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AN EXECUTIVE FOR SIMULATION OF
PROCESS DYNAMICS AND CONTROL

I. INTRODUCTION

The objective of this work has been the development of a simple
package of routines, to simulate dynamic systems and computer control
of typical systems found in the process industries. The emphasis has
been on the development of simple routines that can be easily imple-
mented on a process control minicomputer.

Very elaborate executive systems are available for simulating
dynamic chemical processes (Dynsys (1), Dyflo (2)). But these systems
are usually very large because they include numerous, specific equip-
ment routines, i.e. dynamic simulation of a distillation column using
dynamic energy and mass balances, which make them difficult to imple-
ment on a small computer. In this system, the dynamic simulation is
approached by utilizing Tower transfer functions which would be deter-
mined experimentally. Most of the chemical processes can be approxi-
mated by first or second order transfer functions with dead time.
(Murrill (3), Smith (4))

Aﬁother emphasis was on simulating Direct Digital Control (DDC)
algorithms in order to predict the performance of a process control
computer before actual implementation. In actual practice, the
economic justification of a process control computer in industry, is
based upon the benefits which are expected from improved control.

This research will assist the engineer in developing an economic
justification by simulating computer control in order to predict the

improvement that might be obtained. It will also assist in investi-



gating the alternative control techniques so that the method yielding
the greatest improvement could be implemented. In this study, super-
visory computer control was not implemented but it can also be
simulated as well with no difficulty. In practice, the simulation

of supervisory digital computer control would utilize different
variables and input information such as cost of raw materials, value
of products, constraints on the operation and specifications on products,
in a model to compute optimum control set points which would be used
to modify the set points and the parameters of the control algorithms.
The model to determine set points depends on each specific application
and once the model is available the simulation is straightforward.

In some applications, the use of material and energy balances
may be required or preferred to the use of simple transfer functions,
which would require the solution of a set of differential equations.
These routines can be implemented easily utilizing the subroutine
DSIM to solve the dynamic set of equations. But it is outside the
scope of this research to provide equipment routines based on material
and energy balances.

The computer programs of the executive system were developed
on the Oregon State University Computer (Control Data Corporation
(CDC) 3300). The simulation of the processes and their control were
done on the Oregon State University Chemical Engineering Department's

Computer (Data General NOVA 840) and analog computer (EAI TR.20).



I1. THE EXECUTIVE SYSTEM LIBRARY

Basic approach used in the development of the routines in this
research is the collection of subroutines which can be utilized to
simulate a wide variety of dynamic systems with or without control.
The simulation of the system can be either done by solving the
differential equations of the system or by using first or second order
transfer functions with dead time. The simulation of the control can
be done by computing the equations representing the control action or
by using appropriate control routines. In every case, the user writes
a main program which calls the necessary subroutines to accomplish the

simulation required for a particular study.

Main Program

The way the main program is structured for calling subprograms,
printing and plotting is the same as Evans' (5) computer program for
dynamic simulation. However, it is internally different.

A flow chart of the main program is shown in Fig. 1. Listing
of the main program for an example problem is given in Appendix A.

The main program consists of five steps:

1. Initialization: Initial conditions, constants, and control
parameters are set or read as data in this section.

2. Derivative Calculations: The values of the derivatives
are computed using current values of the state variables

and time.




START

INITTALIZATION

CALL THE INTEGRATION ROUTINE

SET ITASK AND KSTEP

PRINTING PLOTTING

MONITOR THE
CALCULATIONS

v

COMPUTE THE
DERIVATIVES

CALL CONTROLLERS,
TRANSFER FUNCTIONS

Figure 1. Flow chart of the main calling program

( STOP >




3. Printing: Necessary results are computed and values are
printed for any given print interval.
4. Plotting: Necessary results are computed and values are
saved for plotting, if desired.
5. Termination: Any remaining calculation is performed and the
simulation is completed.
The subroutine DSIM which is called after the initialization
conducts the flow of the simulation program. A more general explanation
about DSIM and the flow of the simulation is presented in the next

section.

Numerical Integration Routine

The key routine {n the present study is the subroutine for
solving systems of ordinary differential equations (0.D.E.). Numerous
techniques are available and have been extensively discussed in the
literature. Only algorithms capable of automatic step-size adjustment
to maintain a desired accuracy were considered in this work. The state
of the art technique most widely recognized for numerical solution of
systems of 0.D.E. is Gear's method. However, the complexity of Gear's
method makes its use very difficult for small minicomputer. The
fourth-order Runge-Kutta technique proposed by England (6) has been
demonstrated to be efficient and convenient for step-size adjustment
when compared with other methods. England discusses several
algorithms but the one algorithm using eight evaluations per step was

more efficient than others discussed. This Runge-Kutta-England




algorithm was implemented in the present research as subroutine DSIM.

The coefficients for this method are:

k, = hf(x,>y,)

ky = hf(x) + %h, yo + %k )

ky = hf(x, + 4, y, + 4(k + k)
k3 = hf(x, + hy y - kg + 2k,)

At this point, the value of the variable 1is calculated:

Y1 =¥y * 16k, + Ak, t ky)

k4 = hf(xO +h, y])

kg = hf(x0 *3/2h, yq * % k4)

k6 = hf(xO +3/2h, y; + %(k4 + k5))

k, = hf(x, + 2h, y, + 1/6(-k, - 96k, + 92k, - 121k,
+ 144k, + 6kg - 12k))

The error estimate is calculated at this point:

.= = 1. -
Error: r = rytor 0 ( kO + 4k2 + 17k3 - 23k4 + 4k6 k7)

The absolute value of the estimated error is compared with the
given tolerance and if absolute r is greater than the tolerance, all
values are discarded and the computation proceeds with an interval of

h/2. If r is tolerable, the computation is completed:




=~
i

hf(x + 2h, y] - k5 + 2k6)

If the absolute value of the error estimate divided by tolerance

is less than 0.003 the step-size is doubled for the next step.



DSIM

Subroutine DSIM solves a system of ordinary differential

equations using the method discussed above. The organization and the

method of calling upon the main program are indicated in Fig. 2.

DSIM is always called by a pair of statements:

CALL DSIM (N, T, HPRINT, HPLOT, H, HMIN, TMAX, ERR, E, IERR, ITASK)

GO TO (1, 2, 3, 4, 5) ITASK

Where:
N
T
HPRINT
HPLOT
H
HMIN
TMAX
ERR

IERR
ITASK

number of differential equations

independent variable, time

intervals at which values are to be printed

intervals at which values are to be plotted

current value of the step-size

minimum step-size allowable

maximum time at which the simulation is to be terminated
accuracy desired, i.e., if the solution is desired to
0.0001 then ERR = 0.0001

estimated errors of the state variables

flag set to 1 if the step-size is less than HMIN

flag set to 1, 2, 3, 4, 5 depending on the task to be
performed by the main program

1.  Monitor the calculations at each step

2. Compute the derivatives

3. Print out results




"PROGRAM MAIL

OO0

N

INITIALIZATION SECTION

10 ALl DSIM(N, T, HPRINT, HPLOT, H, HMIN, TMAX,
1 E, ERR, IERR, ITAZK)

Ny

(T3

SECTIOM TO
GO TO 10

O

9

SECTICN TO
G50 TO 10

O

3 SECTION T
GO T3 10

4 SECTION TO
GO TO 10
S TERMINATION

END

Figure 2. Organizati

MONITOR CALCULATIONS

COMPUTE THE DERIVATIVES

PRINT RESULTS

SAVE RESULTS FUR PLOTTING

on of the main program using DSIM
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4. Save results for plotting
5. Terminate the simulation
After the designated task has been performed, control is trans-
ferred back to the statement which calls DSIM, except when ITASK = 5.
The values of the state variables X, derivative function values

F, and KSTEP values are passed through COMMON/VAL/ during the simulation.



Transfer Functions

TREN

This routine is implemented to calculate the derivative values

for the differential equations representing N first-order transfer

functions

NXI
NXO
TC
GAIN
N

NOTE:

having the same gains and constants.
TRFN (NXI, NXO, TC, GAIN, N)

= input variable number

= output variable number

= time constant

= gain

= number of first-order transfer functions

The use of the state variable numbers in TRFN containing
more than one first-order transfer function can be ambigious.
A simple illustration of the use of the state variables for
TRFN is given in Fig. 3. The variable numbers from NXO + 1,

to NXO0 + N should not be used by other routines, since they

" are used internally by TRFN.



X(1)

——
X (NXI)

X(6)

—
X(NXO+4)

Figure 3.

X(5)

Use of the state variable numbers with the subroutine TREN

g

X (NX0+3)

X(4)

X (NX0+2)

X(3)

ﬁ
X(NX0+1)

X(2)

ﬁ
X (NX0)

2l
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TRFZ

This routine is implemented to calculate the derivative values
for a second-order transfer function. The denominator of the transfer

function can be in the following forms

GAIN
a) % or
TC™ ST + 2(TC)(DAMP)S + 1
b) GAIN or

((TC) S+ 1)((Tc2) S + 1)

The first equation will be computed if TC2 is given as zero.

TRF2 (NXI, NX0, TC, DAMP, GAIN, TC2)

NXI = input variable number
NXO = output variable number
TC = first time constant

TC2 = second time constant
DAMP: = damping ratio
GAIN

gain

NOTE: The calculations of the derivatives are performed on the
space of the variable, NXO + 1. Additional care should be

taken not to use the variable number for other purposes.
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Controllers

Subroutines are developed to simulate the action for each of the
three basic modes of industrial controllers which are:

1. Single mode or proportional

2. Two mode or proportional, integral

3. Three mode or proportional, integral plus derivative

There are two different terminologies used for the parameters
of these controllers (2), (7). In the present work the terminology
used by Franks in his dynamic simulation package, DYFLO will be used.
In Table 1, a listing of the terms and their relations is given.

In addition to these routines, another set of control routines,
performing the same action without calculating the derivative values
are implemented. These routines allow the user to simulate the effect

of sampling time in DDC control for slow sampling times.



PRCONTR (proportional controller)

This routine is implemented to simulate the action of a
proportional controller. The input signal is normalized based on the
reference point and range of the instrument which are usually zero and
100, and the control equation calculates the output. This subroutine

can be also used in DDC control with slow sampling time.

PRCONTR (NXI, NXO, ZR, RAN, ACT, SP, PB, XMN)
PRCONTR (NXI, NXO, ZR, RAN, ACT, SP, GAIN, XMN)

NXI = idinput variable number
NXO = output variable number
IR = zero
RAN = range
ACT = action: + 1. direct, - 1. reverse

PB = proportional band
GAIN = gain
XMN = manual reset, set to a value that will reduce the error

close to zero under normal steady-state conditions
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PICONTR (Proportional, integral controller)

This routine is implemented to simulate the action of a
proportional, integral controller. The equation describing the action
is:

X (NX0) = 100/PB (ACT) (ERROR + RT.j'ERRORdt)
The error is the difference between the current value of the

state variable X(NXI) and the set point SP.

PICONTR (NXI, NXO, ZR, RAN, SP, ACT, PB, RT)
PRCONTR (NXI, NXO, ZR, RAN, SP, ACT, GAIN, TI)

NXI = 1input variable number
NX0O = output variable number
IR = zero of the instrument
RAN = range of the instrument
ACT = action: + 1. direct, - 1. reverse

PB = proportional band

GAIN = gain
RT = repeats/unit time
TI = time/repeat

NOTE: The calculations of the integral part are performed on the
space of the variable, NSI + 1. Additional care should be

taken not to use this variable number for other purposes.
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PIDCON (proportional, integral, plus derivative action controller)

This routine is implemented to simulate the action of a
proportional, integral, plus derivative action controller. This can
be regarded as being merely a PI Controller with derivative action
added. This derivative action can be either acting on the error
signal or on the input variable. If the action is on the error
signal, it will be applied to any change in the input signal as well as
in the set-point. Since, this is not desired in the implementation of
these routines, the alternate form was used. The derivative section
provides an additional change in the output, which is proportional to
the rate of change in the input variable. The following integral

equation describes the derivative action:

1
VID = RA (VI + of f (VI - VID))dt

PIDCON (NXI, NXO, ZR, RAN, SP, ACT, PB, RPT, RT, RA)
PIDCON (NXI, NXO, ZR, RAN, SP, ACT, GAIN, TI, TD, ALFA)

NXI * = 1input variable number

NXO = output variable number
IR = zero

RAN = range

SP = set point
ACT = action: + 1. direct, - 1. reverse

PB = proportional band
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GAIN = gain

RPT = repeats/unit time

TI = time/repeat
RT = vrate time
TD = derivative time

RA = vrate amplitude
ALFA = alfa

NOTE: The calculations of the integral and derivative parts are
performed on the spaces of the variables, NXI + 1 and NXI + 2.
Additional care should be taken not to use these variable

numbers for other purposes.

DPICON (proportional, integral controller)

This routine is implemented to simulate the action of a
proportional, plus integral controller used in direct digital control.

The equations used in the subroutine are as follows:

Sum of errors = SUME = SUME + ERROR
X (NX0) = (100/PB) (ERR + SUME (TI) DELT)

DPICON (NXI, NXO, ZR, RAN, SP, ACT, PB, TI, DELT)

NXI = input variable number

NX0

output variable number

ZR Zero
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RAN = range

SP = set point
ACT = action =+ 1. direct, - 1. reverse
PB = proportional band

TI = vrepeats/ unit time

DELT

sampling time

NOTE: This routine should be called every time period equal to DELT.

DPIDCON (proportional, integral plus derivative controller

This routine is implemented to simulate the action of a
proportional, integral plus derivative action controller used in direct
digital control. The derivation for the control equation is given in

Appendix E-1.

DPIDCON (NXI, NXO, ZR, RAN, SP, ACT, PB, TI, TR, DELT)

NXI = input variable number

NXO = output variable number
IR = zero

RAN = range

SP = set point

ACT = action: +1. direct, - 1. reverse
PB = proportional band

TI = repeats/unit time

TR = rate time



DELT = sampling time

NOTE: This routine should be called every time period equal to DELT.

20
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Table 1: Controller Arguments
Proportional band, PB Gain, GAIN GAIN = 100/PB
Repeats/unit time, RPT Time/repeat, TI TI = I/RPT
Rate time, RT Derivative time, TD TD = RT
Alfa, ALFA ALFA = I/RA

Rate amplitude, RA
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Valve Routine

This routine is implemented to calculate the output flow rate of
a valve given the stem position. Three different port characteristics
are used (2), (8):

1. Linear

2. Square Root

3. Equal Percentage

VALVE (NXI, NXO, P1, P2, LV, KT, VC,R)

NXI = state variable number which corresponds to the stem
position
NX0O = state variable number which corresponds to the flow rate
P1 = upstream pressure
P2 = downstream pressure
LV = 1liquid or vapor (0 = vapor)

KT = port characteristics, 1 = linear, 2 = equal %
3 = square root
VC = valve capacity
R = rangeability = 1/A0, where AO is the valve opening

with fully closed stem position

Function Generator Routines

STEP

This routine generates a step function of amplitude (X2 - X1)

from time A to time B. At time B the value of the function is set to X3.



STEP (T, A, B, X1, X2, X3)

T = time

A = time value when the step change starts

B = time value when the step change terminates
X1 = function value before time A

X2 = function value for Ag time < B

X3 =

function value after time B
PEAK

This routine generates a symmetrical triangular peak starting

at time A and terminating at time B.

PEAK (T, A, B, X1, X2, X3)

T = time

A = time value when the change starts

B = time value when the change terminates
X1 = function value before time A

X2 = maximum or minimum function value

X3 = function value after time B

SPULSE

This routine generates a half sinusoidal function of amplitude

(X2 - X1) starting at time A and terminating at time B.

23



X1
X2
X3
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SPULSE (T, A, B, X1, X2, X3)

time

time value when the change starts
time value when the change terminates
function value before time A

maximum or minimum function value

function value after time B.



Convergence and Arbitrary Function Generator Routines

These routines are identical to the routines used in the dynamic
simulation executive DYFLO (2). They were included in this executive
system to enlarge the capacity. Their use is shown in the example

probiem given in Appendix B-27

CONV

This routine is used for the algebraic convervence of a

variable. The method is based on Weigstein's technique for algebraic

convergence.
CONV (X, Y, NR, NC)
X = trial value
Y = calculated value
NR = routine call number
NC = converge index (NC = 1, convergence)

FUN

This routine calculates a value of Y for a particular value
of X. The coordinates of each point should be stored in X and Y
arrays in the calling program. A linear interpolation is done

around the adjacent coordinate points of X for intermediate values.

FUN (A, N, X, Y)



input variable
total number of coordinate points
X array

Y array

26
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The Delay Routine

XDEL

In chemical processes, the presence of a transport lag is
very common. The approximation of these processes can be done by
using simple transfer functions with dead time. XDEL is implemented
to simulate the delay of 25 different variables for a given time
period in the simulation of a process.

The implementation of such routines is usually very simple
for systems using constant step-size integration routines. The
values are stored in an array and the number of the values to be
stored is equal to the delay time divided by the step-size. (This_
number has to be an integer ) If a changing step-size integration
routine is used, the number of the stored values will change every
time the step-size is changed. Other problems, i.e., the last values
are discarded if the step-size is halved, the step-size is adjusted
for exaqt printing time or plotting time, make the use of these
simple rqutines impossible. The objective was to solve these
problems and write a subroutine which would be completely compatible
with the integration routine DSIM. The subroutine DSIM is implemented
for this purpose, however it has a highly cdmp]ex logic. A
diagram showing the flow chart is given in Fig. 4.

The operating principle of this routine is to allocate N
spaces for the values of the variable to be delayed and N spaces

for the time the value was stored. Every time the routine is
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called readin and readout move from one space to the next one.
The stored time value is equal to actual time added to delay time
(this is actually the time when the variable should be readout).
For the readout of a value, the present time is compared to the
stored time values until the same or the closest is found. The
delayed variable value corresponding to this time or the value
found by interpolation between the two closest times is readout
as X(NX0). In case, the step-size is halved, the values that

are discarded in the routine DSIM, are also discarded in XDEL.

XDEL (NXI, NXO, DELAY, T, JC)

NXI = input variable number

NXO = output variable number
DELAY = delay time
T = actual time

JC = subroutine call number

|
NOTE: XDEL should be considered as an equipment having an input
and an output. Two different numbers should be assigned

as input and output variables.



YES
M= 1 YES KSTEP.EQ.6.0r. >u0
10.0r.12
N =1
XA(JC,N)=T+DELAY|
XL=XA(JC,I) ¥ \O

|

l

DELAY ST

XL=XA(JC,200)

N=N + 1

N+201 -

KSTEP=13

RETURN

CALL EXIT

han]

XA(JC,N) = X
TIME (JC,N)=T+DELA
IM = N-1

v

NO /) YES
{jME(JC,N)(TIME(JC,M> I

N = N-3
XA(JC,N) =X

RETURN

Figure 4. Flow chart of the delay routine,

TIME(JC,N)=T+DELAY

XDEL
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NO  /TivE (oc ,M)=T;>;£E§___
\_

f@-<jT)TIME(JC,M) >¥E&1

FIND THE FIND THE
TIME(JC,KN) > T TIME(JC,II)< T
CALCULATE XY BY ] CALCULATE XX BY
LINEAR INTERPO- LINEAR INTERPO-
LATION LATION
1 >

NO/XSTEP- 11>Y_E§[FLAG=2

\ 4
XL=XA(JC,M)
KSTEP=13 XA(JC,N) =X
Jl TIME (JC,N)=T+DELAY
IFLAG=1 4
XL=XA (JC,M) N = N-3 1
RE!bRN ?FLAg=f RETURN
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ITI. ANALOG AND DIGITAL SIMULATION OF A NONLINEAR SYSTEM

The system used for the simulation was a gas absorber.
The ana1ysis and the dynamic behavior are thoroughly discussed
by Coughanowr and Koppel (7). They also developed an analog
computer circuit to simulate the gas absorber. The description of
the gas absorber, the assumptions made to simplify the moedeling, and

the equations describing the absorber are given in the Appendix C-1.

The Problem Description

An air- 302 mixture containing 2 mole percent 302 enters
the column at a flow rate of V = 0.051 1b moles/min. of gas
mixture. Pure water enters at the top with a rate of X3 = 0.4 1b.
moles/min. The equilibrium relation af 25%C and 1 atm is:

y = 27X - 0.00324

i

The holdup, same for each plate, is H = 0.1666. The liquid

dynamics time constant for each plate is, TC = 0.1 min.
For the gas absorber described above, the dynamic response
of the column was found for the following step changes:
Run a. A step change from 0.02 to 0.0226 mole fr. 302
was made in YO, all other conditions remaining the same.

Run b. A step change from 0.4 to 0.2 1b. moles/min. was

made in X3 all other conditions remainihg the same.
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Analog Computer Simulation

A computer diagram for simulating the problem is shown in
Fig. 5. The settings of the coefficients are shown in Table 2.
The time scale factor'p » has been set to 60 in order to slow
down the response of the analog computer.

The procedure for getting the circuit into operation is
given by Coughanowr and Koppel.

Fig. (6), and (7) show the response of X and Xg for
changes in inlet gas composition and in liquid flow rate as
described by Run a and b. As expected, the response of X5 to a
change in concentrating was an overdamped second-order response
and the response of X] appeared as first-order. The nonlinearity
of the system is seen in the response of X] to the Tiquid flow
rate change, where X] dropped slightly before rising to its new

steady-state value.

Digital Computer Simulation

The simulation was done by solving the differential
equations using subroutine DSIM. The values of the variables
were not changed in order to be able to compare the responses
obtained by analog simulation with the responses of the simulation.
The main program and the results are given in Appendix
C-2. Fig. (6) and (7) show the plotted results.

The perfect matching of the responses proved the
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capability of the executive system in simulating a system
described by its dynamic equations. The next step was a
successful simulation of the control of a process. This is

shown in the next chapter.
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IV. SIMULATION OF THE CONTROL OF A GAS ABSORBER

The purpose of this part of the research was to simulate
the control of the gas absorber and to study the effect of the
gain and time constant of the controller on the analog computer,
and then simulate the same controller with the digital computer.

A proportional-integral controller was chosen because of
the limitations of the analog computer used for this simulation
and its relevant application to industry.

Along with the controller, a value having first-order
dynamics with time constant TV and gain KV was used to complete
the simulation. The values used for different runs are shown

in Table 2.

Analog Computer Simulation

The computer circuit for the simulation is shown in Fig.
5. The values of the potentiometers are in Table 3.

The response obtained with the controller having K = gain
= 0.5 and time constant TI = 10 sec. was chosen as a reasonably
good control action and higher and lower values of K and TI
were used to show the effect of the gain and the time constant.
Plots showing these responses are in Fig. 8-12. Only the
response of the variable X] was plotted for the reason that

X] was the controlled variable.
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Table 2: Controller and Valve Arguments for Different Runs

Run

2500
2500
2500
3250
1750

0.1666
0.126
0.233
0.1666
0.1666

0.705
0.705
0.075
0.705
0.705

0.0833
0.0833
0.0833
0.0833
0.0833

Table 3: Values of the Potentiometers Used in the Simulation

Potentiometer_ Value
1 0.1
2 0.141
4 0.1375
6 0.5
. 8 0.05
i 9 0.1375
10 0.1666
11 0.43

Potentiometer VaTlue
12 0.1
13 0.4
14 0.2
15 0.1666
16 0.1666
17 0.1375
18 0.1
19 0.1375
20 0.7666




Digital Computer Simulation

The routines PICONTR and TRFN were used for the simulation
of the controller, and the valve. These routines were called in
the derivative section of the main program. The values of the gain
and the time constant of the controller were kept the same as in
Table 2. The results for these simulations were obtained and
plotted. Fig. 8-12 show the responses of the variable X]. The
identical responses obtained for both cases show that the
executive system can be effectively used as a tool to improve the
control of a process.

A listing of the main program and the results are given

in Appendix D.
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V. DIRECT DIGITAL COMPUTER CONTROL OF A GAS ABSORBER

There are two approaches for digitally representing the

conventional or electronic controllers. The first one is the
position algorithm where the computer output is the corrected
valve position, and the integration is done in the computer.

The second one is the velocity algorithm, where the computer
output is the change that the valve should have between sampling
times and the integration is done by the final element. In this
study, the position algorithm is used because of the Timitations
on the use of the velocity algorithm. Although, equations
describing PID control are given in Appendix E-1 only PI control
action was used in order to compare the responses obtained

with the responses already obtained from analog computer.

NOVA Computer Control of the Simulated

Gas Absorber with Fast Sampling Time

The input and output operations used between NOVA and
the ana]og computer were done by using the Real-Time Subroutine
Package developed by Stan Fukui (9).

The control of the system was done by sending a voltage
signal representing the concentration X] to NOVA from the analog
computer, and sending back a voltage signal representing the value
of the valve setting calculated by NOVA back to the analog computer.

The valve was simulated in the analog computer as before, using the
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same KV and TV values. A listing of the computer program used in
the control is given in Appendix E-2. |
A sampling time of 1/100 of a second was found
satisfactory for controlling the system as an analog controller.
Fig. 8-12 show the transient response of the DDC controlled
absorber to a step change in inlet concentration. These runs
were made by using the tabulated values of KC and TI listed
in Table 2, for the same step input change of the concentration.
The identity of the responses show that the control action of an
analog controller is obtained by DDC control for fast sampling

time.



Effect of Sampling Time on DDC Control

A very large sample time, such as 10 seconds was used in
the control of the same process. The responses were obtained
for different gains and time constants of the confro11er. The
high oscillatory behavior of the control response is shown in
Fig. 13-15. The gain and time constant values used in each case

are listed in Table 4.

Simulation of the Effect of Sampling

Time with Digital Computer

The simulation of the effect of sampling time was done by
using DPICON routine instead of PICONTR routine. The call was
done in the plotting section and HPLOT was set to 0.1666. The
results were plotted and a perfect matching was obtained as it is
seen in Figures 13, 14, and 15. A complete listing of the main
program is given in Appendix E-2. It is seen that the executive
system can be satiéfactori1y used in finding the performance of

digital controller for different sampling times.
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Table 4: KC and T

Values for DDC Control

I

Run

2500
3250
2500

0.1666
0.1666
0.126
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VI. FEEDFORWARD CONTROL OF A GAS
ABSORBER AND A FIFTH ORDER SYSTEM

Feedback control is based on the measurement of the controlled
variable, its comparison with the desired value, and the use of
the difference as a mean to compute an input to the process, in
order to eliminate this difference. The feedforward control is
based on the measurement of a variable which is subject to upsets,
and the compensation of any deviation in its value by manipu]afing
another input before the upset affects the controlled variable.

In practice, the feedforward control systems make energy
and material balances to compute the necessary changes. The computer
should be programmed in order to maintain the balances in the steady-
state and also in transient intervals between steady-states. It
must have a model of the process, consisting of a steady-state and
dynamic parts. In this study both steady-state feedforward control

and feedforward control with dynamic compensation were applied.

Steady-State Feedforward Control

In this partial feedforward control, the appropriate change
in the manipulative variable is made only by considering the energy
and material balances of the system. For nonlinear systems, the
steady-state changes can be easily found numerically by using the
nonlinear steady-state equations of the process. The differential

equations representing the process are set equal to zero and the



resulting equations are solved for the manipulative variables as
a function of the disturbed variables.

In this study a steady-state feedforward control df the
gas absorber was done both by using NOVA computer as a controller
of the system simulated on analog computer, and by simulating the

gas absorber and the controller on the digital computer.

Control With NOVA

The computer was programmed to control the value of concentra-

tion X, for changes in inlet gas concentrations by manipulating the

1
flow rate of the liquid input. The derivation of the equation
representing the relation between the flow rate and the inlet gas

concentration is shown below.

The derivative equations of the gas absorber are set equal

to zero,
an L, 1 Vn oy
e = 0= 7 (X - Ly X)) + 7 (X - X))
dX2 _ . m 1
qt- = 0= (X - %) - (LX)
dLT

-d—t"' =0 =L3/T2 - L2/T2

d2 _ o .
Fio = 0 =L,/T, - Ly/T,

Where L] = X3 and L2 = X4

The solution of these equations by substitutions gives
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L2 x 2

1" L (VmX0 - VmX]) - Vm (X0 - X]) =0

Using the quadratic solution technique,

1

_ 2
L= (4 -X) ;\V/Vm (r, - X)) (X - X) + 4x)

ZX]

L is the flow rate that should be used to compensate the inlet
gas concentration change.

Fig. 16 shows the transient response of the absorber to the
step input change on the gas concentration. The fast return of the
concentration to the set point value shows the successful use of
feedforward control if the response of the system to a change is

known.

Simulation of the Control

| The equation describing the relation of the liquid flow
rate with the gas inlet concentration was added to the derivative

section of the simulation program. The listing of this program

The results were plotted and found identical to the ones

|
and the simulation results are given in Appendix F-2.
| obtained by NOVA.

\

\

Feedforward Control With Dynamic Compensation

Di fferent approaches have been taken to formulate the

dynamic compensation, easy to apply to real processes (3), (8),
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(10). The practical model suggested by Shinskey was implemented
in this study.

The ratio DZ/Dl described in Appendix F-1 representing the
dynamic elements of the system can be approximated by a lead-lag unit,
if the dead-times for D] and D2 are close enough to provide nearly
complete cancellation. The output m(t) of this unit follows a

step input m as,

T _T
L1 -T2 -t/T2
2

m(t) = m(1 )) where
1‘] is the lead time and 172 the lag time. This can be digitally
realized simply by iterative procedure. The differential equations

for lead and lag units will be:

- dy - dy
nEyt Ty Gt 2=yt Ty gt or
Z=X+(t]-T2)d,Y/dt %—%=J—;(x-y)
£2

where x is the input, y is the input 1agged by T, and z is y

led by T The differentials above must be written as difference

1
equations because digital computers can only compute at every

interval At. First, the value of Zn is calculated from the values

of X and Y, for that interval
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Then, yn is incremented before the next calculation of z n+1:

- At -

Y1 T 90 T Ty (Xn yn)

The NOVA computer was used to compute the corrective action
from these equations and to send the voltage signal necessary to
correct the step input change to the system simulated on the analog
computer. As the next step, the system and the controller were

simulated on the digital computer and the results were compared.

The Fifth-Order System

The steady-state feedforward and PI control of a system
represented by its dynamic equations being already done, the
simulation and control of a different system was developed. The
system consisted of five tanks with first-order transfer functions.
In the simulation of the process by the executive system, the process
was approximated as a first-order transfer function with dead-time
followed by another first-order transfer function.

Both analog and digital simulations of the system were
obtained and results were shown in Appendix C-3. A block diagram
showing the system is in Fig. 17. The time constant values and
the dead-time value used in the approximation of the process were

obtained from the response of the system to a step change as it is
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shown in Fig. 19. Fig. 18 shows the computer circuit used in
the analog simulation.

The necessary values used to determine the ratio DZ/Dl

were obtained from the response curves of the system to step change
in variables X] and X2 as shown in Fig. 20.

The dynamic correction was obtained as:

-Tbs =tbs
D2(s) e / (1 + ’Czs) e (1 + ’C]s)
D, (s) 17 (T+ T,s) (T+7T,s)
where
‘CO = (.26 seconds
1:] = (.11 seconds
€2 = 0.35 seconds

Dynamic Feedforward Control With NOVA

The sampling time was chosen as 0.01 seconds for this control.
The lead-lag function was realized as discussed above, and the action
obtained was delayed for the time T, The Togic for delaying the
values is shown below.

The maximum number of stored values was obtained by

N = (delay time) / (sampling time)

The input values were stored in an array. At each sampling
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09



1.25 |

0.754

X(3)
o
n
o
A

O step change in X(1)
Zl>step change in X(4)

Figure 19.

TIME

Response of the fifth-order system to step changes

L9



1.00_ dead time = 0.26
time constant = 0.35
0.75
0.50_ /
2 ™\ 0.632AB
0.25_
st —tp—
— 0.256 — 0.35
0.004
Y 13 1 T ¥ ¥ L) ]
0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5
TIME
Figure 20. Determination of the parameters for dynamic feedforward control

29



time, the readin and readout was made on this array, represented
schematically in Fig. 21. Each time, one value was readout,
and its place was replaced by the new value. A computer listing
of the computer program is given in Appendix F-3.

Fig. 22 shows the response of the process to a step change

of magnitude 0.5.

Simulation of the Control

The simulation of the system was first made using the values
obtained from Fig. 19. The results were plotted and the same
response was obtained as the one obtained with analog computer.
The calculations done for the control action were kept the same,
and they were computed every 0.01 seconds by solving them in the
plotting section. The dead-time of the process and the dead-time
used in the control were successfully simulated by the routine
XDEL.

The results of the control action were obtained for a step
change of 0.5 in variable X] and were plotted. Fig. 22 shows the
response of the system. The similarity of the two responses
obtained from NOVA and from the simulation, showed the successful

use of the executive system.
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Figure 21.
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Schematic for simple time-delay logic
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VII. AN ADVANCED CONTROL TECHNIQUE

Design of Control Algorithms Using Z - Transforms

The closed loop system of Fig. 23 can be approximated as a
first-order-lag-dead-time which can be written in discrete form

as follows:

c(z) _ (1 -e -1/ ) z -N-1

R(Z) -('l _e‘T/>\ Z—])

where T is the sampling time
A is the Tag time
For a given process described as first-order-lag-plus-

dead-time, the controller equation can be written as follows:

ke ~ 9 s

G(S) = s+ T (the process)

~T/A T, -l

D(z) = (1 -e ) (1 - e z
K1 -e /A 21 g oo TTIA y Ny g L -TiT

or as

;
T g+
)

D(z) =
A (1T -0 -T/ A

-
2 - (T/x ) z T

A detailed derivation of these equations is given in Appendix G-1.
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Dahlin's Method With NOVA

The transfer function describing the system is obtained

from its transient response to a unit step change and it is:

-0.25s
e

G(z) =
0.35 s + 1

The closed-loop response is formulated as:

-0.25s
C(z) = €

(As +1)

Given these equations, the controller D(z) was calculated

for sampling time T equal to 0.05 seconds:

) (- ¢ T0-05/0.35 -1,

-0.05/ X\
_ (1 -e
D(z), (1 - ¢ 005/a -1 (1 - 0-05/ny -5 (7 - -0.05/0.35,

or
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M at each sampling time was calculated as:

~0.05/x
_(1-e ) . -0.05/0.35 ~0.05/A
" (1 - ¢-0-05/0.35, (E, - e Ep) *e (M)
C -0y
or
0.3
My = 2% (E, + (0.08/0.35 - 1) (E)))+ (1= 0.05/ A ) W

+(0.05/2) (M ;)

n-5

The transient response of the system to a unit step change
was obtained using different A values such as 0.4, 0.24, 0.1.

Fig. 24 shows the response of the system.
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The values of the error and M were stored at each sampling time

because of the use of past values in the computation of M. A listing

of the computer program is given in Appendix G-2.
The responses of the system using M] and M2 were identical

which showed either of the equation could be used.
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Simulation of the Control

The system was simulated as a first-order-lag-plus-dead-
time and the control equation M was calculated for every 0.05 seconds.
A block diagram showing the system is given in Fig. 25. The
control action was calculated in plotting section and HPLOT was
set to 0.05. A complete listing of the program is given in
Appendix G-2.
The results obtained for A] = 0.4,)\2 = 0.24 and
A 37 0.1 were plotted and the responses were found very close to
responses obtained with NOVA. Fig. 24 shows the transient

responses plotted.
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VIIT. CONCLUSIONS
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An executive system for simulation of dynamic systems and their

control was developed. The routines were explicitly tested using
different simulation and control techniques. The simulation results
of two different systems using conventional and modern control
techniques were compared with results obtained from analog computer
and NOVA minicomputer for the same systems, and exact agreement

was observed in all of the examples. These results demonstrated
that the executive system has performed reliable simulation of
dynamic systems with or without control. The simplicity of the
routines and the ease of implementation on a process control
minicomputer make this executive system a useful tool for laboratory

and industrial use.
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APPENDIX A-1
Example Problem for the Use

of the Executive System
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Photochemical Reaction carried out isothermally in a CSTR

From L. Lapidus and R. Luus (12)

The molecular equations for the interactions of species A,
B, C. D, E, F, and G are given by,

K
A+B —» 2D

K
C+B—2» (B

K*
(B+B— 3t

K
E+D—» 2F

Ky
FtA—p 26

CB is an intermediate which is present in immesurable

quantities, so;

Desired parameter values are:

K1 = 17.6 K2 = 73.0 K3 = 51.3 K4 = 23.0

K" very large F; = 3.00 F,=4.75 F,=1.25
I =0.60

where

K's are the reaction rate constants

F's are inlet feed rates

I is light intensity
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The rates of reaction can be written for all components in

erms of the system parameters and rate constants. After
simplification one obtains:

£1 = F] - F x| - k] 1 % - k4 X1 X6 Il/2

kz = F2 - F Xo = k] SR 2 k2 Xo X3

£3 = F3 - F X3 = k2 Xo X3

£4 = -F Xq - 2 k1 Xy Xy - k3 Xg Xs

gS = -F Xg + 3 k2 Xo X3 = k3 Xy Xg

£6 = -F Xg * 2 k3 Xq Xg = k4 X1 %6 Il/2

£7 = -F X5 + 2 k4 X Xg Il/2

with initial conditions:

at t =0, X = Xp T Xg = Xg T Xp T X T Xy = 0

given on the next page.

having
HPRINT
HPLOT
HMIN
TMAX
ERR

A Tisting of the main program used in the calculations is
Also, results are given for the case

values as follows:

0.1

0.0

0.001

1.5

0.0001
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SLEROUTINE DZIMOM, T, HERINT, HFLOT, H, HMIM, THMAX, ERR, E,

1 IERRK, ITAZE)

COMMOMNAYSL X010, FO1Q), KSTEF

THIZ SUBROUTINE SOLVES A SYZTEM OF ORDINARY FIRST ORDER
DIFFEREMNTIAL ECUATIONT ZIMG RUMGE ELUTTA ENGLAND ALGORITHM
ODIMENZTION SAVEX(L1O), ZAVEXZ (10, AK (1D, 103, E(10)

IF CITASED 5, 5.4

A GO T (101, 102, 10z, 104, 105, 104, 107, 102, 109, 1140, 111, 112, 112

1 JEETEF
IERR=0
ACCUML =0, 0
ACCUMZ =0, O
INDEX1=0
INDE XZ=0
THE SECTIOM FOR THE CALCULATION OF THE STARTING STER S

iy
—
]
m

HH=H

H=HFLOT /2.
IF(HFRINT. EQ O, Q. ANDL HFLOT, EQL O, 0) G0 Ta &
IF(HFRINT, Z00 0 QF G0 T2 13
IF(HPLOT. BED Q. 0) G0 T 7
IF(HFRINT-HFLOT)Y 7,132,132
H=HFRIMNT/ L

GO T 1=
IFCHMIN, B O GO AND. HHL B2 O, Q) 12, %
IF(HMIN, EQL 00 O ANDL HH, NE. Q. Q) 11, 10
H=HMIM

S0 To 1=

H=HH

GO TO 13

H=0, 1

FIRZT FAS

ITAZE=1

F2TER=1

RETLIRN

SECOND FPaEE

RETIIFRM
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L 2TH FAZZ ANMD THE LOGIC T DECIDE FOR PRINT ING
1oz IF(HFRINT. EQL Q0 Q) GO TO 112
IFCHPRIMT. GT. TMAYX) G0 To 103
[FOARS (ACCUMLI-HPRINT Y. LT, 1. E=%) 14,17
14 IMNDEX1=0G $ACCUML=0
17 ACCUMI=ACCUML+2 #H
IFCAZCUML, LE HPRINT)Y GO TO 1=
IFCARS (ACCLUMLI-HFRINT)Y. LT, 1. E=%) GO TO 13
HLAZT=H $IH=Z
H= (HFRINT-ACCUML+2 #H) /2,
AZCUML =HPRINT
ZOIFCINDEXLEQ Oy 117,103
117 INDEX1=1
112 ITAZKE=2
VETER=Z
RETLURN

(I
I ATH FAZZ AND THE LOGIC TO STORE THE VALUES FOR PLOTTIMG

102 TECHPLOT, EGL C00) G0 TO 124
IF(HFLOT. GT. TMAX) GO TO 104
IFOARSCACCUMZ-HFLOT). LT, 1. E~%) 19, Z0

1% INDEXZ=0 $ACCUHMZ=0

200 ACCUMZ =00 UMZ+2Z sH
IF (ACCUMZ LE HPLOT)Y G0 TO 21
IFONBS OACCUMZ-HPLOT) . LT, 1 E=%) G0 To 21
IFCIH B 2y GO T 221
HLAZT=H $IH=Z

221 HACCUMZ=!
H= (HFLOT-ACCUMZ+2, #H)Y 72
ACCLMZ=HFLOT
ACZUMI=ACCUML ~HACCUMZ® 2. +HeZ

21 IFCINDEXZ B ) 120, 104

1720 INDEXZ=1

121 ITAZE=4
ETER:=4
RETURN

- STH PAZE AND THE CHECK FOR THE END OF THE COALICULATIONS
104 IFCCTMAY-T)Y. GT. 1. E~%) GO To 23
ITAZE=5
HETEF =T

FEETUREN

i



LI T 2 A |

10Z

CONMTIMUE

CALCULATION

FIR

=T

STEF

SECTION

81

23 T=T+HIZ2
Lo Za J=1, N
SAOVELC) =X ()
A, 1y=F(d) &K
ECy=-ak(ld, 1)
294 XD =nAVEX G 40 SEAK G, 1)
ITAZkE =2
FETER=G
RETILIRN
IND O =TER
1os Do 25 =1, N
AL Z)=FL0) sH
=ZAVEX (JY+0, ZS5x (AR (J, 1)Y+AK (0 2))

RETURN
RO OETER
107 T=TH+H X
Do Zé Jd=1,N
AF L 3) =F (1) H
X () =ZAVEX () —AK (1, 2)+Z0 #AK (1, 3)

ATH ZTER
1o D 27 Jd=1, N
Ol Gl A =F () #H
EC(I=ECD+17 3AK (L, 4)
XODN=SAVEXCD -+ (ARCS 1) +4 80, 3)Y+AE G, 4)) &4
27 EAVEXZ D) =X 04)
ITASE=Z
FrETER=S
RETIRN
STH 2TER
1% T=T+H 2

iy 22 =1, N



111

a0

11%

=1

1010

hJ

82

NG S =F 1) #H
ECHD=ECI =22 #ak (), =)
NN =SAVEXZ O +0. 564k, 5)

ITASK =2

FISTER=10

RETLIRN

sTH ZTEF

Dov 2% Jd=1,N

ARG &) =F 0y #H
XCD=2AVEXZ (D) +0, 253 (AK (), S +0K (2, &)

ITAZE=2

FETERP=11

RETURN

JTH =ZTEF

T=T+Hr2

oo =20 =1,

ARG, 7)Y=F00) #H

ECH=EC+4 #aK (1, 7)

XNOD=2AVEX G HO=AR O, 1) =58 %A (L, 2)+527 #aK ), ) -

1121 #AK G 404144, %Ak (), S48, #AK (L, &) =127 22K (], 7)) /&

IThAzK=2

EETER=12

RETLRN

CHECE FOR THE ERROR ESTIMATE
D21 d=1, M

ARG 2 =F (L) 24
ECHD=(E(D ~AKCL 8) )20,
IFARZ(ECD) Y, GT. ERR) GO 10 32
STH ZTER
LCN=ZAVEXZ (D) =AK (), £2)+2 #AK (], 7)
IFCIERR. EQ O) G0 TO 24
WRITE(&L, 1Q10) T

FORMAT (" ZF. ERR. CAN BE OBRTAIMED FOR H. GE HMIN ATT- T=

1 E11 59
IERR=0
T I W
ZECTION FOR HALVING THE STEFR SIZE AND GIVING T THE
VARTAEBLES THEIR PRECEDENT VALLES
IFCIERR B2 1) GO TO 24
T=T-H=2
ACCUML =A000M L~
ACCUMZ=ACCIME ~H



1000

14

RGO =aE O,

83

O 22 Jd=1, M
((JJ)“;ﬁkE( D

1).7H

H=H/2

IF(H GE. HMIM) S0 TO 14
ACCUMI=ACCUMI-H=22 +2Z #HMIN
ACCIMZ=AC0CUMZ-HeZ +HMIMSZ
H=HMIN

IERR=1

WRITE (AL, 1000 T
FORMATOY  HOLT. HMIN FOR

SFECIFIED ERROR AT T="

1 E11. %)

IMOEN{=1
INDEXZ=1
IH=1
GoT 2o
COMNTINUE
ITAZE=2
FETERP=12
RETURN

= FTH STER AND THE LOGIC FOR DOUELING THE S1EF SIZE
112 I 35 Jd=1, N

CECA 2 ) =F () %
LOD=2AVEXZ (D + (AR (D SY+4, A (4, 7)Y +AK (L, 2) ) 7 4
oo 26 J=1, N

IF(ARS(ECD /ERR) . GT.

O Q01 GO TO =3

14 CIONT TNUE

IFCIH B0 2y 27, =
H=HLAST
IH=1

T I O
M=, #H

[T N e
IFCIH B0 20

(XX

4, 41

) H=HLAST

IH=1
EVR I

END

1=



SLUBROUTINE TRENONX T, NXQ, TS, GAIN, )
COMMON/AYAL, X (10, FO1O), KSTER
M=NXOEN-1

DOl I=NXOM

I0=M-1+NXO

II=110+1

IFCT EGL MXO) II=NXI

FOIO)=(GAIN#X (I D) =X (I ) /TC

RETLRM

END



[N

SUHEROUTINE TRFZONXI, NXO, T, DAMP, GAIN, TZ2)

COMFON/VAL, X (1O, FOLO), BETER
IF(TCZ LT 1. E-2) L, =

Al=1. /(TC#=2 )

AZ=2 *DAMF/TC

MNXD=MNXC+1

FAMNXIND =(GAINEX (NXT) =X (NXD) ) #Al-AZsX (NXDD
FONXIDy =X (NXI)

RETURM

Al=1 /7 (TC#TC2Z)

AE=CTCHTCIY ATICRTCT)

GooTO o2

EMD

85




SUEROUTINE FRCONTR (NXI, NXD, ZR, RAN, ACT, SF, &R, XM

COMMOMNAYALY XO10), FOL10), KSTER
RANGE=ARZ (RAN-ZF)

YH=X(NXI)

IFCOONXIY, GT. RANY ¥YN=RAN
IFOXINXI). LT ZR) YN=ZR
ERR=100. ®ACT# (VHN-ZF) /RANGE
XOMNXD) =100, AFEEERR+YMM
TFOOMXDY, LT 00 O) X (NXD) =0, O
LFOXONXD) D GT. 100, ) XINXD) =100, O
RETLURN

[y NN
ML



SUBROUTINE PICONTROMXI, NXD, ZR, RAN, SF, ACT, FE, RT)

COMMOMAYALS X O10), FOLO), ESTER
RANGE=ARZ (RAN-ZR)

YI=X(MXD)

IFOCXINLLY LT, ZR)Y YI=IR
IFOXCNXT) . ST RAMY YI=RAN
ERR=100. #ACT# (Y I-SF) /RANGE
MNYXO=NXI+1
FINXID=ERR#RT#100. /PR
TFAXINXDD. LT, 00 ) XINXD) =0, 0O
IFCAMNXDD . 5T, 100, ) X(NXD)Y=100.
YAMXDY =100, /FPERERR+X (NXD)
IFOXONXD) . GT. 1000 ) X(NXD) =100
IFOXONXD) O LT, ) JONXD) =0,
RETLURN

EMD

87
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SUBROUTINE FIDCOMONAL, NXD, ZR, RAM, SF, ACT, FE, RFT, RT, RA) -
COMMONAVAL Y X (10, FOLO)Y, KSTER
YI=100 #(X(NXI)-ZIR) FARS (RAN~-ZR)
IF(YIL LT, @ )y ¥I=0
IFCYIDGT. 1000 ) YI=100
IFCIFLAG, EQL 1y G0 7o 1

IFLAG=1

MNAL=NXI+1

NONXLY=YI& (1. fRGA-1.)

YO=RA® (YT+X (NXL)
FAONALY=(YI-YI) /RT
VRNOR=100, # (ZF-ZR) /AR5 (RAN-ZR)
ERR=(YD-UNIR) #ACT# 100, 7FE
MNXO=NXL+1

IFOXONXDID LT, O ) X (INXD) =0
IFCXONXDND D ST, 100, Y X (NXD) =100,
FAMXDN =ERRERFT

LANXD) =ERR+X (NXD
IFCXONXD) LT, @0 ) X ONXD) =0,

IF COMNXD) D GT. 100, Y A (NXD) =100
RETURN

END
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SUBROUTINE DRFICOM(NXI, NXO, ZR, RAN, 5F, ACT, FE, TI, DELT)

COMMON/VAL, X(1ay, FO1O), KSTER
COMMOMAE/SIUMEC 10)

YI=X{NXI)
IF(XMNXID). LT. ZR) YI=IR
IFOX(NXTI) . GT. RAM) YI=RAN
ERR=ACT#(YI-ZF)

SLUME(NX D) =SUME (NX 1) +ERR
KINXCD) =1Q0, FPE (ERR+SUME (NXI ) #TI#DELT)

RETURN
EnD
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SUBROUTINE DRIDCON(NXI, NXO, ZR, RAN, 5F, ACT, FE, TI, TR, DELT?

DﬁHMDN/VQL/X(lO);F(lO).HSTEP
COMMIONAE/ASUME (10)
DIMENSION XERR (10, 4)

YI=X(MXI)
IFCX(NXI). LT, ZR) YI=ZIR
IFOXINXI). GT. RANY YI=RAN

LERR(MNXI, 4)=ACTs#(YI~SF)

SUME(NX D) =SUME(NX T) +XERR(NX I, 4)

BELTA=1. /(& #DELT)Y# (XERR(MNXI, 4)~-XERR(NXI, 1)+32 »XERF
TANKT, 2) =3 #XERRINXI, 2))

KINXDD) =100, /FE+ (XERR(NXI, 4)+SUME (MX D) #TI#DELT+TR*DELTA )

o1 I=1,32
N=1+1
1 XERRINXI, IN=XERR(MNXI, N)
RETURN
END



FUNCTION

IFCIA-T).

STEF=X1
RETURN

STERCT, AL E, XL, X2, X2
GT. 1. E-%) 1,2

IF (D ConoQ ) GO To 3

IFCOT=-B).

STEF=XZ

RETURM

PN
VO T
— e A

RETURM
EnD

GT. 1. E-%) 4, 2

91
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FUNCTION FEAE(T, A, B, X1, X2, X23)
IFCCA-T). GT. LLE-%) 1,2
FEAK=X1

RETIURN

A=A+ (E-A) /2
IFCCAR-T). 5T. 1. E~%) =, 4
FEAE=X1+(XZ-X1)=#(T-A)/ (ALE-A)
RETURM

IF((E-T). GT. 1. E-2) GO TO S
FEAK=X2

RETURN

FEAR=XZ+ (X2-X2)#(T-AR) /(B-ALE)
RETLIRN

END

92
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FUNCTION SFULSE(T, A, B, X1, X2, X2
IF((A-T)., GT. 1. E-%) 1,2

1 SPULZE=X1 ‘

RETILIRN

IF((BE-T) GT. 1. E-2) GO 72 =2

SRULZE=XSZ

RETLIRN

2 RPI=z 1415392
SFULSE=(XZ2-X1)#SIN(FI/Z(B-A)#(T-A) )+ X1
RETURM
ENL

N
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SUEROUTIMNE CONVOX, Y, NR, N
OIMENZION XACLO), YACLD)
IFCABSCAX=Y) /A ON+Y) ) LT, . 0001) GO 7O 4
IF(MCLE. 1) GO 7O 5
XT=0XANR) #Y-YACNR) #X) /A OXACNR) =X+Y=YA(NR) )
XA(MNR)=X

YA(NR) =Y

X=XT

RETURN

XA(MNR)Y=X

YACMR) =Y

X=Y

MO=2

RETURMN

i=Y

MiZ=1

RETLIRN

END

FUNCTION STEFCT, A B, X1, X2, X3
IFCA-TY. GT. 1. E-93 1,2
ZTEF=X1

RETLRHN

IF(E B Gy GO To =2
IFCCT=-E). GT. 1. E-%) 4,2
STEF=XZ

FETURN

STEP=XZ

RETIRN

END




[N

ih

FLUNCTION FUMNOA N, XY

OIMEMNZION XO10), Y(10)
IF(A-X(1)) S5, 4
IFiA-XINY) 1,2, 2
FLIMN=Y ()

RETURM

FLN=Y (1)

RETLIRN

Iy =2 I=2,N

IFOACLT. X))y GO T 4
CONT INUE

I[=1-1
FIIN=Y (LTI 4+ (A=X (TT))# (Y (I)=¥ (I1) )/ (X(I)=X(IT}}
RETLIRN

ENL
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o

SUBROUTINE VALVE (NXI, NXO, FL, F2, LY, BT, Vi R

COMMONAVYALY X (10), FO10), ESTER
SF=X(NXI)

Fl=akz(F1-F2)

IF(FOOLT. 1 E-2y GO TO 7

E0oTo oL, 22y BT

A=ZE 100,

GOOTO 4

A=RH*EXF (=ZF4AL0OG(R)Y 1 /7100

GO TO 4

A=RAZUET (SF) /100,

IFONV EQ O) GO TO 5

XINXID =83VCHSDRT(FIN# (FL-F2) /PO
RETLIRM

IF(RZLT. O S2aF1)Yy 50 TO 4

NONXDD) =A#VCRIORTOFIEFI) #(F1~-F2) /FD

RETLIRN

KANKD) =A#V0EP 10, 85
RETLIRN

XMEXQ) =00

RETLIRN

END

96
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SUBROUTINE XDEL(NXI, MX0, DELAY, T, JC)
COMMONAYAL, X1Q), F(LO), KSTER
DIMENZION XACZS, Z00), TIMECZS, ZO0), MM(Z5), NN¢(ZS)

THIZ SUBROUTIME DELAYS THE VARIAELE X(MXI) FOR A CERTAIN
TIME FERIOD, DELAY. THE QUTFUT IS THE DELAYED
VARTAELE X (NXD),

XA=TWO DIMENZIONAL ARRAY TO STORE STATE VARIAELES
LOMXIY=INFUT TO STORE

XOMXO) =0UTRUT DELAYED

DELAY=DELAY TIME

T=TIME

JC=ZUEBROUTINE NUMEER

M= U

N=NMN ()

IF(T. LE Q. Q) GO 70 1
IF(ESTER. B0 & OR FKSTER, EQ. 2) G0 TO =
IF(ESTER EQL 10 OR KSTER, EQL 12y G0 TO =
IFCCDELAY-T). 5T, 1. E-%) GO TD =
IF(ABS(TIME (AZ, MY=T) LT, 1. E=2) G0 T 100
IFCOT-TIMECIDT, M) GT. 1 E=-2) G0 TO 200
IFC(TIMEGIS MY =T). GT. 1 E=2) GO TO 200

M=1

M=1

IFLAG=1

D12 I=1, 200
XACAZ, Id)=X(NXI}
NACAD, MY=X(MXI)
TIME (C N =T+OELAY
XONXD) =Xa000, M)
MM G2 =M

M CIZ) =N
RETLIRN

XINXD) =XA(dC, Z00)
IFCESTER EGL 12) GO TO =
fN=p+1

IF(H B Zo1) 21, 22
WRITE (AL, 1Q0OQ)
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77
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00
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FORMAT(1X, " DIMEMZION FOR STORAGE SHOULD EBE MALDE LARGER™)
caLt EXIT

XACAD, MY =X INXT)

TIME (JC NY=T+DELAY

Irf=pr=-1
IF(TIMEGAZ, NY. LT, TIMEGIZ, IMY)Y 20,2
N=M-Z

XA, NY=X (NXI)

TIMEC(IC, N)=T+0ELAY

MM G2 =M

MM D) =N

FETLRN

CHECKE FOR THE ZTEF
GOTOOZ, 35, 23 2 304, 2 503 A0 2 7IESTER
IFCIFLAG B 1) G0 TO 5
IFCHN LT, 4) N=Z00-+N
IFM LT, 2) M=200+M
Pi=pN-—-2

M=M-2

IFLAG=1

G To 10

NAMXM) =xACNI M)
MN=N+1

IFON. EQL 201) N=1
M=M+1

IF(M B 201) M=1
KACIZ, MY=X(NXI)
TIMECID, N)=T+DELAY
MM G2 =M

MM O =N

RETURN

IFLAG=2

GOTO S

IFLAG=1
KONXDy =XA (A2, M
RETURM

SEARCH FOR THE EXACT TIME WHICH I EQltAlL TO ACTUAL TIME

RM=M4 100
00 & I=M, NM




- pa

W0 s

99

II=1
IFCI GT. 20a) 14,19

II=1-200
IF(TIME(IZ, II). GE. T) GO0 To 9
CIONTINUE

TLI=TIME(IZ, IT)~T

FI=I1-1
TLZ=TIME I, TI)=TIME(JZ, K1)
LINEAR INTERFOLATION
XX=XQ(JC.II)~(XA(JC,II)—XA(JC.HI))*TLl/TLE
XA, TT)=XX

TIMEGM, I1)=T

M=1I

GO TO 100

SEARCH FOR THE EXACT TIME WHICH IS EQUAL TO ACTUAL

Fv=M+100

Lo 11 K=M, Kl

Ep=2aM—-k—~1

IF(EMN LE. 1) GO TO 100

IF(T. GE. TIME(JC, ENY)Y GO T 12
COMT INUE

TG1=T-TIME (IZ, KN)

EMMN=EN+1

LINEAR INTERFOLATION
TEEZ=TIME A, ENNY ~TIME 22, EN)
XY=XQ(JD.KN)+(XA(JC.HNN)—XQ(JC.KN))*TGl/TGE
TIME(IC, ENY=T

KACAZ, ENY=XY

M=k

GO TO 100

ErD

TIME.




APPENDIX B-2
Sample Problem for Testing Some of the

Executive Library System Routines



100

FROGRAM 1ZAZE
COMMON/VAL/Z X L) yF (L) yKETER
DIMENZION EC1@) yZFPACLE) s AVA (L)
REAL K
DATACCSFACTI) v =1y 1) =0, 2 20 . v 3 . 0SS A7 .Sy 77 o0 Bh 073,
* 77 .y LuE )
DATACCAVACI) v I=1v i) =@ v 8.y L2 v 0. Sy 30 040, 1SS .97 1.,
¥ 4, .105,)
INITIAL CONDITIONS AND PARAMETERS
TW=4d .0 % FW=4LE277 .4
TCE=¢ .4
T=@.9 % THAX=1.4 % HPRINT=@.1
NC=1
HMIN=@.0@0d1 % ERR=@.,@#@31
X)) =CA=1.d % X(Z)=Ch=@ 2
X{2)=Td=4@ .0 % X(4)=TC=7¢ .
X(S)=TCM=7@ .0
X{7)=FL=@.0 % X(
X{7)=2F=40 .8 % X
FR=1#.4 4% RFM=d.
Fh=3d, @
ta CALL DSIMOa sy TyHPRINT @ v, yHMIN, TMAX s ERR Y
* Ey IERRy ITASK)
GO TO(LsZdrZ2e4+5) ITAZK
GO TO 1d¢
CALL TRENCA»Sy@.Zy 1@y 1)
CALL FICONTRAS 7920 00120, 7@ .0 L. FEYRFM)
CALL TRFEZ(7y 7@ .11 @1y TCE)Y
AV=FIIN(X (7)) 1@ =SFAYyAVA)
FWU=AG, *AV*SORT (44 . -FI)
FOl=@. E-S*FWx%1 L+15,
CALL CONVPDyFDRLy L ND)
IF(NC.EQ.Z)Y GO T 4
K=E 90ES*EXP(-S@0@@ . /(X (4)Y+2732.))
R=K*X (1) *X (2)
D=4 E4% (X (2)-X(4))
F(l)=-R
FEa)=-R
FO2)=AFWATW-X (2) ) -0 /a0 i
FAOR) =2@a cuR+3/ 1208, 0
GO To 14
FOWRITE AT o138 ToX (A)Y g X)) s X L) v X () o X (7)1 X (7)) e AVIFWPD
L FORMAT (L@ 42Xy SEL1Z.5/71EX9ELZ2.9)
4 GO T0 1@
TOCONTINUE
END

Y=OFC=4d .6

)=
(2)=05FP=@.d

[N

[
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Case Study : Temperature Control of a Batch Reactor

The exothermic reaction A + B —» C + D is carried out
in a jacketed reactor. A variable flow of cooling water Fw passes
through the jacket entering at a temperature of Tji(4OOC)

The control of the temperature is obtained using the following
data:

1. Total volume of the liquid = 30Ft3,no density change with
reaction

2. Initial charge: 30 moles A

24 moles B

3. The reaction rate is second order, proportional to the
concentration(mole/FtS) of each component. The rate coefficient is

K = 2.58.105.e'5000/T(0K) (Ft>/min mole)

4. The heat of reaction is 10.8.104 PCU/mole of A or B reacting
and the average heat capacity of the reaction mass is SOOPCU/moleOC

5. The overall heat transfer coefficient between jacket and
reactor contents is 4OOOPCU/OC min. The heat capacity of the water
in the jacket is 2000 PCU/OC.

6. The pressure drop across the jacket is a function of the

coolant flow F : P_-P_ =0.2.10 5 F1'6
w D 0 w

7. Upstream pressure PU :40.PSIA
15.PSIA

1
8. Control valve CV : 6000(1bs/min PSIZ)

The area characteristics are given as:
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% stem position valve area % open

0 0

20 4

40 13
55 20.5
67.5 30
77 40
86 55
93 71
97 84
100 100

9. The thermowell can be approximated by a first-order response
with a 0.2 min time constant

10. The dynamic response of the valve follows a second-order
response ; i.e,

OuT 1

IN O.OIs2 + 0.2s + 1
0

11. Control instrument has a range of 30-130°C
Its proportional band is 10.0 and its RPM(repeats per minute)

is 0.5.
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APPENDIX C-1

The Gas Absorber
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The gas absorber consists of two plates, where air
containing SO2 gas is contacted with fresh water in order to
remove part of SO2 from the gas.

The symbols used in the formulation are:

H = holdup for each plate
TC = the liquid dynamic time constant
V = flow rate of air - 502 mixture
X = concentration of liquid
Y = concentration of gas

Fig. 26 shows the gas absorber described. The dynamic

equations of the system are:

YD = L0 w5) - x(3) K1) + I 0 - X))
dx(5 v 1

L = Iy - x(5) - (@) X (5)

dx(3) _ X(8) _ x(4)

dt TC TC

dx(4) _ X(3) _ X(4)

dt TC TC

The following assumptions were made:

1) Temperature and pressure are constant throughout the
column.

2) The plate efficiency 1is 100 percent; the plates are

ideal.
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Bubble cap
™ PLATE 2

| /

Downcomer 1 PLATE 1
weir\'\f:”::,., “oipdx
A YA
Ll " ‘4—VO Yo

Air-ammonia

liquid flow rate

V = gas flow rate
x = liquid concentration
y = gas concentration

Figure 26. The gas absorber
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The equilibrium relation is:

Yy = mx, +b

where m and be are constants.

The holdup of liquid H, is constant and is the same

for each plate.

The gas flow rate V is constant on each plate.



APPENDIX C-2
Main Program Listing and Results

for the Simulation of the Gas Absorber
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FROGRAM CONTROL

COMMON/VALY X (10), F(10), ESTER
DIMENMSION E(¢10)

M=

M=), PN

%
Mi=1. 277 %
A=1. 0 £ [E=
Y1=0, QQQ=&
21=0 4
C=4. 0 % D=t Q
X{1) =0, QLOZ0O7Z
X(2)=Q. 40
X{4)=0, 40
X(5)=4, QQUALZES
READ (&0, 100) HFRINT, HMIM, TMAX, ERR
FEADCAD, 1Q0) Y2, V32, 22, 23
100 FORMAT(AFRZ &)
10 XO=zZTEPRP(T, A, L, Y1, Y2 ¥
X2)=mTERCT, O, 0, 21, 22, 22)
CALL DZIMOM, T, HRFRINT, & 0, O, 0, HMIN, TMAX, EFRFR,
g E, IERR, ITAZE)
GooTo0L, 2,03 4,5) ITASE
1 GO TOo 10
FOl)=1, /ZH# (X ()X (S =X (4)#X (1) Y+\UMAHA (XO=X (1))
FO)=WMrH# (1) =X (5) ) =1, FHEX(Z)#X(S)
FO2)=X(2)/TO-X(2) /TS
FOR)=X () TC-X(4) /T
GiTD 1O
ZOWRITECEL, 200) T, X01), Xx{5), X(2), X{4)
200 FORMAT(SF1O. 7))
Q50 To 10
CONTINUE
END

b

Ln
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APPENDIX C-3
Main Program Listing and Results

for the Simulation of the Fifth-Order System
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FROGRAM ALTI

COMMONAYAL, XO10), FOLO), KSTER
OIMEMSTION EC1D)

INITIAL CONDITIONZ AND CONSTANTS

M=2
A=0. 0 ¢ B=5 0
Y1=0. 5 ¢ YZ=1 0 % YZI=1 Q
XOZ)Y=0. 455 ¢ X{(3)=0. 455
L(4)=0.Q
X(IY=0455 ¢ X(2)=0.0
READCELL, 100) HFRINT, HFLOT, HMIN, TMAX, ERR
READCLOD, 100) DELZ, TL, TZ, TTL, TTZ
1ag FORMAT (SF32. A)
WRITE(AL, Z00)
200 FORMAT (22X, "TIME", &6 "X 01", &%, "X I A%, "X (3", &%, "X(7)"
LY, "XLEY, S0

1O XOLY=STEF(T, A, B, YL, Y2, V)
CALL DSIMON, T, HRRINT, HFLOT, 0. O, HMIN, TMAX, ERR, E,
¢ IERR, ITASED
GOOTO (1,202 04,5 ITASE
1 GO ToO 10

DERIVATIVE SECTION

ZOX(Tr =Nl =X )
CALL TREM(Z, 2, T, 1., 1)
CALL XDEL(Z, 5, 0. 144, T, 1)
YOE)=X(S)4+X(4)
CALL TRENC(L, 2, T2 1., 1)
X2y=X(2)x0, 1
G0 TO 10

FRIMTING SECTION
2ZOWRITECAL, ZO0) T, XC1), XC2Y, X2, X7, X (5)
200 OFIREMAT(AFLO. 7)
SOOTD 10
4 CIONT INUE
GO TO 14
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S CONTINUE
END
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APPENDIX D
Main Program Listing and Results

for the Simulation of the PI Controlier
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FROGRAM CONTROL
COMMONAYSLS XC10), FO10), KSTER
DIMENSION E(10)

MN=7

H=0 14488 $ TD=00 1
VM=1. 277 £ X(2)=0. 4
Q qQ. 1 % L"A bl
K(l)—u ”UUuQ?Z

X0 =040

X (4)=0. 40

YIS )Y=0. Q0O0LZES

X7 y=0.0

K(2)y=qQ O

7R~D 0 $ RﬁN 1.0

RCHU (LU.IUU) HFRINT, HMIN, THAX, ERR
READ(AO, 100 Y2, Y2, FDLTI
WRITE (&1, 200)
200 FORMAT(SX, "T 2K "X (L))" X XS, A K2y, 75X, "X (4)Y", 777
100 FORMAT (4F 2 &)
10 XO==ZTER(T, A B YL, Y2, ¥2)
CAaLL DSIMONM, T, HRFRINT, O O, O, O, HMIN, TMAY, ERF,
3 E, IERR, ITAZE)
GOTO(1, 2,304, 5) ITASE
1 G0 TD 10
2 ERROR=(X(1)-0. 00O2072)+100. 0O
CALL FPICONTR(L, 7, ZR,RAN, SP, 1. O, FD, TI)
CALL TRFMCT, &, 00 OB223, 0, 705, 1)
FO1)=1, ZH# (L (22X (S =X (4)ya#X (1)) +UM HE(XO-X (1))
FOZ =M HBE (L) = XS )~ AHEX () #X (5
FO2Y=(R02)+X (L)) /TO-X () /TS
FO3)=X () /TC-x14) /TG
GOoToO 1O
ZOWRITECEL, Z00)Y T, X41), X{(S), X{3), X{4)
200 FORMAT(SF11. 7))
S0 To 10
CONT INLIE
Er

o
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APPENDIX E-1

Position Algorithm in DDC Control
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A PID Controller can be presented as (13):

P =K, (e + T, %—i+%1 % e(At) + P
e = S5-V
where
Pn = valve position at time n
Pm = 1initial valve position
KC = proportional gain
TD = derivative time
TI = integral or reset time
/A = change or difference
e = error

S = set point

variable

-
(]

The derivative expression is usually calculated with a four-
point difference technique as:

Vo= (Vn ¥ Vn-] ¥ Vn-2 ¥ Vn-3)/4
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where V is the variable

AV _ Vn_V+Vn_]-V+V-Vn_2+V-Vn_34
At T\ T5aE T0.5 at Y058t TT5at
or
AV _ 1 . - - .
75{ AT (Vn V + 3Vn_] 3V + 3V 3Vn_2 + V Vn_3)
Vo lov ooy w3v -3y )
VAN S VAN n n-3 n-1 n-2
if AV _ Ae .
At At

Ae o ] i} B}
X (e e + 3en_] 3en_2)

n
The term }_ e At can be obtained by using the expressions:
e

SUME = SUME + ERROR
YenAt = SUME (At)

where At is the sampling time.

Replacing the values in the control equation:

1
+ 3e 1" 3en_2) + =—— SUME (A t)

T o -
e e TR

6At 'n n-3 n-

Pn=KC(e+




APPENDIX E-2
Main Program Listing for
DDC Control with NOVA
Main Program Listing

for Simulating Sampling Time Effect on DDC Control



=

ta

L

0

INITIAL VALUES

SUME =0,
ERRV=0.
=UAL=0,
SET POINT

Catl AIRDWL, L1, 2, IVAL, IERR)
SEV=FLOATCIVAL) 20, 005

TYFE “Szv= 7, 53V

IF(AR=
=vAab=oizv

CALL WAIT((S, 2, IERR)
SO TO 1

CONT INUE
SETR=ZVaL

TYFE “SET FOINT= *, SETF
ACCERT “GAIM= ©, GAIN
ACCERT “RT= - RT
DELT=0. 01

CONT INUE

CONTROL ACT ION

CALL AIRDWCL, 1, 2, IVAL, IERR)
SENM=FLOAT (INVAL Y Q. QOS5
ERRV=ZSV-ZETH
SUME=21ME+ERRY
FM=GAIMN® (ERRY+ (ZUME/RTI#DELT)
INEW=IFIX(FM/ 0, GOQ35)

CONT INUE

CALL AQWCL, 11, INEW, TERR)
ZALL WAIT10, 1, IERRD

S0 TS

EMD

ZEV=2VAL) L LT, 0. 0001) GO T 2
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INITIAL VALLUES

SUME=Q,
[:F\:a '(v'l:l:).
SVAL =D,
SET FOIMT

CALL ATRDWCL, 1, 2, IVAL, IERR)
SEV=FLOAT (IVAL)Y#Q. Q05
TYFE - = 7, 5EV

SVAL)Y. LT, Q. 0001) G0 TO 2

CALL WAIT (S, 2, IERR)
GooTo g

CONT ITMUE
SETF=3VAL

TYFE “SET POINT= 7, SETF
ACCEFT “GAIN= 7, GAIN
GCCEFRT “RT= 7L, RT
DELT=10. Q

CONT INUE

CONTRIOL ACTION

CALL AIRDWCL, 1, 2, IVAL, IERR)
SEVEFLOAT (IVAL) 0. 005
ERRNV=EEN-ZETF

SUHME=SUME+ERRY
FIM=GAIN# (ERRV+ (SUMESRT Y #DELT)

CONT ITNUE

CAaLL ADWOL, 11, INEW, TERR)
CALL WAIT(1O, 2, IERR)

S TO 3

EMLD




FROGRAM CONTROL
COMMONAYALS XO10), FO10), ESTER
COMMONAEZSUME (1)
DIMEMNSION EC10)
- INITIAL VALUEZ AND CONSTANTS

MN=7

H=0, 1444 & TC=0. 1
VM=1. 277 ¢ Y(E)=l.4
A=0.1 4 L=z &

D 11 I=1, 10

11 ZIME(T)Y=0. 0O

¥1=0. Q0Os.s

Y1) =0, 000307
X(2)=0Q 40
X(AY=0, 40
X(S)=0, O000sZ55
X(&)Y=0 0O
X(7)=0. 0

XLz =00

ZR ﬂ Q $ FﬁN‘l.Q

READ (-U,luu\ HFRINT, HMIN, TMAX, ERR
READCAO, 100) Y2, Y3, FO, TI
WEITE (A1, 200)
200 FORMAT (59X, CTL XL XL T, NCEY TN, A, TN, XA, )
100 FORMAT (AF3, &)
10 YO=3TER(T, A, B, Y1, YZ, ¥
CALL DMEIMONG T HRFRINT, O 1444, O O, HMIN, TMAX, ERE,
£ E, IERR. ITAZE)
GOOTOCL, 203 4,5) ITASE
1 GO TO 10

= DERIVATIVE SECTION

LR =L AHECX ORI EX (D) =X 0a) 2 X (1) )+ MAHE (XO=X (1))
FO)=VMAHS (XL =X (5) =1, /HaX (Z)#X(5)
CALL TREMOT, &, O 02233, O 705, 1)
FO) = (X Y+ R () )/ TC=-X (2 /T
F(d)‘Y(:)’TI—)(l)’ﬂ
GOOTO 19
L FRINTINMNG SECTION
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ZOHRITECAL, 200) T, X(1)Y, X(S)y, X(Z)y, X(4)
200 FORMAT(SF11. 7)
GOOTa 10
4 CALL DRICONMOL, 7, ZR, RAM, SF, 1. O, PO, TI, O, 1464)
SOOTD 10
COMTINUE
END

iy



APPENDIX F-1

Model for Feedforward Control




If we consider the system shown in Fig. 27, the output

variable can be represented as:

C(s) = G](s) M(s) - Gz(s) U(s)
The object will be to keep C(s) = R(s);

R(s) = G](s) M(s) - Gz(s) u(s)

then, the manipulative variable is:

Since a transfer function can be broken down into a static

and a dynamic part such as:

G(s) = SD(s)
the equation for M can be written in two different forms:
_ 2U

where the dynamic part is neglected. This

control is called a steady-state feedforward control,

and,




set point

Controller

G(z)

X(s) | ,
I
Am
'Y s+ 1
0.1
Figure 27.

C(s)

Block diagram of the fifth-order system with feedforward control

62l
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A practical version of this equation can be obtained by
grouping the dynamic elements as a first approximation:

(R+SZ Uy (EZS)

M~

This control system is called the dynamic feedforward control.
The values of the dynamic elements are usually determined from the
transient response data. The first part is the study of the change
of the controlled variable resulting from a change in U. The
second part is the study of the change of the controlled variable
resulting from a change in M sufficient to compensate for the
change in U. These data are usually presented as plots of the
transient response of the variable. A first-order transfer
function with dead-time is generally used to fit these curves.

If this is done

N
—_
(%]
~—
~—(D1

/ a 01
D](s) t TS T+Tos

tos 1+ T.s

(1 + fst

where to = to2 - to]



APPENDIX F-2
a) Program Listing for Feedforward Control
of the Gas Absorber with NOVA
b) Main Program Listing and the Results

of the Simulation of Feedforward Control
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SVAL=D O

CALL AIRDWC(L, 1.2, IVAL, IERK)
SEV=FLOAT (IVAL YO, Q05

TYFE “Sony =0, ooy
TIV-SVALY. LT, O 0001y G0 To D
SVARL=EZEY
CALll WAIT(L, 3, IERR)

G T 1

COMNTINLUE

V=1, 277

H=O, 1484

TC=0. 1

X1==a0 /5000,

SETR=zVAL

TYFE "ZET FOINT =", SETF

CALL &IRDWOL, 1.2, IVALS, IERE)

STEF=FLOAT (IVALZ)Y*0. 05

XO=STEF/S000
FLDH=(VM%(XO~X1)+SGRT(VM%*E%(XQ—X1)%(XO—X1+4.%Xl)))f
C2OEX1D

XFLOW=~1 #(FLOW*1O -4 )

IMEW=TF IX{XFLOWAD, 00%)

CALL AOWCL, 11, INEW, IERR)

CALL WaIT(S00, 1, IERR)

GO R

EML
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FPROGRAM COMTROL
COMHONsVAL, XO10), FOLQ), ESTER
DIMENZION E(10)
MN=5
H=0 1&&64&6 £ TO=0 1
V=1, 277 % X(2)=Q 4
A=0. 5 ¢ EB=32 0
Y1=0Q QQQ=Z4A00 F YZ=0, Q0250 % YIS=0, QOOSAQQ
Xo=Y1
K{1)=qQ, g0QzQ7%
X2 =0, 40
X(4)=0 4Q
X(2) =0, 000EZA]
XX1=X (1)
READ (&0, 100) HFRINT, HMIN, TMAX, ERR
100 FORMAT (4F2. &9
10 XO==TEF(T, A B YL, V2 NI
IF(XQ B Y1)y GO TO 11
YA = OVME(XO=-XX 1) +SORT (VM2 (XO=XN1)# (X0 1+4. #XX1)))
/02 #XX1)
11 COMTINUE
CALL DZIMN, T, HRFRINT, Q. 0, Q. O, HMIN, TMAX, ERR,
£ E, IERR, ITAZE)
GooTOL, 20 32,4,3) ITASE
GoOOTO 1O
Fil)=1 /Ha(X(Z2)#X(S) =X (4)+X (1) )+VH/H®(XO=-X(1))
FOD)=UMAHE X (L) =X (D) ) =1, FHEX (2 X (5)
FO2)=X(2)Y/TC=-X(2) /T
FOa)=X(2) TC-X () A TC
S ToO 10
ZOWRITECEL, 2000 T, X 1), X(S), x{(2), X(4)
200 FORMAT(SFL1Q. 7)
G SO0 T 10
S OCONTINUE
END

| N
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APPENDIX F-3
a) Program Listing for Dynamic Feedforward
Control of a System with NOVA
b) Main Program Listing and the Results
of the Simulation of Dynamic Feedforward

Control
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OIMEMZTON XNCS0), YNC(SO0), ZNOS0)
INITIAL VALLES AND CONSTANTS
LELTA=0. 1

I=1

o 1 I=1, 20

XN(I)=qQ.

YOI =0

IN(I =0,

ACCERT "T1= ", T1

NZCERT "T2= ", T2

ACCERT "ITZ3= ", IT2

STEADY ZTATE VALLE

CALL AIRDW(L, 1, Z, IVAL, TERR)

SEV=FLOAT CIVAL)Y #0. 005

TYFE "Zzgi= ", o2y

CALL WAIT(Z, 2, IERR)

CONTROL SECTION

CALL AIRDWCL, 1, 2, IVAL, IERR)
SVAL=FLOAT (IVAL)Y 30, Q05
INEW=TFIXC(IN(I) A0, 0O5)

CALL ADWCL, 11, INEW, IERR)
AT =RV AL-SaY
INCIY=XNCIYH(TLI=TZ)/TZH (ANCIY=YN(I))
d=I+1

IFCL ST ITZ) J=1

VMO =YNCOID)+DELTA/TZECXNCTI ) ~YN(I) )
I=1+1

IF(LGT. ITZ2) I=1

CALL WAIT(190, 1, IERR)

GOTO 2

END
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FROGRAM ALTI

COMMONAYAL, X (10, FO1O), ESTEF
DIMENMZTION E(10)

IMITIAL CONDITIOMNIS AND CONSTANTS

M=x
A=0. 0 % B=35 ¢
Y1=0 5 ¢ YZ=1.0 g ¥Yz=1, 0
L(2)= 455 % X(Z)= 455
X(4)=0 0
X(S5)=0 435 £ X(2)=0 O
READCAL, 100) HMFRINT, HFLQT, HMIM, TMAX, ERR
READCAG, 100) DELZ, TL, TZ, TTL, TTZ
100 FORMAT(SF2, &)
WRITE (&L, 200)
Z00 FORMATCZX, "TIME™, &X, "X 1) ", AX, "X CZY", EX, "X ()", &Y, "Xiq)m,
FEX, "A(EY, L)
AR=(TTI-TT)/TTZ

10 X L) =ESTEF(T, A, B, Y1, Y2, ¥3)
DELT=0. 5-X(1)
CaLL DezIMOM, T, HPRINT, HFLOT, O, O, HMIN, TMAX, ERR, E,
$ IERR, ITAZE)
GOOTo (1, 3,3 4, 5) ITAZK
1 GO To 19

DERIVATIVE SECTION

X(7)=X(1)=X ()

CALL TREMOZ, Z,T1, 1., 1)
CALL XDEL (2, 5, 0. 144, T, 1)
CaLkl XDEL(2, 4, DELZ, T, )
XO5)=X(S0+X(4)

CAbl TRFMOS, 2, T2, 1., 1)
ROP)=X2yx0, 1

SOOTO 10

N

FRIMTIMG SECTION
ZOWRITEGEL, 200) T, X1, X(2), XC2)Y, X(4), X(5)
200 FORMAT(AFL1O, 7)



GOOTO 1O

CONT INUE

YN=YMNAHFLOT/TTZ (DELT-YN)
X =DELT+AA* (DELT-YN)
GoTO 1Q

COMTINUE

END
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The Derivations of the Controller

Equations for Dahlin's Method
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Direct Synthesis of Digital Controller Equations

The closed loop system of Fig. 23 may be assumed to behave
like a continuous first-order-lag-with-dead-time, which is

written in discrete form as follows:

C(Z) . (-I _ e'T/)\) Z-N-]
R(27 (-I _ e'T/7\ z ?[)

where A is the time constant.

The controller then becomes:

- ] (1-¢ 1/ ) N1
%(2) = g 1o e T (1 2 o T/a )N

where H(z) is the pulse function.
The pulse function can be determined by assuming first or second-
order models for the process. (14)

If the first-order-lag-with-dead-time is used as a process

model,
-0s
Ke
G(s) s 77
-T/o -N-1
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and the controller equation is:

(1 - e'T/A ) (1 _(e'T/T ) Z'N-])

K (1 - (e-T/h ) 271 (1 - e—T/A) Z-N-1) (1- e-T/T‘)

Digital Equivalent of Analog Controller

Another route for obtaining this controller equation is
to design an analog controller and then use its discrete equivalent
(4), (14), (15).

If the transfer function G(s) of the system is:

Ke_es

6s) = 577

The controller equation becomes:

D(s) = Ts +1 . <C(5) / };(Sl >

ke~ ©S 1 - C(s) / R(s)
If C(s) was chosen as:
R(s)
C(s) . e~ Os
R(s As + 1
D(s) = (Ts+1)/K = _M(s)
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In the time domain D(s) can be represented as:

Ay oy - x(t-8) = (7 ety ()

Expressing the derivatives in difference equations:

M -M ) _ (e -e )
n - n-10+ M 4 - M o = (T n - n-1" + e _;)/K
- T T T T
Mn = (- X) Mn-] * X'Mn-N-1 * KTX'(en * Q? - 1) en-l)

D(z) can be obtained in z domain from the equation above

< T -1
T}\ (]+%- ]) Z )
1

-0 -1 M2 (/A2

-N-1



APPENDIX G-2
a) Program Listing for Control with
Dahlin's Algorithm
b) Main Program Listing for the Simulation

of Dahlin's Control Algorithm
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DIMEMSTION XL(S), E(S)
INITIAL VALLEZ

oo 1 I=1,%
XLATD) =0, 0
ECI)=0 0
T=0. 5

SET FOINT

CALL AIRDWCL, 1, Z, IVAL, IERR)
SETRF=FLOAT (IVAL)Y#Q. Q05
TYFED “SET POQIMT= 7, SETP
CALL WAIT(1, 2, IERR)

ACCERT “To= 7, TC
ACCERT “LAMNDAR= 7, XLD
TT1i=T,xXLD

TTZ=T/TC

CONTROL ACTION

CALL AIRDWCL, 1, Z, IVAL, IERR)

DzM=FLOAT (IVAL)Y=Q, Q05

C(E) =22V-2ETF

AL G2 =T (ECSI+(TT2~1, )=E(4) b+ (1. =TT1)y#XL (4)+
$  TT1l#xL(1)

TYFE “XL(S)= 7, XL(5), "E(S)= 7, E(5)

IMEW=TFIX (XL (S A0 GOS)
CALL AW, 11, IMEW, IERK)
Edar=E{3)

sLC1)y=XL(2)

ALCzr=XL(3)

XL(E)=XL (4)

AL Y=XL(5)

CaALL WAIT(S00, 1, IERR Y

GO T 2

EMNL
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ODIMEMIION 2L(S), EOS)
INITIAL VALLES

Do 1 I=1.5
XL(I)=0. 0
E(I)=0 0
T=0. 5

SET FOINT

CALL AIRDW(L, 1.2, IVAL, IERR)
SETF=FLOAT (IVAL) 0. 005
TYFE “ZET FOINT= -, SETF
CALL WAIT(1,2, IERR)

ACCEFRFT “TC= 7, T
ACCERT “LANDA= -, XLD
TT1=T/XLL

TTZ=T/TC

AN=EXF (-TT1)
EE=EXF(-TTZ)

CONTROL ACTION

CALL AIRDW(L, L, 2, IVAL, IERR)
SSV=FLOAT (IVAL) 0. 005

E(S)=5a5V-zETF

XLAZ) =01, ~AA) 7 (1. ~BE) #(E(S) ~BEXEC4) ) +AARXL(4) +
$ (1. —-AA)Y#xXL (1)

TYFE “XL(Z)= 7, XL(5), "E(S)= 7, E(S)

INEW=TFIX (XL () /00 Q05)
CoaLL AQWCL, 11, INEW, IERR)
E(a)y=E(S)

XLel)=xL(2)

XL (Zy=XL {2

YLOZY=XL(4)

XL{4)y=XL ()

CALL WAIT(S00, 1, TERR)
GooT

EMD
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FROGRAM DAHLIN
COMMON/AVALS X (10D, FOLO), KSTER
DIMEMZION EC10), XL¢(10), XERR(10)

INITIAL CONDITIONS

M=4
oo oA I=1,10
DOIY=0L 0
ALCI)Y=0 0
& O XERROIN=0.0

A=Q, O
B=S. 0
Y1=0. 0 & Y2=1. 0 % YI=1 @
SE=0. 0
READ(AG, 100) HPFRINT, HFLOT, HMIM, TMAYX, ERR
READCEO, 100) TCL, XDET, TCZ, To, YLD
TT1=0, O0S/X%XLD
TTZ=0. OS/TC
AA=EXF(-TT1)
EE=EXF{~-TTZ)
WRITE(&L, 200

100 FORMAT(SFE, &)

2010 FDRMAT(SX.“T”.éX.“X(O)“,éX.“X(4)”.&X.”X(&)“,bx.“X(l)“.f//)

DERIVATIVE SECTION

10 XO=2TEF(T, N, B, Y1, YZ, v3)
CALL DSIM(M,T.HPRINT.HPLDT,D.D,HMIN.TMAX,ERR,E,IERR,
 ITASE)

GOOTO (1, 2,2,4,5) ITASK
GTO 10

XOL)=X0=X A7)+ (A)

CALL TRFMOL, Z,7C1, 1., 1)

CALL XDEL(Z, 2, XYDET, T, 1)

CALL TRENCZ, 4, TCZ, 1., 1)
Xe7)=X{4) 0. 1

GO T 10

b

FRINTIMG SECTION

2WRITE(AL, Z00) T, KO, X(4), X (&), X(1)
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200 FORMAT(SF10. 7)
GOOTO 10

4 XERR(2Z)=3F-X(4)

XOE)=CL =AR) /0L —BE) #(XERR(Z) —EE#YERR (1) )+AnsxL{4)
F o+l —AAY#XL (1)

XLO1)=XL(2)

LLZ)=XL(2)

XLy =XL4)

XL(4)=X (&)

YERR(1)=YERR{Z)

GOTO 14

SODONT INLIE
END




