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Twelve sections were planned, as shown in the
block diagram. The first 6 sections were done using PREV 2
(the second "random'" number sequence), and then 6 sections
using PREV 3 (the third sequence). Within each group of

six the order was picked out of a hat:

PREV 2 PREV 3

Warm IB

Up AF|O|AB|IF|O|AF|{IF|AB|O*|IB*|O

Each block was a half hour long, containing 180 readings of
which the first 20 (3 min. 20 secs.) were discarded, leaving
160 readings for analysis.

The programs ACQUI, RANDO, AR/IMCON were modified to
permit a continuous run through all the above combinations.
The constant hot water flow rate had to be adjusted once or
twice, but otherwise all went well until the program stopped
unexpectedly during section 10 (regime: no control) due to
lack of storage space. It was restarted again to complete
the run, but the results of sections 10 and 11 were adversely
affected. Results of the other sections were good, and are

tabulated in Table 2(b).



CHAPTER 7

RESULTS AND DISCUSSION

Tabulated results have been transferred to
graphs (Fig. 14) which may be used to compare the following:

(1) The effect on controller performance of a
different '"random" number sequence in calculating the dis-
turbance water valve signal.

(2) The standard deviation of the controlled variable
under no control, pure feedback control, and feedforward-
feedback control.

(3) The performance of controllers derived using an
AR(1) noise model and using an IMA noise model.

(4) The performance of controllers with their theore-
tical performance.

(5) The standard deviation of the manipulated variable
for different controllers.

The graphs for the third "random" number sequence
(PREV 3) have some starred points, which are the adversely
affected results of sections 10 and 11 in the final run.
The dotted line shows a trend which has been inferred from
the previous graphs.

Taking the above points in order:

(1) If the model form and model parameter values are
the same, the use of different random numbers in calculating

the disturbance signal in different runs should cause no
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difference in the standard deviation of the controlled
variable, provided that the random numbers are drawn from
the same distribution. From the graphs it may be seen that

the magnitudes of o and the trend between controller-types

z
are not very different between runs using different raﬁdom
number sequences, which bears out the above assertion.

(2) In all graphs, oy for the feedforward-feedback
controller is smaller than for the pure feedback controller,
which demonstrates the better performance of the feedforward-
feedback controller. This is true for controllers derived
using both AR(1) and IMA noise models.

The improvement from feedback to feedforward-feedback
controller appears to be about as much as from no control to
feedback controller. The amount of improvement in either
step is not great, because of the lack of precision in fore-
casting either noise or disturbance 30-40 seconds ahead.

(3) When fitting models by regression, the fits using
IMA noise models had an appreciably larger residual variance

2

o, than had the fits using AR(1l) noise models, which suggests

that the former should control with a larger oy than the
latter. However this is not supported by results of runs
using the first and second '"random'" number sequences: g5
values for controllers using AR(1) or IMA noise models are
very close and neither is better than the other.

(4 Theoretical standard deviations in the controlled

variable have been calculated at the end of the derivation

of each controller. Experimental estimates of model parameters
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contain errors and therefore theoretical standard deviations
calculated from these estimates will be expected to differ
from the experimentally obtained standard deviations. They
have been plotted in a graph under the experimental graphs.
The reduction in o from no control to feedback to feed-

forward-feedback control follows a trend similar to the

experimental. Theoretically o is bigger using an IMA noise

z
model, which is not borne out in practice. It is interesting
to note that in almost all cases, the controller performance

as measured by o is better in practice than in theory, but

Z
this observation is most likely not statistically significant.
(5) The standard deviation of the manipulated variable
is rather different for different controllers, as may be
expected from the widely differing algorithms.
(6) The preceding discussion of results has been based
entirely on oy the standard deviation in controlled variable

about its mean value. Another basis for comparison is the

difference between this mean value and the setpoint, which
is tabulated for different controllers in Table 3. The
differences are smaller for controllers using an IMA noise

model, which demonstrates the effect of the integral action.



Tk

Noise model

AR(1)

IMA (013)

Controller type|Forward-Back Back Forward-Back Back
Runs B1-B5 -.48 =1l -.44 +.08
B0 Sections -2.16 -1.49 - .35 -.18
B0 Beations -3.63 -2.28 -.08 -.01

7-12

TABLE 3

Difference between Setpoint and
actual mean tank temperature

(A/D Units)

3.60 A/D Units

1 Centigrade degree




CHAPTER 8

CONCLUSIONS

The object of this study was to demonstrate the
use of time series analysis in designing a feedforward-feed-
back control scheme to compensate for an unavoidable, but
measurable, disturbance to a system. A physical process
having a manipulated variable capable of affecting the controlled
variable was subjected to a repeatable simulated external
disturbance. Since the disturbance affected the output before
the manipulated variable did, it was necessary to forecast the
effect of future disturbance values. Stochastic inputs to the
manipulated variable and disturbance variable produced data
from which models describing the relationship of each with
the controlled variable were identified. From these models
was derived a control scheme which made use of the disturbance
readings, and also a scheme which did not: feedforward-feed-
back and pure feedback schemes respectively. Implementation
of the feedforward-feedback controller reduced the variance
of the controlled variable about its mean value more than
did the pure feedback controller, demonstrating the advantage
of feedforward control, and successfully testing the Box-
Jenkins-MacGregor theory.

The reduction in variance of the controlled variable

was in fact not much; 15-20% reduction in gy was achieved in

72
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each of the two steps: from open loop to feedback control,
and from feedback to feedforward-feedback control. This

was because disturbance values had to be forecasted far
ahead: had the forecast been shorter, greater improvement
might have been obtained. The simple model chosen for the
effect of the manipulated variable was only approximate:

had the real process been less complex then its representative
model might have been a closer fit. The magnitude of the
effect of disturbance on the controlled variable was not
great (ozih 1OC): a bigger effect could have been chosen
and still been mostly within the linear range of the control
valves.

It should be noted that the time constant for the
effects of both disturbance and manipulated variable was
the same.

Time did not allow the comparison of the method
used with 2 other methods which would have been interesting.
Pulses and step changes in input and their effect on the
output could have provided data to be analysed by classical
methods to yield models usable in controller design.
Secondly, theoretical models could have been derived to
describe the effect of each input on the output, and the data
obtained in this study used with a regression routine to
obtain model parameters.

In this study it turned out that the variance in
manipulated variable did not exceed the linear range of the

control valve, and so it was not necessary to constrain the
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manipulations. However, MacGregor [3] has extended the
theory deriving a feedforward controller by time series
analysis to include the constraint of the manipulated

variable by a state variable technique.
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APPENDIX I

FLOWCHARTS FOR MINICOMPUTER SOFTWARE
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Enter:

Program ACQUI (Executive)

Yes +

Identification Version:
Control Version:

Identification Version:
Control Version:

Wait 7 seconds

Wait 3 seconds

Reset to first A/D channel

Set up TASK to print out data

—>»Read time of day and store it in data block

N

Were all A/D channels read last time? —N% s Error

Call A/D channel reading routine
Read 4 A/D channels and store readings
in data block and in program

Call subroutine RANDO

Call subroutine AR/IMCON

Send signal from RANDO
Send signal from AR/INCON" to steam valve

Call subroutine RANDO to calculate water valve signal

Send signal from RANDO via D/A channel to water valve

77

Receive message saying A/D channel reading is finished

to calculate steam
valve signal

via D/A channel

TASK:  every 10 seconds print out a line of data on teletype:
Time 4 A/D channels RANDO or AR/IMCON RANDO
of Tank HE(2) HE(1), dp Steam Valve Water Valve
Day - 2
e Cell - ”
temperatures a, Uy Action a uy Action
Seconds A/D Units D/A Units D/A Units

Print out lags 30 seconds behind readings.

Calculation times of RANDO, AR/IMCON were each less than 1 millisecond.
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Program RANDO

(Calculates valve signals from random numbers.)

External: Library subroutine RAND which calculates '"'random' numbers.

Enter: Store return address
Set N = -2 for steam valve calculation
» Get 5 "random" numbers by calling RAND and discard them
Set SUM = 0 and M = 16
Get a "random' number from RAND
Divide it by 16
Add the result to SUM
Decrement M
l Zero

non
Z€Tro _J 15
From SUM subtract mean 2
Check sign; make positive if necessary; store sign
Get desired standard deviation of a, o,
Multiply SUM by og
Divide result by standard deviation of SUM 0. > a
Round up or down and restore sign
Store a, 1in program and in data block
Get previous value of ugt
Check sign; make positive if necessary; store sign
Get value of ¢ * 100
Multiply ug_q by ¢ * 100
Divide by 100
Round up or down and restore sign
Ut = ¢ * ug-1 + ag
Store ut in program and in data block
Get mean valve setting VBAR and add it to u_ - Valve action
Store valve action in program and in data block
Increment N
First cycle was for steam valve
Second cycle was for water valve
+ N=0
Return to main program ACQUI

t

N.B. The above is the version used in Identification.
In the control version, both cycles are completed, but
the steam valve cycle values are neither used for
output nor stored in the data block nor print out.






Notes:

(1)

(2)

(3)
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ARCON/ IMCON

SETPOINT, ZAV16, and MOUT were specified after
calculation from the identification data.

To obtain high enough precision using integer
calculations, u, or  Vu, and Ly coefficients
were multiplied by 1000 before inclusion in
AR/IMCON. Hence the need to divide the sum of
(variable * coefficient) by 1000.

. coefficients were only multiplied by

Z or Vz

t €
62.5, because the variable Zy OT Vzo itself
contains a factor of 16 introduced to obtain maxi-
mum precision from the square root subroutine.

Thick lines enclose sections where IMCON differs

from ARCON.
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APPENDIX 2
DERIVATION OF FEEDFORWARD-FEED-

BACK AND FEEDBACK CONTROLLERS
USING IMA NOISE MODELS

(For the derivation of controllers using AR(1) noise models,

see Chapter 5.)

A2.1 Feedforward-Feedback Controller using
an IMA Noise Model (Controller IF)

Parameter values were estimated in Model 5 (see
Table 1). Three out of four required models are the same
as used with the AR(1) noise model:

(1) Disturbance variable (square root of orifice meter

reading) model:
(1—¢2B) Zy = oy

(2) Disturbance transfer function model

(3) Manipulated variable transfer function model

t-4 - T-6.B “t-4 L, (B)

Ut-g

(€3] The noise model is different:

_ 2 3
vn, = (1-0,B-6,B"-6,B”) a

1 t



82

As in Chapter 5, the general expression for Yi+a is:

Yeeg = U'p * 2L (3) + ' (3) ¢ ng(4) + e (4)

The control action

uty = 2" (3) + ng(4)

and the error or deviation in controlled variable

Ty = elgoq(3) * ep o (4)

When z' is expanded in terms of «

t+3 we obtain expressions

t’
for

2" (3) = Lg(B) z, and e'. ,(3) = Ly(B) z, ,

which are identical to those in Chapter 5 (feedforward-
feedback controller).

Expansion of Ny _y to obtain ﬁt(4) is different:

2 3
B-6.,B —63B ) ay,

vn = (1-61 2

t+4 4

2 3
(1-6,B-6,B“-06,B>) (1-6,-6
N ) 18y 3 . - 1792

t+4 1-B t+4 t+4 1-B

2
B-0.B)
3 a

*(1-67) a 5 * T-B I




83

(1-61-8,-05)

| ) 2 L 3
[1+(1-6)B+(1-0,-6,)B"+(1-6,-0,-0:)B"]a — a,

L,(B) a (unknown at t) + Lo (B) a, (known at t)

t+4

]

e (4) + n(4)

Rearranging:

: Ly (B)
nt(4) = EZTET et-4 (4)

L (B) |
RG] (Zp - e'c 4(3))

Ly (B)
L,(B) (Zp - Lg(B) z, )

The control action is again described by

' L, (B) L (B)
-u t = = w ut = LS(B) Zt + m (Zt - L6(B) Zt-l)

Substituting parameters obtained in Table 1 (Model 5), and

dropping the subscript & such that o = Wy § =8, ¢ = ¢,
= 2
“m o, - wlk6re) -69][s+e-8¢B]-(s+e) 66} ,
I-GmB t 1-6B T
(1—61-62—63)

[1—B][1+(1-61)B+(1—el—62)B2+(1-61-92-63)B3]

{Zt-w[l+(6+¢) B +
((6+9)%-66)B°1[1-08] 2}

Since S 2 62 = §, the expressions (1-6mB) and (1-8B) may be



84

considered equal. (1-B) in the denominator of the feedback
part will give integral action. We will derive a velocity

algorithm.

Multiply through by [1-B][1+ (1-61)B+(1—61—62)B2+(1—91-82—83)B3][l—dB]/w:

w
- —(%“— [1+(1-~61)B+(1—91-92)B2+(1-el—ez-eS)BS] vu, =
{1+(1—61)B+(1-61—92)BZ+(1—81—82—93)B3}{[(6+¢)2-5¢][5+¢-5¢B]-(5+¢)5¢} Vzt
5t 2 .2
+ {1-6B}{1-07-0,-8 }{—= - [1+(6+6)B+((6+4) “-66)B"1 [1-¢B] z, 1}

Substituting values obtained from Table 1 (Model 5):

2

1 [1+.70313+.445132+.267B3]Vut = {1+.703B+.445B%+.267B 1 {[1.8-.435] [1.34-.435B]

21.75

- 1.34%.435} vz
+ {1-.79B} .267{-1.543 I -[1+1.34B+(1.8-.435)B°] [1-.558] z,_ )

When the right-hand side is multiplied out, and terms in it are

re-expressed as terms in vz, (plus a residual term in zt), it

becomes:
2 3
{1.339+.108B-.038B"-.109B"} vz -.092 Zy - 412 Zt + .326 Zt—l
Finally: vu, = -.703 vu,_;-.445vu, ,-.267Vu, -8.962,+7.09L, 4

+ 29,292, +2.42Vz, _-.767z, ,-2.26V2, 5-2.02z,

(Controller IF)

In this velocity algorithm the required change

in steam valve action is expressed in terms of previous changes
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in valve action, changes in disturbance variable, the latest
deviation in disturbance variable, and deviations in controlled
variable. The deviations in controlled variable will provide
"integral' action and ensure that control is about the set-
point. No knowledge of a mean valve setting is required.

The mean disturbance is needed only for the term in Zes whose

coefficient is small compared with the vz coefficients, and

t
so the mean disturbance need be only approximately known.
Calculation of the theoretical variance of the controlled

variable when the controller is in action:

Bo= ety (3 + e, (@)
= w[1+(6+0)B+((6+6)2-60)B%] a. -+[1+(1-6,)B+(1-6,-6,)B>+(1-6,-6,-0,)B ]a
t-1 1 1~8y 178270308 o,
) 2 2 3
= -.648[1+1.34B+1.3658%Ja, | + [1+.703B+.445B%+.2678°] a

Var Iy Zkgz) Var ap_ g * Ez(wz) Var a,

]

1.95 * 1.487 + 1,763 * 2,933

8.07
2.84

Q
]

A2.2 Pure Feedback Controller using an
IMA Noise Model (Controller IB)

Parameter values were estimated in Table 1 (Model 8),
and the two required models are:
(1) Manipulated variable transfer function model:

0 LZ(B)

u'ty g = I-6_B Ut g4 © L (B) Ue g
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(2) Noise model

B-6 B2—63B3) a

Vn, = (1—61 2

t t

As in Chapter 5, the equation for when the disturbance

is ignored 1is:

Yeag = U'e ¥ 0 () + e (4)

The control action

- u‘t = nt(4)

and et(4) is the error or deviation in controlled variable -

Expanding n in terms of a_:

2763)

t+4 t
2 3 2
(1-6,B-6,8%-6.B°) (1-6,-6,B-6,3%)
nt+4 - 1-B at+4 - at+4 * 1-B at+3
(1-0,-8,-6B)
=apyt (1-8)) a o -8 )
(1-81-0,-05)
=ap t (1-8)) ag o+ (1-67-05) a ., + —p )
(1-61—6
=ag gyt (1-8)) ap o+ (1-87-6)) a5+ (1-87-6,-62) a4+ —Tp—
1-6,-6,-6 )
) 2 3 (1-61-6,-65
= [1+(1-61)B+(1-el-92)B +(1-el-ez-93)B ] gt T35 %

+

L4(B) a (unknown at t) LS(B) a, (known at t)

t+4
= e + 1 (4)
R ng A = 130 e, (@) =
earrangin n = S = %
Bile Iy L,B) “t-4 L,B “t

a¢
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and the control action is described by:

L, (B) L. (B)
= ! = - 2 u = 3 b
Ul thBj t L,(B) “t

Substituting parameters obtained from Table 1 (Model 8)

-w o (1—91—92—83) )
) 3
m [1-B] [1+(1-8;)B+(1-6,-6,)B“+(1-6,-6,-6,)B"]

t

(1-B) in the denominator will give "integral'" action. We
derive the velocity algorithm. Multiply through by

- [1-B] [1-6,B] [1+(1-0,)B+ (1-07-0,)B + (1-0,-6,-0,)B%] /o

(1-6,-6,-65) (1-5_B)

w
m

2 3 ;
[1+(1-0,)B+(1-0,-6,)B“+(1-8, -6, -0)B”] wu,_ = -

Substituting values obtained from Table 1 (Model 8):

2 3 _ .482
[1+,944B+.725B"+.482B7] Vu, = - e (1-.85 B) L,
Finally
vu, = -.944vu, _-.725 vu__,-.482vu, _.-18.4% +15.6%, ;

(Controller IB)

The change in manipulated variable is expressed only
in terms of previous changes in manipulated variable and of
the deviation in controlled variable. The latter provides
""integral" action, ensuring that control is about the set-
point. The mean steam valve setting is not required.

Calculation of the theoretical variance of the controlled
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variable when the controller is in action:

Zt = et_4(4)
= [1+(1-0,) B + (1-6,-6.)B% + (1-6,-8,-6,)B°] a
1 1"9 1782793 t
= [1+ .944B + .725 B% + .482 B°] a,
Var z, = kaz) Var a
t t
= 2.646 * 3.98
= 10.53
Oy = 3,25

(Position-type controllers are derived using AR(1) noise

models in Chapter 5.)
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APPENDIX 3
PROCESS DEVELOPMENT AIDED
BY CROSS-CORRELATION

The equipment used in this work was a general
purpose laboratory apparatus and some development work was
done before carrying out the final identification run Al2.
The key diagnostic tools used in this were the two input-
output crosscorrelation patterns, and their use is illustrated
here in studying three practical aspects.

(1) The cross correlation pattern between steam valve
and tank temperature for some of the early identification
runs showed reasonable crosscorrelations at lags 40 and 50
seconds, but the most significant one was at 100 seconds.

To trace the cause, two extra diagnostic checks
were done: one was to crosscorrelate the steam valve setting
with the thermocouple readings at the outlets from heat
exchangers (1) and (2). These are shown together with the
crosscorrelations between the steam valve and tank temperature
in Fig. 15.

For HE(1) there was one large crosscorrelation at
a lag of 10 seconds, and very little else of significance.
For HE(2) there were many crosscorrelations of the same order
of significance between lags 40-200 seconds. Much of this
was due to the hold-up volume between exchangers, but it was

also thought that if condensate were not draining fast from
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the second exchanger it might be having an aggravating effect.

The second diagnostic check was to crosscorrelate
the two '"random" number sequences calculated from RAND as
shown in Fig. 16. There were a few just-significant corre-
lations which might have been transferred to the two stochastic
input series and contributed to the undulating pattern between
steam valve and tank temperature; however the method of
obtaining "random'" numbers was not altered since correcting
condensate back-up appeared more fruitful.

Condensate was thought to be backing up into the
second heat exchanger and so the thermodynamic trap was
replaced by a continuously operating bucket-type trap posi-
tioned further away, which resulted in a definite change, as
shown in Fig. 15. The crosscorrelation at 100 seconds lag
was still present but much less significant, while others
became more significant.

(2) Initially the simulated disturbance signal was out-
put immediately after the reading of the A/D channels. When
the orifice meter was read 10 seconds later, the disturbance
had already caused a change in tank temperature, as shown
by a crosscorrelation between orifice meter and tank tempera-
ture at lag zero (Fig. 17). The inference was that in this
situation we might as well not read the orifice meter because
the information is already contained in the tank temperature:
i.e., feedforward control would give little advantage. So
the outputting of the disturbance signal was delayed 7 seconds

after reading the A/D channels. When the A/D channels were



93

95% C.1I.
- 0.3 ~ steam valve
- 0.2 ~
— i —'_l—-_--‘—--—-. 0.1 ———-l_ -' ’— —l__l "
i IlllI'L — | l 1N
O] | 20 : F' 20
k—> k —p
_—f—-—--——-——————--- A0l Tokl s s e e e i v
- T e s S e e 0,1 =" == =EeESssTEaSses
l " '.“lilvllll l ll|llllllll]]'J
0 Il 20 %07 20
k—>p k—
g% RIS I S — % RS % (P R SRS
B 0.2~ orifice meter
- -0.3 ~
RUN All RUN Al12
4.8 USGPM 7.2 USGPM
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Settings and of the Prewhitened Square Root of
Orifice Meter Reading with the Transformed Tank
Temperature at Different Hot Water Flowrates.
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again read 3 seconds after the disturbance signal, the
orifice meter had already reacted but the tank temperature
had not, as shown in Fig. 17. The steam valve signal was
still sent immediatelylafter reading the A/D channels.

(3) Data was collected from two runs with the hot
water flow rate set at 4.8 USGPM and 7.2 USGPM. (In the
latter run the manual steam valve was throttled to a lesser
extent; in both runs the steam control valve was linear.)
Fig. 18 shows the effect of this process variable on each of

the input-output cross correlation patterns.
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