,15);urite (
gotoxy (20,16);urite (
gotoxy (20,17);write (
gotoxy (20,18);write (
(
(
(
(

(
(
(
(
(
gotoxy (20,06);write
(
(
(
(
(

!
!
!
!
]

qgotoxy (20,23);urite
qotoxy (20,24);write
gotoxy (20,25);write
gotoxy (44,10);write (x1:10:6);
gotoxy (44,11);write (pl:10:6);
gotoxy (44,12);write (21:10:6);

gotoxy (44,13);urite (x0:10:6);

REPEAT

gotoxy (44,24);

chl2 := upcase(readkey);
UNTIL chl2 in validl2;
CASE chl2 OF

: @ s+anq -8
2 + K { - } e
a sta

I);

1 K= aH

2 Q= "

3 ¢ as "

4 3 7= "
I);

P : Plot "

D : Display )i

X ¢ Exit H
I);

I);

) OPTION : ":
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1’ . BEGIN
gotoxy (44,10);urite (’ O H
gotoxy (44,10);readln (x1);
END;
2’ 1 BEGIN
gotoxy (44,11);write (/ "
gotoxy (44,11);readln (pl);
END;
3¢ BEGIN
gotoxy (44,12);urite (’ ¥
gotoxy (44,12);readln (z1);
END;
‘4’ : BEGIN
gotoxy (44,13);urite (/ Y;
gotoxy (44,13);readln (x0);
END;
'P’ ¢ data_plot (datclc,lables);
‘D’ ; BEGIN
clrscr;

writeln (‘NUMERATOR');

IF (x0 = 0) THEN

BEGIN
writeln (/s”0 = 7, (x1*pl):20:12);
writeln (/s*1 = !, (x1%pl/21):20:12);
END

ELSE

BEGIN
writeln (/s*0 = /,(2%x1%pl/x0):20:12);

writeln (/s*1 = /,(x1*pl*(2/(21%*x0)-1)):20:12);

writeln (’s"2 = /,(-x1%pl/21):20:12);
END;
writeln;

writeln (’DENOMINATOR');

IF (x0 = 0) THEN

BEGIN
writeln (/s”0 = /,(p1):20:12);
writeln (’s*1 = /,(1.0):20:12);
END

ELSE

BEGIN
writeln (’s*0
writeln (’s*l
writeln (’s"2
END;

writeln;

', (2*pl/x0):20:12);
' (p142/x0):20:12);
/,(1.0):20:12);

writeln (/<<< PRESS ANY KEY TO CONTINUE >>>');
REPEAT UNTIL keypressed;
END;
X7 & exitl2 := true;
END;
UNTIL exitl2;
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END;

(K RRRRRKRIKRRRRKKKKKRRRKRKRRRERKK KRR RRKK KRS )
{¥x%x% 1.3 ¢ FIRST ORDER Ckkkkk)
{kkkkk Real Poles : « kkkkk)
[kkkkk Comp Poles : --- | kkkkk)
{*kkkk LEP Jeros : --- Kk )
{kkkkk RHP Jeros : a *****}
{kkkkkkkkkkkkhkkkkkkkkhkhkkkkkkkkkkhkkhkkhhkkhk )

PROCEDURE selct_3;
CONST ‘
validi3 : set of /0'..73/ = ['17,72','3!,'4' /P! /D', 'Y’ |;
VAR
exitl3 : boolean;
chl3 : char;
BEGIN
X0 := 0;
X1 :=1;
pl :=1;
zl = 1;

exitl3 := false;
REPEAT
func_fit (cho,chl);

clrscr; \

gotoxy (20,01);write ('

gotoxy (20,02);write (' 1 : FIRST ORDER RESPONSE ")

gotoxy (20,03);write (/ , o H

gotoxy (20,04);write (/ @ s-a-q -s7 o H
¢ K { - ] e

gotoxy (20,05);write (/ 3
gotoxy (20,06);urite (’ a s+ta
gotoxy (20,07);write (/ H
gotoxy (20,09);write (/ ‘ ")
gotoxy (20,10);write (/ : H
gotoxy (20,11);write (' "):
gotoxy (20,12);write (! o H
gotoxy (20,13);write (’ : : ")
gotoxy (20,14);write (' : ":

F VRN S
¢ e eo o
- RN
W u n n

gotoxy (20,15);write (' P Plot g H
gotoxy (20,16);write (/ D Display ":
gotoxy (20,17);write (/ ' ¥ ¢ Exit ' ";
gotoxy (20,18);urite (/ : "
gotoxy (20,23);write (/ - g H
gotoxy (20,24);urite (/ OPTION : ":
gotoxy (20,25);write (’ "):

gotoxy (44,10);write (x1:10:6);
gotoxy (44,11);write (pl:10:6);
gotoxy (44,12);urite (21:10:6);
gotoxy (44,13);write (x0:10:6);
REPEAT

qotoxy (44,24);

¢hl3 := upcase(readkey);

UNTIL ch13 in validl3;
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CASE chl3 OF
17 . BEGIN
gotoxy (44,10);write (’ ")
gotoxy (44,10):readln (x1);
END;
12! : BEGIN .
qotoxy (44,11);write (’ OH
qgotoxy (44,11);readln (pl);
END;
'37 : BEGIN
qotoxy (44,12);write (/ ";
gotoxy (44,12);readln (z1);
END;
’4’ ; BEGIN
qgotoxy (44,13);write (’ o H
gotoxy (44,13);readln (x0);
END;
P! : data_plot (datclc,lables);
‘D’ : BEGIN
clrscr;
writeln (/NUMERATOR’);
IF (x0 = 0) THEN
BEGIN
writeln (/s*0 = /,(x1%pl):20:12);
writeln (’s*1 = /,(-x1%pl/21):20:12);
END
ELSE
BEGIN
writeln (’s*0 = /,(2%x1%pl/x0):20:12);
writeln (/s”1 = 7, (=x1%pl*(2/(21%x0)+1)):20:12);
writeln (’s"2 = /,(x1%p1/21):20:12);
END;
writeln;
writeln (’/DENOMINATOR’);
IF (x0 = 0) THEN
BEGIN
writeln (’s”0 = /,{p1):20:12);
writeln (’s*1 = /,(1.0):20:12);
END
ELSE
BEGIN
writeln (/s”0 = /,{2%pl/¥0):20:12);
- writeln (/s”l = /,(p142/x0):20:12);
writeln (’s*2 = /,(1.0):20:12);
END;
writeln;
writeln (’<<< PRESS ANV KEY TO CONTINUE >»>');
REPEAT UNTIL keypressed;
END;
"X exitld = true;
END;
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UNTIL exitl3;

{Rhrkkkkkkdkhkhhhkrkkhhkkhhkkikihddbrbhihkhhhds )
{#%¥%% 1.4 : FIRST ORDER Khkks)
{kxkkk Real Poles : 0. kkkkk )
Riiil] Comp Poles : --- kkkkk}
{kkkkk LHP Jeros : --- kkkkk }
{kkkkk RHP Jeros : --- kkkkk )
{*kkxkkkkkkhhbkhhhkhbhrdhhhhdhhhdhdhdhiktdhohdk)

PROCEDURE selct 4;
CONST
validl4 : set of /07..7%% = [‘1’,'2','P! /D', "X ;

VAR .

exitl4 : boolean;

chl4 : char;

BEGIN
X0 := 0;
X1 :=1;

exitl4 := false;
REPEAT
func_fit (chO,chl);

clrscr; ' .

gotoxy (20,01);write (' O H

gotoxy (20,02);write (/ 1 : FIRST ORDER RESPONSE )

gotoxy (20,03);write (/| TETE ["):

gotoxy (20,04);write (' 17 -s1 "y:
¢ K [ l e

.

gotoxy (20,05);write (’ ";
gotoxy (20,06);write (' s aH
gotoxy (20,07);write (/ ’ ":
gotoxy (20,09);write (! ";
gotoxy (20,10);urite (’ 1 : K 1)
gotoxy (20,11);write {’ 2701 ";
gotoxy (20,12);urite {’ ";
gotoxy (20,13);write (’ P : Plot RN
gotoxy (20,14);write (’ : Display ")
gotoxy (20,15);write (’ 1 & Exit ')
gotoxy (20,16);urite (! ";
!
‘
!

o

gotoxy (20,23);write o H
OPTION : )i ' )
I);

gotoxy (20,24);write
gotoxy (20,25);write (
gotoxy (44,10);write (x1:10:6);
gotoxy (44,11);write (x0:10:6);
REPEAT ~
gotoxy (44,24);
chl4 := upcase(readkey);
UNTIL chl4 in validl4;
CASE chld4 OF
‘1’ : BEGIN _
gotoxy (44,10);write (' H
gotoxy (44,10);readln (x1);
END;

1
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'2' : BEGIN
gotoxy (44,11);write (’
- gotoxy (44,11);readln (x0);
END; :
/P’ : data_plot (datclc,lables);
‘D’ : BEGIN
clrscr;

writeln (/NUMERATOR’);
IF (x0 = 0) THEN
BEGIN

";

writeln (’s*0 = /,(x1):20:12);

END
ELSE
BEGIN

writeln (/s = /,(2%x1/%0):20:12);
writeln (’s*l = /,(-x1):20:12);

END;
writeln;

writeln (’DENOMINATOR');
IF (x0 = 0) THEN
BEGIN

writeln (’s*0 = /,(0.0):20:12);
writeln (’s*1 = /,(1.0):20:12);

END
ELSE
BEGIN

writeln (’s*0 = /,(0.0):20:12);
writeln (’s*l = /,(2/%0):20:12);
writeln (’s*2 = /,(1.0):20:12);

-~ END;
writeln;

writeln (’<<< PRESS ANY KEY TO CONTINUE >>>’);

REPEAT UNTIL keypressed:
END;
"Y' : exitld := true;
END; -
UNTIL exitl4;
END;

BEGIN

exitl := false;
REPEAT

clrser;

gotoxy (15,01);write (/
gotoxy (15,02);write (' 1

FIRST ORDER RESPONSE |’);

I)'-

gotoxy (15,03);write (’

I)'

gotoxy (15,06);write (’
gotoxy (15,07);write (’
gotoxy (15,08);write (/ 1
gotoxy (15,09);write (’
gotoxy (15,10);write (’

I);
I);

-S7 I);
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gotoxy (15,11);write (’ 2
gotoxy (15,12);write (/
gotoxy (15,13);urite (’
gotoxy (15,14);write (
gotoxy (15,15);write (
gotoxy (15,16);urite (
gotoxy (15,17);write (
gotoxy (15,18);write (
gotoxy (15,19);write (
( (
( (
{ (
{ (
( (

I);
I);
I);
)i
I);
I);
I);
I);

!

1

1

]

/ .
! ! l);
1

1

!

!

1

gotoxy (15,20);write
gotoxy (15,21);write
gotoxy (15,23);urite
gotoxy (15,24);write
gotoxy (15,25);urite
REPEAT ’
gotoxy (37,24);
chl := upcase(readkey);
UNTIL chl in validi;
CASE chl OF
1 : selct 1;
12" : selet_2;
37 selct_3;
4" ¢ selct_4;
"Y' o exitl := true;
END;
UNTIL exitl;
END;

S H
I);

{************************************************}

{Hhkik 2 : FIRST ORDER RESPONSES khikk )
{************************************************}
PROCEDURE order_2;
CONST
valid2 : set of 707..727 = ['1/,72','3' "4’ ,'X'|;
VAR
exit2 : boolean;

ch2

s char;

{***********************************************}

{kkkkk
{*****
{kkkkk
{*****

2.1 : SECOND ORDER
Real Poles
Comp Poles :
LHP Zeros :

1B

*****}
*****}

{Rkkkk RHP Zeros : ---
{***********************************************
PROCEDURE selct_1;
CONST
valid2l : set of ‘0’..727 = [/1/,72!,'3/ /4’ /P! /D' X' );
VAR
exit2l : boolean;
ch2l : char;
BEGIN
X0 := 0;
x1:=1;
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pl := 0.5;
p2 := 1.0;

n n
. =O

exit2l := false;
REPEAT
func_fit (ch0,ch2);

clrscr;

gotoxy (20,01);write (' B H
gotoxy (20,02);urite (/ / 2 : SECOND ORDER RESPONSE 1)
gotoxy (20,03);write (’ oy
gotoxy (20,04);write (’ B -sT ')
gotoxy (20,05);write (’ 1: K {———————————————} e "
gotoxy (20,06);write (/ (s + a)(s + B) B
gotoxy (20,07);write (’ . ")
gotoxy (20,09);write (/ : :
gotoxy (20,10);write (' 1 : K= B H

gotoxy (20,11);urite (/ 2 1= ")

gotoxy (20,12);write (/ 3 : B= aH

gotoxy (20,13);write (/ 4 5 1= o H

gotoxy (20,14);write (’ H

gotoxy (20,15);write (' P : Plot "

gotoxy (20,16);write (/ D : Display N}

gotoxy (20,17);write (’ X @ Exit "

gotoxy (20,18);urite (/ - ";

gotoxy (20,23);urite (/ "

gotoxy (20,24);urite (¢ " OPTION : BT

gotoxy (20,25);write (’ M H

gotoxy (44,10);write (x1:10:6);
gotoxy (44,11);write (pl:10:6);
gotoxy (44,12);write (p2:10:6);
gotoxy (44,13);urite (x0:10:6);
REPEAT
qotoxy (44,24);
ch2l := upcase(readkey);
UNTIL ch2l in valid2l;
CASE ch21 OF
1’ : BEGIN
gotoxy (44,10);write (' aH
gotoxy (44,10);readln (xl1);
END;
2’ : BEGIN
gotoxy (44,11);write (/ N
gotoxy (44,11);readln (pl);
END;
/3! : BEGIN
qotoxy (44,12);write (/ aH
gotoxy (44,12);readln (p2);
" END;
"4’ : BEGIN
gotoxy (44,13);write (/ aH
gotoxy (44,13);readln (x0);
END;
P! : data_plot (datclc,lables);
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D'+ BEGIN
clrser;

writeln (‘NUMERATOR');
IF (%0 = 0) THEN
BEGIN
writeln (’s"0 = /,(x1%*pl#*p2):20:12);
END '
ELSE
BEGIN

writeln (’s”1 = /,(=-x1%pl*p2):20:12);
END;
writeln;

writeln (’/DENONINATOR’);

IF (x0 = 0) THEN

BEGIN
writeln (’s"0 = /,(pl*p2):20:12);
writeln (/s*1 = /,(pl4p2):20:12);
writeln (’s"2 = /,(1.0):20:12);

END

ELSE

BEGIN
writeln (’s"0 = /,(2%pl*p2/x0):20:12);

writeln (’s”l = /,(pl*p2+2%(pl+p2)/x0):20:12);

writeln (/s*2 = /,(pl4p242/x0):20:12);
©writeln (’s”3 = /,(1.0):20:12);

END; -
writeln;

writeln (’s"0 = /,(2%x1%pl*p2/x0):20:12);

writeln (’/<<< PRESS ANY KEY TO CONTINUE >>>');

REPEAT UNTIL keypressed;

END;

‘X' ¢ exital := true;

END;
UNTIL exit2l;
END;
{***********************************************}
{#4k%% 2,2 : SECOND ORDER khkik)
{Hhkik Real Poles : a t jB Kkkik )
{hkkik Comp Poles : --- dhkik )
{kkkkk LHP Zeros : =-- kkkkk}
{Rkkkk RHP Zeros : === kkkkk)

{***********************************************}

PROCEDURE selct_2;
CONST

VAR
exit22 : boolean;
ch22 : char;

BEGIN

X0 := 0;
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11 :=1;
pl := 1;
p2 :=1;

exit22 := false;
REPEAT
func_fit (cho,ch2);

clrscr;

gotoxy (20,01);urite (’ "
gotoxy (20,02);urite ( 2 : SECOND ORDER RESPONSE H
gotoxy (20,03);urite (’ "
gotoxy (20,04);write (' @2+R? -sT "
gotoxy (20,05);urite (/ 2 1 K { } e ";
gotoxy (20,06);urite (' (s +a)? + B2 N
gotoxy (20,07);write (/ )i
gotoxy (20,09);write (’ "

gotoxy (20,10);write ('
gotoxy (20,11);urite (’
gotoxy (20,12);write (/ ")
gotoxy (20,13);write (’ g H
gotoxy (20,14);urite (/ "
gotoxy (20,15);write (/ : Plot o H
gotoxy (20,16);write (/ : Display . 1)
gotoxy (20,17);urite (’ I ¢ Exit N
gotoxy (20,18);urite (’ "
gotoxy (20,23);urite (/ g H
gotoxy (20,24);urite (/ OPTION : "
gotoxy (20,25);urite (’ "
gotoxy (44,10);urite (x1:10:6);
gotoxy (44,11);urite (pl:10:6);
gotoxy (44,12);urite (p2:10:6,'1’);
gotoxy (44,13);write (x0:10:6);
REPEAT
gotoxy (44,24);
ch22 := upcase(readkey):
UNTIL ch22 in valid22;
CASE ch22 OF
/1! : BEGIN
gotoxy (44,10);write (’ "
gotoxy (44,10);readln (x1):
END;
/2! : BEGIN
gotoxy (44,11);write (' aH
gotoxy (44,11);readln (pl);
END;
3! : BEGIN
gotoxy (44,12);write (/ ";
qotoxy (44,12);readln (p2);
END;
’4" : BEGIN ,
qgotoxy (44,13);write (/ "
gotoxy (44,13);readln (x0);
END; .

I);
)i

O N
-~ PR R

L LI L N B 1]

[~ ]
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P’ : data_plot (datclc,lables);
'D’ : BEGIN '
clrser;

writeln {/NUMERATOR’);

IF (%0 = 0) THEN

BEGIN ‘

writeln (/s*0 = /,(x1%(plxpl+p2*p2*pi*pi)):20:12);
END

ELSE

BEGIN
writeln (s”0 = !, (2%x1%(pl*pl+p2*p2*pi*pi)/x0):20:12);
writeln (’s”1 = /,(=x1%(pl*pl4p2*p2*pi*pi)):20:12);
END;

writeln;

writeln (’DENOHINATOR');
IF (x0 = 0) THEN
BEGIN
writeln (’s”0 = 7, (pl*pl4p2*p2*pi*pi):20:12);
writeln (’s* = /,(2%pl):20:12);
writeln (’s*2 = /,{1.0):20:12);
END
ELSE
BEGIN
writeln (’s”0 = /,(2%(pl*pl+p2*p2*pi*pi)/x0):20:12);
writeln (/s*l = ¢, (pl*pl+p2*p2*pi*pi+4*pl/x0):20:12);
writeln (’s*2 = /,(2%pl+2/x0):20:12);
writeln (’s”3 = /,(1.0):20:12);
END;
writeln;

writeln (’<<< PRESS ANY KEY TO CONTINUE >>>');
REPEAT UNTIL keypressed;

END;

X' v exit22 := true;

END; :
UNTIL exit22;
END;
[FrrRRRRRRRR KRR RRRRRRRIRRRRKRRRRRRRR KRR RRIRR kK )
{#xk% 2.3 : SECOND ORDER. kkkkk)
{kkkkk Real Poles : ¢ , ¢ kkkkk )
{hkkhk Comp Poles : --- Kk )
{kkkkd LHEP Zeros : =--- kkkk)
{*kkkk RHP Jeros : --- kkkkk )
{***********************************************}

PROCEDURE selct_3;

CONST
valid23 : set of /07..7%¢ = [/1/,72!,/3/,/P','D', /X' ];

VAR

exit23 : boolean;

ch23  : char;

BEGIN
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X0 := 0;
X1 :=1;
pl :=1;

exit23 := false;
REPEAT
func_fit (ch0,ch2);

clrser; :
gotoxy (20,01);write (! - "
gotoxy (20,02);write (' 2 : SECOND ORDER RESPONSE ")i
gotoxy (20,03);urite (' B
gotoxy (20,04);write (/ a? -sT H
]

gotoxy (20,05);write (’ H
gotoxy (20,06);urite (’ (s +a)? )
gotoxy (20,07);write (' "
gotoxy (20,09);write (’ A
gotoxy (20,10);write (’ 1 : K o H
gotoxy (20,11);write (’ : H
gotoxy (20,12);write (’ : "):
gotoxy (20,13);urite (’ 1)
gotoxy (20,14);urite (’ P : Plot SHE
gotoxy (20,15);urite (/ D : Display ")
gotoxy (20,16);urite (/ ' X ¢ Exit o H
gotoxy (20,17);write (’ : - "
gotoxy (20,23);write (' _ n;
gotoxy (20,24);urite (’ OPTION : B
gotoxy (20,25);write (/ "
gotoxy (44,10);write (x1:10:6);
gotoxy (44,11);write (pl:10:6);
gotoxy (44,12);write (x0:10:6);
REPEAT
gotoxy (44,24);
ch23 := upcase(readkey);
UNTIL ch23 in valid23;
CASE ch23 OF
’1' : BEGIN

gotoxy (44,10);write (’ "

gotoxy (44,10);readln (x1);

END;
2’ ": BEGIN

gotoxy (44,11);write (/ "y

gotoxy (44,11);readln (pl);

END;
'3’ : BEGIN

gotoxy (44,12);write (' B

gotoxy (44,12);readln (x0);

END;
‘P’ : data_plot (datclc,lables);
‘D' : BEGIN

clrscr;

w

w o
-
~q
n n n

writeln (’NUMERATOR');
IF (%0 = 0) THEN
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BEGIN :
writeln (/s*0 = /,(x1%pl*pl):20:12);

END

ELSE

BEGIN
writeln (’s”0 = /,(2*x1*pl*pl/x0):20:12);
writeln (’s*l = /,(-x1*pl*pl):20:12);
END; ,

writeln;

writeln (‘/DENOMINATOR');

IF (x0 = 0). THEN

BEGIN :

writeln (’s*0 = /,(pl¥pl):20:12);
writeln (’s*l = /,(2%pl):20:12);
writeln (’s"2 = /,(1.0):20:12);
END '

ELSE

BEGIN
writeln (’s”0

(! 2%pl*pl/x0):20:12);
writeln (’s”1

(l

(I

pl¥pl+4%pl/x0):20:12);
2%p142/%0):20:12);
1.0):20:12);

writeln ('s”2
writeln (’s*3 =
END;

writeln;

!
!
1
!

7
!
!
7

writeln (/<<< PRESS ANY KEY TO CONTINUE >>>');
REPEAT UNTIL keypressed;
END; .

X' : exit23 := true;

END;
UNTIL exit23;
END;
R T )
{*%kx% 2.4 : SECOND ORDER kkkkk )
{kkkkk Real Poles : ¢,B kkkkk )
{*kkkk Comp Poles : =-- kkkkk )
{*kkkk LHP Zeros : a kkkkk)
{Rhkkk REP Jeros ; =-- kkkkk)
{Khhkkkk kR AR ERERRRRRK KRR RRRRARRERRARRRRR KRR )

PROCEDURE selct 4;

CONST

valid24 : set of '0’..72' = ['1/,72','3','4’,'5 /P! 'D! X' ];

VAR

exit24 : boolean;

ch24

BEGIN

e b2
[ Ry =

~ T T

.l; ] .I; u

o= OO
- .

¢ char;

- ~. =~
O O Ww
~e ~o

~e
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exit24 := false;
REPEAT
func_fit (cho,ch2);

clrscr;

gotoxy (20,01);write (’ "):
gotoxy (20,02);write (/ 2 : SECOND ORDER RESPONSE H
gotoxy (20,03);write (' o H
gotoxy (20,04);write (/ (s +a) -sr |1);
gotoxy (20,05);write (/ 4 + K |« — ¢ ¥
gotoxy (20,06);write (" a (s+a)(s+B) n;

gotoxy (20,07);write (/ —');

gotoxy (20,09);write (’ o H

gotoxy (20,10);write aH

gotoxy (20,11);urite "

gotoxy (20,12);write W H
(
(
(
(

gotoxy (20,13);write H
gotoxy (20,14);write o H
gotoxy (20,15);write o H
gotoxy (20,16);write : Plot :
gotoxy (20,17);write (/ : Display o H
gotoxy (20,18);write (/ 1 Exit :
gotoxy (20,19);write (' )i
gotoxy (20,23);write (/ H
‘gotoxy (20,24);write (' [— OPTION : "
gotoxy (20,25);urite (/ "
gotoxy (44,10);write (x1:10:6);
gotoxy (44,11);urite (pl:10:6);
gotoxy (44,12);write (p2:10:6);
gotoxy (44,13);write (21:10:6);
gotoxy (44,14);urite (x0:10:6);
REPEAT
gotoxy (44,24);
ch24 := upcase(readkey);

UNTIL ch24 in valid24;
CASE ch24 OF
/1’ . BEGIN

gotoxy (44,10);write (' H

gotoxy (44,10);readln (x1);

END;
12! . BEGIN -

gotoxy (44,11);write (/ "

gotoxy (44,11);readln (pl);

END;
+3! : BEGIN

gotoxy (44,12);urite (/ "

-gotoxy (44,12);readln (p2);

END;
4’ : BEGIN

gotoxy (44,13);write (’ "

gotoxy (44,13);readln (z1); :

END;
5" . BEGIN .

qotoxy (44,14);write (/ ";

— s —
D= W
es oo e oo
- w ™R N
(T | I VR TR |

!
!
!
!
!
!
!

oo
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gotoxy (44,14);readln (x0);
END;
'p! ¢ data_plot (datclc,lables);
‘D’ : BEGIN
clrscr;

writeln (/NUMERATOR');
IF (x0 = 0) THEN
BEGIN
writeln (/s"0 = /,(x1*pl*p2):20:12);
writeln (’s*l = /,(x1*pl*p2/z1):20:12);
END
ELSE
BEGIN
writeln (’/s*0 = /,(2%x1*pl*p2/x0):20:12);
writeln (’s*1 = /,((2%x1*pl*p2/(z1*x0)=-x1kpl*p2)):20:12);
writeln (’s”2 = ', (-x1%pl*p2/pl):20:12);
END; '
writeln;

writeln (/DENOMINATOR');

IF (x0 = 0) THEN

BEGIN )
writeln (/s"0 = /,(pl*p2):20:12);
writeln (/s*l = /,(pl+p2):20:12);
writeln (’s”2 = /,(1.0):20:12);

END

ELSE

BEGIN

_writeln (’s"0 = /,(2*pl*p2/x0):20:12);
writeln (’s*l = /,(pl*p2+2%(pl+p2)/x0):20:12);
writeln (’s"2 = /,(pl+p2+2/x0):20:12);
writeln (’s*3 = /,(1.0):20:12);

END;

writeln; ' N

writeln (’<<< PRESS ANY KEY TO CONTINUE >>>');
REPEAT UNTIL keypressed;
END;
X' ¢ exit24 := true;
END; _
UNTIL exit24;
- END;

. BEGIN

exit2 := false;

REPEAT

clrscr;

gotoxy (15,01);write (’ g H

gotoxy (15,02);write (' 2 : SECOND ORDER RESPONSE |[’);

gotoxy (15,03);write (’ - ":

gotoxy (15,06);write (’ ")
gotoxy (15,07);write (/ 1) -st aH
gotoxy (15,08);write (' 1 K [———] e H
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[

gotoxy (15,09);write (/
gotoxy (15,10);write (’
qotoxy (15,11);write (/
gotoxy (15,12);write (’
gotoxy (15,13);urite (’
gotoxy (15,14);write ('
gotoxy (15,15);write ('
gotoxy (15,16);write ('
gotoxy (15,17);write ('
gotoxy (15,18);write (’
gotoxy (15,19);urite (’
gotoxy (15,20);write ('
gotoxy (15,21);urite ('

S (s +a)(s+B)

a?4B? -7
L
- (s + a)? + B?
a? -sT
K [——~——————————] e
(s + a)?

ab (s +a)
K (

Exit

-sT
-————————————} e
a (sta)s+ B

gotoxy (15,23);write (’
gotoxy (15,24);write (’
gotoxy (15,25);write ('
REPEAT
gotoxy (37,24);
ch2 := upcase(readkey);
UNTIL ch2 in valid2;
CASE ch2 OF ’
117 : selct_1;
12" 1 selct_2;
137 ; selct_3;
T4 selct_4;
X' . exit2 := true;
END;
UNTIL exit2;
END;

OPTION : ")

{************************************************)

{khxkx MAIN

PROGRANNE

*kkkk)

{************************************************}

BEGIN
new {datclc);
new (datlog);

FOR loopl := 0 to max_point DO

BEGIN

new (datclct.y[loopl]);
new (datclcr.ufloopl]):
new (datlogr.y[loopl]);
new (datlog”.u[loopl]);
END;

new (lables);

REPEAT
clrscr;
write
readln (inputname);
write (’ROW (Output) NUMBER
readln (row);
write ('COL (Step)
readln (col);

(’NAME OF INPUT FILE :

NUMBER :

A

l);
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search := fsearch (inputname,’c:’);
UNTIL (search < ');
assign (inputfile,fexpand(inputname));
reset (inputfile);
readln (inputfile,lables”.headl);
readln (inputfile,lables”.head2);
FOR loopl := 1 to max_cntrl DO
BEGIN
readln (inputfile,lables”.yname[loopl]);
readln (inputfile,lables”.uname[loopl]);
readln (inputfile,lables”.ylabl[loopl}):
readln (inputfile,lables*.ulabl[loopl]);
readln (inputfile,lables*.yunit[loopl]);
readln (inputfile,lables”.uunit[loopl]);
END;
-readln (inputfile,lables”.xlabl);

FOR loopl := 0 to max_point DO
BEGIN :
FOR loop2 := 1 to max_cntrl
read (inputfile,datlog”.y[loopl]~[loop2]);
FOR loop2 := 1 to max_cntrl DO
- read (inputfile,datlog*.u[loopl]”[loop2]);
read (inputfile,datlog”.x[loopl});
readln (inputfile);
END;
close (inputfile);

data_plot (datlog,lables);

lables”.uname[row] := 'Estimate’;
lables”.ulabl{row] := '2’;
lables”.uunit{row] := lables”.yunit{row];

exito := false;
REPEAT
clrscr:

gotoxy (20,01);urite (/
(

gotoxy (20,02);write (‘| CURVE FITTING TO LOGGED DATA

gotoxy (20,03);write (/L

gotoxy (20,08);urite (’
gotoxy (20,09);write (/
gotoxy (20,10);write (/
gotoxy (20,11);write (’
gotoxy (20,12);write (’
gotoxy (20,13);write (/
. gotoxy (20,14);urite (’

1 : First Order

2 : Second Order

gotoxy (20,15);urite (/ ¥ Exit
gotoxy (20,16);write (’
gotoxy (20,17);write (/
gotoxy (20,20);write (’
gotoxy (20,21);write (' OPTION :

gotoxy (20,22);write (’
REPEAT
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gotoxy (36,21);
ch0 := upcase(readkey);
UNTIL chO in valido;
CASE cho OF
17 s order_1;
2" : order_2;
'Y ¢ exit0 := true;
END;
UNTIL exit0;
clrser;
END.
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Transfer

functions fitted for the first step test :

HEAT EXCHANGER RIG : TEMPERATURE CONTROL 1
NMosma EZsexa OPEN LOOP STEP TEST : [ Temp T7yv va Estimaate 1 ]

S =o .o
SE I oSs= .3
=2 I =mo .o

o> = az =

D .00 43 .00

o.om

4 ; " 4 ¢ + I
100 . /0= @[O0 .0= DBO0.0= 2006.0= BOO.Os 600.0w 700.0= 600.0= SO00.0Om 1000.

Figure F.1 : TEMPERATURE RESPONSE G11(s)

[ HmAT E

NXCHANGER RIG : TEMPERATURE CONTROL

OPEN LOOP STEFP TEST : E Temp THByw va Estimate 1 J

100 .0 @O0 .0Om J00.0O= =00.0= BBO0.0= &6&00.0= 200.0= @00.O= S900.0m 1000.

Figure F.2 : TEMPERATURE RESPONSE G21(s)

[ HEAT E

XCHANGER RIG : TEMPERATURE CONTROL

vorfx3 z-cxs [ OPEN LOQOP STEP TEST : [ Temp 10y va Estinaate 3 ]

.o _ -0 . o

=7 .S »7 .=

=TI s . o

e _ ma .=

90 .00 20.00 |

A00 .0 2[00.0=s D00.0s #00.0= S00.C0s 600.0= 700.0= 00.0ms SO00.0= 1000.

Figure F.3 : TEMPERATURE RESPONSE G31(s)

[ HEAT E

XCHANGER RIG : TEMPERATURE CONTROL

w—E€x3 Ee—Czca
——

L Temp TOY wva Eatimaate ] ,

OPEN 1LOOF STEFP TEST :

o= . =3 . o
ST EE Y
=2 I 30 .o

2= .00 as .00 |

+ ; + ; + Y
100 . O=m @[O0 .0e POO0.0e <00.0= S00.0- GO0.0= 700.0m S00.0= 9S00 0= 1000 .

Figure F.4 _: TEMPERATURE RESPONSE G41(s)
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Transfer functions fitted for the second step test :

[ HEAT EXCHANGER RIG : TEMPERATURE CONTROL v ]
~org3 Zoega | OFPEN 100F STEP TEST : [ Temp T7y va Eotimate 1 ]
s . = . O - - ¥

s =dy A= .

O .o¢% 30 .o

her . a7 .=

4 .00 a3 .00 5
0.os 100 .02 200 .0= 300.0s 400.0s S00.0a 600.053 2 700.0= S800.0s S00.0= 1000.0

Figure F.5 _: TEMPERATURE RESPONSE G12(s)

[ HEAT EXCHANGER RIG : TEMPERATURE CONTROL ]
Mot Foriey OPEN 1LOOF STEF TEST - { Temp TBy wva Estimate I 4!
fo=s a5 . O

O . 0= 100 .02 200.0= 300.0= 400.0a 3I00.0sn 600.0s 700.0s ©600.0s S00.0s 1000.0

Figure F.6 : TEMPERATURE RESPONSE G22(s)

[ HEAT EXCHANGER RIG : TEMPERATURE CONTROL 1

vorxg3 zoena | OPEN ILOOF STEF TEST : [ Temp Ty va Estimnate 1 ]

o . -p .o

a7 . =md a7 .=

s .o 25 -0

s E N

N + R
©.0s" 100 .05 S00.0= 900.0= =“00.0= JS00.0= 600.0= 700.0=2 S600.0s S00.0s 1000.0

Figure F.7 : TEMPERATURE RESPONSE G32(S)

| HEAT )E.}G'JHANGER RIG : TEMPERATURE CONTROL )
vo£u3 zzzw2» [ OPEN LOOP STEP TEST : ( Temap TOy va Estimote 1 ]
s . o5 am

b .o o= .=

o . o 20 . G

e .o a7 .o

faes . 0O an .o N N " N N . "
O .0 100.0s @00.02 D00.0s =00.0s OSo0.0s 6600.0s 7060.03 600.03 900.0= 1000.0

Figqure F.8 : TEMPERATURE RESPONSE G42(s)
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Transfer functions fitted for the third step test :

[ HEAT EXCHANGER RIG : TEMPERATURE CONTROL j
vorma ZDema | OFPEN LOOP STEP TEST : [ Temp T7y va Estimnate 1 |
e . S5 .o

= == .=

o . od so .o

e s a7 -

(s .00 A .00
0.0 - AT .O>» 6H00.0=s TOO . O-

Figure F.9 : TEMPERATURE RESPONSE G13(s)

[ HEAT EXCHANGER RIG : TEMPERATURE CONTROL }

v_ex1 z5ex3 [ OPEN LOOF STEP TEST : [ Temp TBy va Estimate ] N

(.= . as .o

+ + ; 4 - .
O .0a 100 . 0= @O0.0= D300.05 400.02 =00.0s 600.0- 700.05 600.0s S00.0= 1000.0

Figure F.10_: TEMPERATURE RESPONSE G23(s)

[ HEAT EXCHANGER RIG : TEMPERATURE CONTROL ]

votx532 Zz5e43 [ OPEN LOOP STEP TEST : [ Temp Ty wve Estimate 1 ]

o . a0 .O

a7 .= a7 .=

== an .o

=T EY -t

0 .00 a0 .00 | } N s + + e —
0.0 100.0= @00.0> BO00.0= =«00.0- S00.0= 6&600.0= 700.05 6G00.03 900.0: 1000.0

Figure F.11 : TEMPERATURE RESPONSE G33(s)

[ HEAT EXCHANGER RIG : TEMPERATURE CONTROL 1
voeus Zogd | OPEN LOOFP STEP TEST : [ Temp TOy va Eatimmate 1 ]
bows . G avem .

. o= .=

o 20 .0

P

4
o.ox 100 .0= =@O0.0= [00.0= 400.0= S00.0s5 600.05 700.03 600.0=s 900.0= 1000.0

Figure F.12 : TEMPERATURE RESPONSE G43(s)
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Transfer functions fitted for the fourth step test :

[ HEAT EXCHANGER RIG : TEMPERATURE CONTROL ]
votx1z-¢e43 [ OPEN LOOF STEFP TEST : [ Temp T7y ve Estimate 3

ST F S

S 1= =0 .o

(e . = o .

lss .00 am .00 N
©.os 100 .03 @00 .0=n 500 .0m 400 .05 S00 .05 600 .0n 700 .05 S800.0s 900.0s  1000.0

Figure F.13 : TEMPERATURE RESPONSE G14(S)

[ HEAT EXCHANGER RIG : TEMPERATURE CONTROL ]

o Zoena | OPEN 10OOFP STEFP TEST : ( Temp T8y wva Estimmate 1 ]

2% .00 as .90 3
O .os 100 .0s =DOO0.0s B00.0s 400.0-2 S00.0s 600.0s 700.0> 600.0=m 900.0= 1000.0

Figure F.14 : TEMPERATURE RESPONSE G24(s)

HEAT EXCHANGER RIG : TEMPERATURE CONTROL j
VMoExI ZT7L l OPEN I0OOF STEF TEST : [ Temp TOy va Estimate 1
(O 23O . O -

o7 .=mp 27 .=

s .od 93 .o

100 0= =200 .05 35300.0= 400.0s 500.0s5 600.0= 700.0s ©600.05 9S00 .-.0=

Figure F.15 : TEMPERATURE RESPONSE G34(s)

[ HEAT EXCHANGER RIG : TEMPERATURE CONTROL j
VoLx3 T L3 [ OFEN 1LOOFP STEF TEST : [ Temp TOy wva Estimate ] ) J
S o 28 .

. + + : 4 + — —
o.ox 100.0s @00.05 S00.0= 400.05 O00.0s 600.0= 700.0- 800.0= S00.0= 1006.0

Figure F.16 : TEMPERATURE RESPONSE G44(S)
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G.1 ¢ DESTGN PROGRAMME

% .

% HINFDSGN - Design of an H-infinity controller
% .

% LOAD PLANT G(s) IN STATE SPACE FORM -
% _
cle - ?
- fileg=input(’Name of plant = ’,’s’);
~ [aq,bg,cq,dg]=loadssn(fileq);
xg=size(aq)*[1;0];
ng=size(cq)*[1;0];

% DESIGN OF WEIGHTING FUNCTIONS
3

cle

w=logspace(-5,1,50);

§ =mem- Wl : weighting on the Sensitivity function S(s)

dwl={];
qain(1,:)=[60];10ss(1,:
qain(2,:)=[60];10ss(2,:

)=[4 60];freq(1,:)=[3.0E-6 3.0E-3];
)=[4 60];freq(2,:)=[3.0E-6 3.0E-3];
qain(3,:)=[60];loss(3,:)=[4 60]:freq(3,:)=[3.0E-6 3.0E~3];
gain(4,:)=[60];loss(4,:)=[4 60];freq(4,:)={3.0E-6 3.0E-3];
disp(*  emeee Design of : Wl  =---- "
for i=1:ng )
(a,b,c,d] = BUTTWRTH (’LP’,qain(i),loss(i,:),freq(i,:));
(awl,bwl,cwl,dwl] = APPEND (awl,bwl,cwl,dwl,a,b,c,d);
(mwl(:,i),pwl(:,i)]=bode(a,b,c,d,1,w);
end . .
wlinv=-20%1og10(ml);

§ =m=-- W2 : weighting on the Input action function R(s)

dw2=[];

qain(1,:)=[60];loss(1,:)=[4 60];freq(1,:)=[5.0E+2 5.0E~1];
qain(2,:)=[60];loss(2,:)=[4 60];freq(2,:)=[5.0E+2 5.0B-1];
gain(3,:)=[60];1loss(3,:)=[4 60];freq(3,:)=[5.0E+2 5.0E-1];
qain(4,:)=(60];loss(4,:)=[4 60]:freq(4,:)=[5.0E+2 5.0E-1];
disp(*  e==-- Design of : W2~ =---- o H
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MATLAB SOFTWARE USED FOR H, DESIGHNS -

‘for i=l:ng
(a,b,c,d] = BUTTWRTH (’HP’,qgain(i),loss(i,:),freq(i,:));
(aw2,bw2,cw2,dw2] = APPEND (aw2,bw2,cw2,dw2,a,b,c,d);

(me2(:,1),pw2(:,1)]=bode(a,b,c,d,1,%);
end
w2inv=-20%*10g10(mw2);

§ —mee- W3 : weighting on the Closed loop tramsfer function T(s)

qain(l,:)=[60];loss(1,:)=[4 60];freq(1,:)=[5.0E+0 5.0E-3];
qain(2,:)=(60];loss(2,:)=(4 60];freq(2,:)=[5.0E+0 5.0E-3];
~ qain(3,:)=(60];loss(3,:)=[4 60];freq(3,:)=[5.0E+0 5.0E-3];
qain(4,:)=[60];1oss(4,:)=[4 60];freq(4,:) [5 OE+0 5.0E-3];

disp(*  =--- Design of : W3 ----- ";
for i=1:ng
(a,b,c,d] = BUTTWRTH (’HP’,qain(i),loss(i,:),freq(i,:));

(aw3,bw3,cw3,dw3] = APPEND (aw3,bw3,cw3,dw3,a,b,c,d);
(m3(:,1),pw3(:,1)]=bode(a,b,c, d 1 w),

end

w3inv=-20%10g10(mw3);

semilogx (w,wlinv,w,w2inv,w,w3inv)

title ('WEIGHTING FUNCTIONS - 1/Wl & 1/W2 & 1/w3’)
xlabel (“Frequency - [Rad/s]’)

ylabel(’Hagnitude - [db]’)

qrid

pause

% H-INFINITY SYNTHESIS

sysg=[ag bg;cqg dg]:

syswl=[awl bwl;cwl dwl];

sysw2=[aw2 bw2;cw2 dw2];

sysw3=[aw3 bw3;cw3 dw3];

dim=[xq size(awl)*[1;0] size(aw2)*[1;0] size(aw3)*[1;0]];
[A,B1,B2,C1,C2,D11,D12,D21,D22 | =AUGHENT( sysq, syswl, sysw2,sysw3,dim);

% STEP 1 :
gamma=0.9;
A=A;
B1=B1/sqrt(qamma); .

B2=B2*sqrt(qamma);

C1=C1/sqrt(gamma); .

C2=C2*sqrt(qgamma);

D11=D11/qamma;

D12=D12;

D21=D21;

D22=D22*qamma;

ADJUST FOR LEVEL OF PERFORMANCE gamma

% STEP 2 : SCALE INPUTS AND OUTPUTS
Sunom-chol(DlZ '%D12);
Syinv=chol(D21*D21.").";
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Suinv=inv(Sunom);
Synom=inv(Syinv);
A=A; ‘
B1=B1;
B2=B2%Suinv;
C1=C1;
C2=Synom*C2;
D11=D11;
D12=D12*Suinv;
D21=Synom*D21;
D22=Synom*D22*Suinv;

% STEP 3 : PERFORM SYNTHESIS OF H-INFINITY CONTROLLER
hinf
pause

% STEP 4 : INCORPORATE Gamma & SCALING INTO CONTROLLER
$

ak=acp;

bk=sqrt(qgamma)*bcp*Synon;

ck=sqrt(gamma)*Suinv*ccp;

dk=gamma*Suinvtdcp*Synon;
(filek]=savessm(ak,bk,ck,dk);
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G.2 : BUTTERWORTH FILTER DESIGN PROGRAMME

function {a,b,c,d] = BUTTWRTH (case,qain,loss,freq)

e o\®

o

% Butterworth ALL PASS filter
. if case=='3p/

. ~o =a

L Q o
= — —
S

*(qain/20);

% Butterworth LOW PASS filter
elseif case=='LP’
Amax=loss(1);

Anin=loss(2);

wp=freq(1);

ws=freq(2);

n=ceil(log10((10~(0.1%*Amin)=1)/(10~(0.1*Amax)- 1))/loglo((ws/wp)A2)),
{z,p,k] = BUTTAP (n);

(a,b,c,d] = IP2SS (z,p,k);

[a,b,c,d] = LP2LP (a,b,c,d,wp);

c=10"(qain/20)*c;

d=10(qain/20)*d;

% Butterworth HIGH PASS filter
elseif case=='HP’
Amax=loss(1);

Amin=loss(2);

wp=freq(1);

ws=freq(2);

n=ceil(logl0((10~(0.1*Amin)~ 1)/(10A(0 l*Amax) 1))/10910((wp/ws)A2)),
[erlk] = BUTTAP (n):

{a,b,c,d] = IP25S (z,p,k);

{a,b,c,d] = LP2HP (a,b,c,d,wp);

c=10"(qgain/20)*c;

d=10*(gain/20)*d;

% Butterworth BAND PASS filter
elseif case=='BP/
Amax=loss(1);

Amin=loss(2);

wl=freq(l);

w2=freq(2);

w3=freq(3);

wi=freq(4);

n=ceil(10g10((10*(0.1%Amin)-1)/(10~(0.1*Amax)~1))/10ql0( (w4-w3)/(w2=w1)"2));
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(z,p,k] = BUTTAP (n);
(a,b,c,d] = ZP25S (z,p,k);
- {a,b,c,d] = LP2BP (a,b,c,d,sqrt(w24wl), (w2-wl));
-¢=10"(gain/20)*c;
d=10"(gain/20)*d;

¢ Butterworth BAND REJECT filter
elseif case=='BR’

Amax=loss(1);

Amin=loss(2);

wl=freq{l);

w2=freq(2);

w3=freq(3):

wd=freq(4);

n=ceil(10gl0((107(0.1%Amin)=1)/(10*(0.1*Amax)~1))/10gl0( (w2-wl)/(w4-w3)"2));
(z,p,k] = BUTTAP (n);

(a,b,c,d] = 2P2SS (z,p,k):

(a,b,c,d] = LP2BS (a,b,c,d,sqrt(w2*wl),(w2-w1));

c=10"(gain/20)%c; :

d=10"(gain/20)*d;

end

- 261 -



\

- APPENDIX G : MATLAB SOFTWARE USED FOR H, DESIGNS -

G.3 : SAVING MATRIX IN TRANSFER FUNCTION FORM
PROGRAN mtrx2dat;

USES

crt;

CONST
maxn = §;
.maxo = 19;

TYPE
" functype = RECORD

nsz : integer;

nun : array [0..maxo] of real;
dsz : integer;

den : array [0..maxo] of real;
put : boolean;

END;

VAR
row,col : integer;
ch : char;
filename : string;
outfile : text;
exit : boolean;
i,j : integer;
n : integer;
X0,y0 : integer;
func : array [1..maxn,l..maxn] of functype;

PROCEDURE screen;
BEGIN

clrscr;

yo := 1 + trunc((25-(3*n+1))/2);

X0 := 4 + trunc((73-(9%n+l))/2);

FORi:=1tonDO

FOR j:=1tonDO

BEGIN .
gotoxy(xo+(9%j=8),yo+(3*i-3));write(’

© gotoxy(xo+(9*j~8),yo+(3*i-0));urite(’
qgotoxy(xo+(9*j=9),yo+(3*i-2));write(’{’);
qotoxy(Xo+(9%j=9),yo+(3%i-1));write(’|’);
gotoxy (xo+(9%j=0) ,yo+(3*i<2) ) ;urite(’|’);
qotoxy(xo+(9*3=0),yo+(3*i-1));urite(’|’);
qotoxy(xo+(9%j-9) ,yo+(3*i-3));write('+');
gotoxy(xo+(9*j=0),yo+(3*i-3)) ;write('1’);
gotoxy(xo+(9%j=9),yo+(3*i-0));write(’+');
gotoxy(xo+(9%j-0),yo+(3*i-0));write(’'+');
IF func[i,j].put THEN textattr := black + lightgray*16;
qotoxy(xo+(9%3=7),yo+(3*i-2));write(’G (s) *);
gotoxy(xo+(9%j=7),yo+(3*i-1))swrite(’ /,iz1,3:1," ');
textattr := black + blue*l6;

I);

I);

- 262 -



- APPENDIX G

: MATLAB SOFTWARE USED FOR H, DESIGNS -

END;

FORi:=1tonpDO
IF (i=n) THEN
BEGIN

gotoxy(xo Yo
gotoxy(xo+(9*i),yo )i wrlte(’l )i
gotoxy(xo Yo+ (3*1));urite(’
gotoxy(xo+(9*1),yo+(3%i)); wrlte(’i’),
END
ELSE
BEGIN
gotoxy(xo+(9*i),yo = );urite(’ T )i
gotoxy(xo+(9*i),yo+(3*n));write(’~');
gotoxy(xo ,Yo+(3%1)); wrlte(’r’);
gotoxy(xo+(9*n),yo+(3*i));urite(’{’);
END;
gotoxy(xot(9*col-3),yot(3*row-1));
END;

)surite(’(’);

PROCEDURE xferfunction;
BEGIN
REPEAT
clrscr;
write(’Numerator order = /);
readln(func[row,col].nsz);
writeln;
FOR i := 0 to func[row,col].nsz DO
BEGIN
write(’s~!,i:2,’ = 1);
readln(funcirow,col].num[i]);
END;

clrscr;
write(’Denominator = /);
readln(func{row,col].dsz);
writeln; _
FOR i := 0 to func[row,col].dsz DO
BEGIN
write(’s*’,i:2, = ');
readln(func[row,col].den[i]);
END;

clrscr;

gotoxy(1, 4);write ('
gotoxy(1, 5);write (’
gotoxy(1, 6);write (’
gotoxy(l, 7);write (¢
gotoxy(1, 8);write (’
gotoxy(l, 9);write (’
gotoxy(1,10);write (/
gotoxy(1,11);write (’
gotoxy(1,12);write (’
gotoxy(1,13);write (’
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qgotoxy(1,14);write (' | ')

gotoxy(1,15)write (/ : ‘ O H
gotoxy(1,16);write (’ _ . ";
gotoxy(1,17);write (/ ‘ '
gotoxy(1,18) write (’ "

FOR i := func[row,col].nsz dounto 0 do

BEGIN
gotoxy(15+16*trunc(4.0*frac((func[row,col].nsz-i)/4.0)),

10-trunc(int(func[row,col].nsz/4.0)-int((func[row,col].nsz-i)/4.0)));

IF (func{row,col].num{i] < 1E1) THEN write(func[row,col].num{i]:9:6)
ELSE IF (func[row,col].num[i] < 1E2) THEN write(func[row,col].num[i]:9:5)
ELSE IF (func[row,col].num[i] < 1E3) THEN write(func[row,col].num{i]:9:4)
ELSE IF (func{row,col].num[i] < 1E4) THEN write(func[row,col].num[i]:9:3)
ELSE IF (func[row,col].num[i] < 1E5) THEN write(func[row,col].num[i]:9:2)
ELSE write(func[row,col].nun[i]:9:1);
write(/s”',1:2);
IF (i <> 0) THEN write(’ + ');

-END;

qgotoxy(4,11);write(’c ’,row:l,col:l,’ (s) = : — N

FOR i := func[row,col].dsz downto 0 do

BEGIN
gotoxy(15+16*trunc(4.0*frac((func(row,col].dsz-1)/4.0)),

12+trunc(int((func[row,col].dsz-i)/4.0)));

IF (func{row,col].den{i] < 1E1) THEN write(func{row,col].den{i]: 9 6)
ELSE IF (func[row,col].den[i] < 1E2) THEN write(func[row,col].den[i]:9:5)
ELSE IF (func[row,col].den[i] < 1E3) THEN write(func[row,col].den[i]:9:4)
ELSE IF (func[row,col].den(i] < 1E4) THEN write(func[row,col].den[i]:9:3)
ELSE IF (func[row, col] den{i] < 1ES) THEN write(func[row,col].den[i]:9:2)
ELSE write(funcrow,col].den{i]:9:1);
write(’s,1:2);
IF (1 <> 0) THEN write(’ +');

END;

qotoxy(1,23);write (/¢ ' Vs
gotoxy(1,24)write (/ 44}’);
qgotoxy(1,25);write (’ ' ":
gotoxy(5,24);write (’REPEAT (Y/N) ? ');
ch := upcase(readkey);
func[row,col].put := true;

UNTIL ch = 'N';

END;

BEGIN
REPEAT
clrser;
write (’ORDER OF G(s) = ’});
n := ord(readkey) - ord(’0’);
UNTIL (n <= 8) AND (n >= 1);

FOR i := 1 to maxn DO
POR j := 1 to maxn DO
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BEGIN
func(i,j].nsz := 0;
func(i,j].num(0] := 0;
func(i,j].dsz := 0;
func[i,j].den[0] := 1;
func(i,j].put := false;
END;
row := 1;
col := 1;
exit := false;
REPEAT
screen;
ch := readkey;
IF (ch=chr(0)) THEN ch := readkey;
CASE ch OF
chr(75) : IF (col > 1) THEN dec{col);
chr(77) : IF (col < n) THEN inc(col);
chr(72) : IF {row > 1) THEN dec(row);
chr(80) : IF (row < n) THEN inc(row);
chr(13) : xferfunction;
chr(27) : exit := true;
END;
UNTIL exit;

clrser;
write (‘Filename : ’);
readln(filename);

IF (filename <> /') THEN
BEGIN
assign (outfile,filename+’.dat’);
rewrite(outfile);
“writeln (outfile,n);
FOR col :=1 to n DO
FOR row := 1 to n DO
BEGIN
writeln (outfile,func[row,col].nsz);
FOR i := func[row,col].nsz downto 0 DO
writeln (outfile,func[row,col].num(i]);
writeln (outfile,func(row,col].dsz);
FOR i := func[row,col}.dsz downto O DO
writeln (outfile,func[row,col].den[i]);
END;
close (outfile);
END;
END.
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G.4 : LOADING MATRIX IN TRANSFER FUNCTION FORM

function [a,b,c,d] = LOADTFM (filename)

3 : _
% function [a,b,c,d] = LOADTFH (filename)
%

Reads an nxn transfer function matrix into NUK and DEN
¢ from a file FILENANE. The polynomials are read one column
% at a time. The matrices NUM and DEN are then padded with
% zeros to fit the highest deqree polynomial read in. The
$ matrix is then returned in state space form as [A,B,C,D]

% Load the matrix from file
eval(([‘load /,filename,’.tfn;’])
eval([‘data=',filename,’;'])
n=data(l);

§ Calculate the maximum order polynomial in each column
nnd=1;
for i=1:n
max(1)=0;
for j=1:n
beg=nnd+2;
nnd=beg+data(beg-1);
if (nnd-begtl) > max(i), max(i)=(nnd-beg+l);, end

beg=nnd+2;

nnd=beg+data(beq-1);

if (nnd-begtl) > max(i), max(i)= (nnd-beq+l),, end
end
end

% Obtain state space realization for each column
% Parallel these together to form overall A B C D model
a=[];b=[]ic=[]:d=(1:
nnd=1;
for i=1:n
nup={];
den=[];
numi=[]; : .
deni=[];

for j=1:n
beg=nnd+2;
~nnd=beqtdata(beg-1);
for z=beg:nnd, num(j,max(i)- (nnd-beq)+(z-beq)) data(z); ,end

beg=nnd+2;

nnd=beg+data(beg-1);

for z=beg:nnd, den(j,max(i)-(nnd-beq)+(z-beqg))=data(z); ,end
end
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for j=l:n -
x=1; ‘
for z=1:n
if 2==j
©x=conv(x,num(z,:});
else
x=conv(x,den(z,:));
end
end
numi(j,:)=x;
end

y=1;

for z=1:n
y=conv(y,den(z,:)):
end

deni=y;

[ai,bi,ci,di]=tf2ss(numi,deni);
[{a,b,c,d]=parallel(a,b,c,d,ai,bi,ci,di);
end
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G.5 : SAVING MATRIX TN STATE SPACE FORM

function [filename] = SAVESSH (a,b,c,d)

function [filename] = SAVESSH (a,b,c,d)

%
%
% Saves an nxn transfer function matrix in
% [A,B,C,D] form. A first line contains

% the number of states and inputs/outputs
cle

filename=input(’Name of file = /,’s’);

- data=[a b;c d];

rplec=size(data)*[1;0];

data=(size(a)*([1;0] size(d)*[0;1] 3:rplc;data];
eval([’save /,filename,’.ssm data /ascii /double’])
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G.6 : LOADING MATRIX IN STATE SPACE FORM

function [a,b,c,d] = LOADSSH (filename)

o

function [a,b,c,d] = LOADSSH (filename)

oo o\

% Reads an nxn transfer function matrix, stored in

§ state space form, into [A,B,C,D]. The first element
% of the last line contains the number of states,

% while the second has the number of inputs/outputs

NS

% Load the matrix from file
eval([’'load ', ,filename,’.ssm;'))
eval([’data=’,filename,’;'])
x=data(1,1);

u=data(1,2);

§ Matrix : A
a=data(2:x+1,1:x);

% Matrix : B
b=data(2:x+1,x+l:x+u);

$ Natrix : C
c=data(x+2:xtutl,l:x);

% Matrix : D
d=data(x+2:x+utl,x+1l:x+u);
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