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ABSTRACT

Phis thesis describes the development and application

of modern control techniques to an industrial processing
plant. The plant is made up of a pilot scale triple effect
Wiegand falling film evaporator and a De Laval tall form
spray drier situated at the laboratories of the New Zealand

Dairy Research Institute.

The continuous version of the standard state space and
measurement equations for linear, time-invariant, multi-
variable systems provides the basis for the development.

This standard representation is not well suited for direct
application to the plant because of the difficulty in

defining a suitable state vector and the need for a precise
knowledge of the process dynamics. The standard representation
is therefore enhanced to provide a modified structure

that exhibits several significant features:-

i) only measurable outputs, control inputs and
measurable disturbances are involved in the

process descriptions;

ii) the equation structure is similar to that of
the standard discrete state space equations,
so that state space time domain control system

design methods are applicable;

iii) the structure is suitable for the direct application

of statistical modelling;



iv) maximum flexibility is offered for selection
of discrete intervals for measurement samples

and controls;

v) precise knowledge of process time delays is

not required.

Application of the control strategies is performed using
an IBM System/7 minicomputer. A suite of computer
programs, developed in FORTRAN, is used. These programs
are suitable for transferring to any other minicomputer
supporting a multi-tasking mode of operation with the
major system dependent area being the actual sampling

of process data. Whilst a control engineer would be
required for the installation of the software and initial
control system design, further tuning of the controllers

could be performed by a suitably trained operator.

The procedures described allow an operator to apply
sophisticated control techniques by following a sequence

of relatively simple steps:-

a) apply perturbations to normal plant operating
conditions; .

b) use the interactive graphics facility to identify
process models using the generalised least
squares technique;

c) choose appropriate design weightings and use a
dynamic programming algorithm to obtain controller

gains;



d) simulate operation of the controller using
the process model;

e) apply the controller to the actual plant.

Steps b), and c) and d may need to be repeated until a

suitable controller is obtained.

The results of the implementation of controllers on the
pilot scale plant are presented. Consistent control of
the product density and flowrate from the evaporator is
obtained. As an hierarchical control structure has been
used on the evaporator, the development of lower level
controllers on variables such as steam flowrate, preheat
temperature, inlet milk flowrate and condenser water
temperature is also described. On the spray drier
environmental control on concentrate flowrate, gas flow-
rate and drier chamber pressure is obtained.
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CHAPTER ONE

INTRODUCTION

Over the past twenty years there have been few techno-
logical developments which cannot be attributed either
directly or indirectly to a corresponding development in the
area of digital computers. The variety of applications in
which computers are used is diverse and continually increa-
sing as the cost and size of computers decreases. The
computer has had an impact on development in established
technologies as well. The increasing processing power of
the computer has enabled the solution of problems in areas
of work which had been slowed or halted because of the sheer
numerical complexity of analysis. In other technologies,
the impact of the computer has given rise to reappraisal
and innovation in the methods of problem solution. This
is well illustrated by developments in the field of control
theory.

Much effort from sources throughout the world has been
put towards the advancement and application of control
theory. Limited resources in terms of energy supplies
and raw materials coupled with inflationary costs means that
many of today's complex manufacturing processes could benefit
from the application of sophisticated modern control tech-
niques. For various reasons however, there are relatively

few instances where theory has been applied to a real system.

The work in this thesis attempts to show the applica-
tion of modern techniques in an industry in which control
has traditionally been based on experience. An outline of
the development of control theory is presented, followed
by an overview of the New Zealand dairy industry,with
particular relation to the manufacture of milk powder.

The second chapter details the identification of a least

squares model for a generalised system. An output feedback
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algorithm utilising dynamic programming techniques is
developed from the model structure. Chapter three concerns
the development of two software systems for the implemen-
tation of computer control. Simulation methods are used
to validate the operation of the identification and control
algorithms. The application and implementation of the
software systems and control techniques to a pilot scale
milk powder manufacturing plant situated in the laboratories
of the New Zealand Dairy Research Institute is described in
the fourth chapter.

Control theory became established some thirty or forty
years ago with the advent of classical control theory. This
involved Bode, Nyquist and root locus techniques which were
directed to the assessment of the stability and behaviour

of linear scalar systems.l’2’3'4

A system is defined by

a differential equation expressed in terms of the Laplace
operator s. Control is obtained by introducing some form
of feedback compensation and the conficuration is analysed
and corrected until a satisfactory design is achieved. This
procedure works well for simple system configurations but

as the system order and complexity increases, the number and
degree of equations to be solved quickly becomes excessive.
This is particularly the case when multiple inputs and out-

puts are involved.

State space analysis was introduced into control theory
relatively recently. Analysis by this means systems are
represented by equations expressed in the time domain.1’5'6'7
Linear systems of any order may then be expressed as a first

order matrix vector differential equation of the form
x = f(x, u, t) (1)

where X is the state vector of the system, u is the input
vector and t is the scalar representation of time. Any
quantity which uniquely reflects some dynamic property of

the process may be defined as a state variable. The order
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of the process is in turn defined by the number of state
variables required to completly determine the dynamic
behaviour of the system. Equation (1) can be solved for
both continuous and sampled data systems.8 The presence
of digital computing techniques has lead to the discrete
form of system representation taking precedence in control
theory. The discrete solution to (1) is commonly known as
the state predictor equation and related the current values
of x and u to the system states at the beginning of the

next discrete interval. This equation has the form

_ Xk
X+ - 2 [EkT] (2)

where o represents the system dynamics of the discrete
interval T. The suffixes to the other vectors relate

them to the time at which their values were sampled.

Efficient use of the state space analysis techniques

coincided with the introduction of the early digital com-
puters. Initial usage was as a tool for the completion of
the laborious numerical calculations associated with systems
and control design. It was not long however before the
potential of the computer, to act as both the numerical

tool and perform as an online controller,was exploited.
Computers and software systems specifically designed for
process control applications had a significant and far
reaching impact.g.’10 Control system design became asso-
ciated with the programming of a computer thus enabling the
application of complex control techniques which would be

difficult to implement using conventional hardware.

These techniques included Lyapinov stability analysis,
calculus of variations, probability and statistical theory.
'Pontryagiﬁé Maximum Principle provided an analytical solu-
tion to the bptimal control problem. In practice, however,
this method had iimitations and it was not until the intro-

duction of Bellman's dynamic programming optimisation
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algorithm that application of optimal control theory

became a reality.l’5

Though the analysis involved is
complex, the final algorithm is straightforward and easy
to implement using a computer. A requirement for use of
this algorithm is a performance criterion. A quadratic
performance criterion was shown to be extremely useful as
it lead to an optimal policy that is a linear function of
the current system states for all points in time. Quad-
ratic performance criteria have therefore been widely

used in control theory with suitable parameter selectionll
enabling various aspects of the overall system performance

to be optimised.

Before an optimal control system can be designed, an
accurate representation of the system dynamics is required.
This may be obtained from the equations governing the phy-
sics of the process, but in many cases, particularly for
real systems, it is difficult to achieve, and it is far
easier to obtain the dynamics directly from operational plant
data - a procedure called identification.12 Many mathe-
matical methods have been devloped to perform identifica-

tion13,14,15

including correlation analysis, spectral
analysis, hill climbing, maximum likelihood and least
squares. Identification (modelling) in this thesis is
performed using the latter technigue which has been exten-

16,17,18,19,20 _ 3 has been

sively investigated by others
found to offer some advantages over the other methods.

In practice the system states may not all be accessible.

If the system parameters are known an estimation procedure
may be used to determine the inaccessible states. Alterna-
tively the system may be described in terms of its input

and output states only. The equations obtained are similar
in form to the state space equations and the parameters may
be obtained directly using standard identification proce-
dures. Many of the established optimisation procedures

can also be applied directly, thus eliminating any need to
define and measure states. This form of representation is

used throughout the thesis.



The control techniques described in this thesis have
been applied to a pilot scale milk powder manufacturing
plant situated in the laboratories of the New Zealand Dairy

Research Institute.37'38

Detailed process descriptions
will be given later but at this point an overview of the
New Zealand dairy industry would be useful. The dairy
industry accounts for approximately 25% of New Zealand's
total export earnings. Factory. production has diversified
from a single basic product and almost half the milk pro-
cessed is received by companies equipped to manufacture
butter and fat-related products, cheeses, spray dried
products and protein-products, such as casein and its
derivatives, all within the one unit. In achieving this
diversification the number of spray-drying plants has
increased to about-fhree times as many as existed in the
early 1960's.21

of the spray-drying section of the industry has been the

One of the main reasons for the growth

demand for specification milk powders from Japan, South
Eést Asia and Latin America. The requirements of these
customers are rigid and the New Zealand Dairy Board ensures
quality control by providing financial incentives for
dairy companies to produce milk powder conforming to the

desired specification.

Some 40 different specifications have currently been
set. In many cases, however, there are only small quali-
tative differences between a premium grade powder and lower
grade product but large financial drawbacks. This places
pressure on managerial and technical staff to maintain
product quality in the face of seasonal variations in milk
properties and a general lack of management information.
Studies have shown the benefit arising from improved control
in manufacture.



CHAPTER TWO

GENERALISED EQUATION STRUCTURE FOR
THE REPRESENTATION OF INDUSTRIAL
PROCESS DYNAMICS

2.1 Introduction

Many industrial processes, or subsystems of such
processes, may be represented schematically by figure 2-1.
In general such systems incorporate a number of measurable
outputs, controllable inputs and disturbances which cause
undesirable variations.. Control inputs and disturbances
often have an associated time delay, particularly when the
process is one involving material feed mechanisms. This
makes the derivation of analytical descriptions difficult
because of the effort required to develop a comprehensive
description of the internal mechanisms. The alternative
is to apply statistical analysis to data recorded directly
from the plant. These methods normally evaluate linearised
approximations of the process dynamics unless prior know-
ledge of plants non-linear characteristics is available.
Statistically derived models are often adequate for the
purpose of control system design although they do not
necessarily provide the accuracy or insight that may be

possible with analytical derivations.

Statistical identification of process dynamics has
been long established and widely applied. Most effort has
concentrated on the modelling of systems with a single
control input, a single output and, occasionally, a single
disturbance signal. Representation frequently takes the
form of a transfer function and extension to the multi-
_variable situation is often considered by modelling each
input to output path in isolation. These models are
then combined in a matrix transfer function expression to

form a complete system description. The methods can
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become complicated in such circumstances and control system
design is difficult. The matrix structure of the state
space representation is more convenient for use-with multi-
variable systems. The input to output inter-connections
are not treated individually but are defined within the

structure of the state, input and measurement matrices.

State space methods have not been widely Used in
industrial applications for contfol system design despite
the fact that such design, in the time domain, has many
advantages. The reason for lack of application is most
often the difficulty in selecting a suitable state vector.
With complex processes, particularly those involving trans-
port delays, a state vector is not easily defined. Also,
in a practical environment, the states, though known, are
often difficult or expensive to measure directly. Thus
statistical modelling of state space descriptions of indus-
trial process dynamics has only received narrow applica-

tion.

The equation structure presented resolves some of
these difficulties. The continuous version of the stan-
dard state space and measurement equations for linear
and time invariant multivariable systems, forms the basis
for the analysis. The representation is enhanced to
incorporate continuously varying disturbances and pure
time delays. The objective of the derivation is to produce
a discrete time domain equation with the following pro-

perties:

i) only measurable outputs, control inputs and measurable

disturbances are involved in the process description;

ii) the equation structure is similar to that of the
standard discrete state space equation so that state
space time domain control system design methods are

applicable;



iii) the structure is suitable for the direct application

of statistical modelling;

iv) maximum flexibility is offered for selection of dis-
crete intervals for measurement sampling and control;

and

v) precise knowledge of process time délays is not

required.

Satisfaction of these properties leads to a structure that
is well suited for the approximation of industrial plant
dynamics and subsequent control system development using

computer aided design techniques.

2.2 Basis for Analysis

The basis for analysis is the continuous form of the
linear, time invariant, multivariable state space and

measurement equations.

k=Ax+Bu+DyV (1)
and Yy =¢x (2)
It is necessary that approximations in terms of these
equations are valid. The following definitions apply:

X, nx1 state vector; v, pxl output vector; A, nxn state
matrix; B, nxm input matrix; C, pxn measurement matrix;
and D, nxq distirbance matrix. The controls u, mxl, are
freely adjustable. The disturbances, v, gx1, are mea-

surable but very continuously in an uncontrolled fashion.

To create a model suitable for the design of computer
control systems, a discrete version of equation (1) is
obtained. For this purpose, a discrete interval of t

seconds is defined. The controls are~constrained to be
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constant across this interval. The disturbances are
approximated as ramp functions, with constant gradients
across the discrete interval. Fig.2-2 illustrates the
control and disturbance signal characteristics. The ramp
approximations are acceptable if the disturbances vary
slowly relative to the interval t. Piecewise ramp approxi-
mations of the continuously varying signals permit a more

accurate process representation than piecewise steps.

The discrete solution to equation (1) may be derived

7
as ..

Bieal — L% T Lely ¥ Ldeyy ¥ A2 Npo g (3)

t

with ¢, nxn = eA”, and Xer Yy and Vi the values of x, u

and v respectively, at instant kt (see fig. 2). Also,

nxm = A '.(¢-I).B, AL,

Yol = Ggn ~“ e ¢ A

nxq = A '.(¢-I).D - and A2 , nxq = A ',(Al-D.t).

To increase the generality of the representation, it is
specified that all controls and disturbances are subject

to a time delay of Ty Secs. In reality, individual
delays will differ. Generalisation to this situation is
considered at a later stage. Equation (3) is therefore
rewritten;

X1 = 0ex F Ay gt ALy ot A2V g (g

with 4 = :g . Interval t is selected so that d is

t
integer. It .is advantageous, from contfol system aspects,
if the process model does not incorporate absolute values
of controls and disturbances.8 Equation (4) is therefore

restructured to give;

iy ™ Bl T WBpg ¥ RV g ¥ B-yiin (3)
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with ¢ , sxs =[ ¢ A3 s n,85xg =[427] ¢
o1 . 9.
2, sxq =[ Al P besam = a7
o I
- l L 9_-4
Ek ;, Sx1 = Ek o Yk’ m+g+l = Ek :
| ¥g-a-1 _ |
A3 , nxm+q = A , Al |; s = n+mtq ;
- . = —
and gk , Mx1l = Wy g -
Equation (2) is rewritten to give
B, E .Ciﬁk , With G, pxs = [g ; QJ (6)

Equations (5) and (6) provide the basic system specifica-

tion from which analysis proceeds.

A discrete control system operates by computing
control corrections at specific instants in time. Measure-
ment samples for control calculations are normally taken
only at the instants of control correction. This can
place an unnecessary restriction on model structure. A
more generalised .scheme of measurement is here defined to

give maximum flexibility in choice of a samplina pattern.

A A AL, RS o g

In an application described in|aSies BRRETERS W , in
some circumstances the full flexibility has had to be uti-
lised to establish effective process models. Figure 2-3
illustrates this generalised control and sampling scheme.
The control interval, the period between control instants,
'is T, secs. Each control interval is divided into a
number of sampling intervals. The sampling intervals,
referenced backwards from the control instant, define the

instants at which measurement samples are collected. The
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sampling pattern is identical across each control inter-
val. R samples are defined per controi interval, one
being taken at the control instant and R-1 taken at inter-
vals Tsi, i=1,2 ...R-1, prior to the control instant

(see fig. 2-4).

The objective of the analysis that follows is to
establish a process model that is compatible with the
control and sampling structure of fig. 2-3 The model is
to predict all samples across the future control interval,
utilising measurements from the current and preceding

control intervals.

Interval t (k+k+1l) is selected to be small enough

so that the ratios

T i
s s
== c and T ! i=1,2, .. R=-1 , = S; (7)
are all integer, with d also remaining integer. t may

be selected quite arbitrarily so this condition does not
imply any constraint. The requirement c>d is now intro-
duced. The situation d>c is treated later. The controls
are constant across a control interval so that, if k is

a control instant,

=0 and U By oO,i=1,2,.. , c-1 (8)

Ok-i X &

Finally, the disturbance gradients are constrained to be
constant across the control intervals so that

V. =V 1l = k-c+1 » k-1 < (9)

—i —i+l '
Since.the latter is an approximation, disturbance behaviour
can be an important factor in the selection of control

interval.
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2,43 Analysis

This section develops analysis to transform the state
space representation of equation (5) to a structure that

satisfies the criteria described in sections 1 and 2.

2.3.1 Development of basic
equations

With reference to fig. 2-4, specify integer r so that
C=-5s._7°> d >c - S. » R3r >1 . (10)

The delay interval thereby terminates in the interval

k-s .+ k-s__, as shown.

Consider the interval k—si > k-si_l,.R;i.>1, noting
that SR :
successively using equation (5) to eliminate Ek—si+l

= ¢ and Sq = 0. Equation (11) may be derived by

-1
S.-S.
S.-S. i Ti-1
i Ti-1 J-1

X, _ = 9 T F T $” . (V.U _ s
—k-s;_; X-s j=1 —k-s;_;,-4d-3

+ 9.V [

T B L B E'Yk-si_l-d-jﬂ] (11)

Equation (11) may be considerably reduced because of the
property of equations (8) and (5). There are three cases

to consider:
Case 1, i<r

Since ¢ - si> d (see fig. 4), it follows that c> S5 + s, so
that

d-2 = T Hk—si-d (12)
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and

V_ AL =‘Y- Foe =...=_Y-_ B =! (13)
—k-s;_; d k-s. 1 d=1 k-s; d k

from inspection of equations (8) and (9).

Therfore, equation (11) reduces to

S.-S.
i-1

X-s, . T 2 By, ® L2

=) i j1=1

-ty e

i<r with Q@1 = Q+n .
Case 2, i =r
The control and disturbance adjustments of instant k-c

begin to influence the outputs at instant k-c+d. From

equation (11), the equation

k -s._,-d-3=k-c (15)
applies at the instant k-c+d. Therefore, at this instant
J=c-s._4- d (16)

Thus, by application of equations (8), (9) and (16),
equation (11l) becomes

_ r "r-1 r-1
Xe-s 1 - Xp-s_ v 2 ¥ Y ¢
- r
ot 1-1 c-s__,-d-1
+ DR e SR n| Vi
j1=1
c-s__;-d-1 Sy-ctd ‘l
) e+ T erall v .17
j1=1
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€ince t may be selected arbitrarily small, the situations
with S,~S,.y = 1 and c-s_=d, are discounted.

Case 3, i > r

Equation (18) is obtained in analogous fashion to equation
(14) .

The identity of equation (19) permits the series expres-
sions of equations (14), (17) and (18) to be replaced.

N :

: 80 =(-eMe-nt (19)
3=1

Equations (14), (17) and (18) may be inverted and combined

together to form the set

-s
= 1 _ _-S'l

By, =2 B - ETTNRY w

~(8__1-8__5,)

re] “x-=-2
X =2 X - (20
_xk Sr-1 x Sp-2 pie0)
m5. nricm =)
N E T S ”]n_zzk
=i(s =8 q) c-s_-d-1
. r "r-1 _ r
Xg-s - X-s -1 2 Wy—c
(8 =S (s.,.,-8.)
)—(k-s =9 r+l r)—(k-s - [1:-2 r+l "r %.._V-k—c
r+l r




i

“=(c=-s;_,) -(c-s,_,)
B 2 R W [1'9 1 ez v,
with 92 = (¢ - 7 lm1 (21)
-c+s _1+d+1
and v_qk_c = i Hk—c + (2—2 )__2_. + D_ !k
-c+s_+d ‘
+ 2+ -Deezy . @)

The expression for W. = arises by considering the terms in

Yk and y-k—c in equation (17). Upon inversion, these
become
-(s_-s__,) c-s_-d-2 c-s_-d-1
-Lg TT e ee T ymes 7 nhk
c-sr-d-l c-s,.-d -1
-2 RV |2 .o+ 07 1y (23)

The terms of expression (23) combine to give those of

equation (22), following application of the identity of

c-s_=-d-1
iy

equation (19) and extraction of ®

The r.h.s. of equation (20) is now related to Ek—si. There

are two cases to consider:

Case 1, i < r

-(8;,.-8;) -(s,,,-s;)
_ i+l “i _ s i+l i
%eos,,, = & Bos, - [T |z %
. . in X X
—(sp_178 ) —(sy_178;) free
zk-sr—l =2 Ek_sl - [E'g ]83 Yk




-(s_-s;) c-s_-d-1
§k—sr =2 §k—sl - & Hlk—c,s
_ T (8p40785) e
X-s =g X-s, ~ 2 Wil_c,s
r+l i o=
(s_,q-8.)
r+#l " x
[l 2 ] 9_2 Yk—c J
with
; -c+si+d+l
Elk—jc,s ! gk—jc + '[1-2 ] 22 4 3l —%k-(j-1)c

—c+sr+d .
+ 18+ [2 - E] @ Q2p Yk—jc ’

j=1,2... (25)

The expression for Wl c. g. results from consideration of
““k-c,s.
i
row r in equations (20). On transforming to reference
Xy g, + this becomes
i
-(s,.-s;) c-s -d-1

X = 2 §k—s. ol ‘lk—c

2 V

-(s_-s ) -(s =s..)
r r—l‘[ r-1"°i ] 22 v, (26)

-9

Substitution for Wy _c with combination of the term in V,,
results in the expression for Xy s in equation (24). The
procedure is now extended to obtaif equations that relate

to the control interval k-2c =+ k-c. These are:

-(c—si) A

-(c-s )] \
Yo =2 E, - [re o T)my




as [

The equation for Egk—jc
equation (25) by -c+s_.

"out the expression for

-(c+s,-s.) -(cts,-s_)
1 °i ( 1 °r ]
et = & Xes, - (172 22 ) _
—k-c—sl xk S, ) k=-c
-d=-s.-1
1
-2. ‘le-C,s
-(c+s_-s.) -d-s_-1
r Ti o
=2 ey 2 Wwl, _
§k-sr-c - 5k si k c,si
c-d-s_-1
r
- Egk-Zc
-(c+s -s.) -d-s -1
TPne] R-1
X o I Wi,
—k—sR_l—c ;—_ 2(—k s; k-c,s
: c—d-sR_l-lw2
& x-2¢
s -5
-(Sgr-1 .
- z-2 %) 92 G g+ 8 <7 -
- with B
: -204sr+d+1]
Wopos5c = ¥ %5c t {[E‘E )‘83 i ﬂ} Y- (5-1)c

-c+s_+d
® : o

Vk-5c

14

1) o a2}

j = (28)

2,8,
is obtained by replacing s in
This is appreciated by writing

5 as

k-sr-c

r(27)
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-(cts_-s.) -d-s_-1
_ i _ r
—k-s_=-c 4 Ek—s 4 Elk-c,s.
-(s_-s ) -(cts__,-s_))
- e T T ez
c—sr-d-l
= K Wy -2c 22

and making comparison with equation (26).
Case 2, i r

In this case, the impact of the inputs and distur-
bances from instant k-c has not occurred. It therefore
follows that in equation (27),

wl = 0 and W2 (30)

——k—c,si ——k-2c,si—c
ifi>r.

Equations (27) may be generalised to express the samples

collected over any preceding control interval in terms of

Ky is Equations (31) may be written to define the control
intetval f stages back from instant K.
-(fc-si) -(c-sr) |
Xe-fc =2 X-s, ~ [5‘3 ] 22 Vy_tc
f-2 .
ST A NP
j=o 11e
-(f-1)c=-d-1
! Elk—c,s.
i
-(fc+s,-s.) -(c+s,=-s_)
_ 171 _ |+ il B
§k—fc—sl = & Ek-si [l l ]QE Vk-fc
r(31)
£-2 -d-l-sl-jc
- r ¢ W2 ¢
o M —%k-(f-j)c
-(£-1)c-d-1-s,
l: Wiy _o
:Si
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(31)

. o _ ¢-(fc+sr-si) «
_k;fc_s —_— ~k-s,
r i

£-2  -d-1-s_-jc

= ¥ ) W2 3
jo-1 = —k-(£f~j)c

-(f-l)c—d-lfsr

= ,
wlk-c,s.
i
= _ ¢-(fc+sR_l-s.) <
—-k-fc—sR_l = —k-s;
(SR-l'Sr)]
- [—79 J 82 Vi (f+1)c
) fgz ¢-d-l-sR_l-Jc o
e —k-(f=j)c
) (b-,(f-l)c-d-l-sR_1
. wl
—k-C,Si ’
£f=2,3.... ]

Equation (27) and (31) form the basis from which output

representations of process dynamics are established.

2. 852 Formation of output

eguations

‘'Analysis is now applied to eliminate state variables
in favour of outputs. Application of equation (6) to the

second row of equation (27) gives



—(c+sl—s. -d-l—sl
z-k-c-s1 =& 5k—si e LTS 'S5
-(ct+s,-s_)
i
-G [.I_ -2 ]9_2 Ve-c (32)
The identity
T N R R Y
¢ = , N> 1 (33)
0 I -

with a4 = (¢ - D" 1a3z , (34)
leads to

o™ = |ca™, -c(x-eThas (35)
Equation (32) may therefore be written, on eliminating
zk—s. L

i
—(c+sl—s ) ‘
8o = C0 Xy
k-c S, S;
=)ct+s,-s;)
171

The term in w may be eliminated from equation (36) thereby
removing reference to the absolute controls and distur-

bances. Two cases apply.

Case 1, i < r

For this case

¥g-s,-1-a = Yk-c (37)

It is possible to develop equation (38) by relating

.equation (4) to the interval k-c =+ k—si.



e=s53 c-d-c j-1

X-s, - 2 ¥ ot E 03T (A3.w _ + 82.V))
1 J=l
Cc-s d :

1 J-l
& § Zo¢T 3wy, + b2y )
j=1
Wy oo Can be eliminated from equation (38) and gk—2c

introduced giving

éi'zk—c

. -(c-s.)
Xe-s, = 2 K {5k*c * [E -2 ’ ]

1

(¢ - D7 B2V, }(39)

A relationship for éﬂf!k—c may be extracted from equation
(39). This substituted into equation (36), with incorpora-

tion of equation (37), leads to

-(cts,-s.) -(cts.-s.)
- {Q-¢ : i A Q-[ : ].

Yy-c-s. T . I-¢
gl |
=(c-s.)\-1 -(c=s.)
[1'9 : ] & . } k-5,
b
-(c+s,-s.) -(c-s.)1-1
ve (e V) (e Y mee
*H4y it 1<- - (40)
with
-(c+s, -s.) -c-s, )y -1
- . h 7i a h
Wy o ip = C (170 Jze ™)

- (I-0"9 (¢-1) (A gk_c+(g;fgg)yk_c)}(41)

(38)
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ME Ig2f8=. , & §IE .

Equation (40) can be expressed in a more concise form. . The

term in x, _. 1in equation (40) may be written
i .

-(ct+s,-s.) c-s, =
cle 1 l{I+{d> l—I]

c-s ]-1
- [1 -I]  +I-1 | Xg-s, (42)
and since
Cc-5S, -1 -(c-s.)\-1
I [g S [;—g 1 ] (43)
it follows that equation (40) may be written;
-(c+s,-5.) -(c-s.)y-1
b 11
Xk_c_sl ~ Y- =EIT - [Efﬂ . ][_'i . ] [
-d-sl-l
(Xeg;, = Z-d* ®yg,i,1 7 &2 Wil _« &,
-(c+s,-s_)
1l °r
- ¢ [r-e Jaz v, (49)
Case 2, i » r
For this case
We-s;-1-a T ¥k-2c (45)
and
C_Si Cc—s j_l
. =9 X ot I ¢ (A3 wy o+ A2 V, _ ) (46)
Ex S; k-c j=1 k-2c k-C

It is straightforward to show, by following the procedure

leading to equation (40), that



%

-(c+s, -s.) -(c-s,) -1
= - h 7i - h
Hﬁk-c,i,h =C. I-¢ - I-9 .
: -d -1
.(I-¢ )o(¢—I) S 2.V
== == s ise (47)
X h=1,2, ... i>r

Eﬁuation (40) , and hence equation (44), still applies
but subject to the conditions of equation (30).

The generalised matrix equation

Yy = Ei'(Ek—si_Ek—c) o Hék-c,i (48)

may be established from equations (27), (31) and (44).
In equation (48)

o - = "Sl - C—Si
Y._..l__k_c = Zk—c—sl - Z. -C ’ Ei = .C_:° (Q _l) ° (9 —.].:_
: —(f-=2)c—sr
Y- (£-1) c-s_“%k-c c.(¢ g
=(E-1)C
L c.p e g
and - B ~ -
- =g 5
W5 . = | W4 . 1 -
Pk-c,i F—-—k—c,l,O +[c.e WL g
g 2d-(£-2)c-s -1
EEk—c,i,(f-Z)c-sr e
-d-(f-1)c-1
W, i(f-1)c Gl
: : |

N
. °



-28-

+ (E} Yk—c I
C2: T30
£ % %o
= - -
[~ : = . =1
1= 9 . -W—2-k—20 < Ral RN - [9_ °vL2k—(f"l)
. : -‘- LN ] l]
c-d-s_-1 I
c.e T 9
Q-Q-d-l 0
;d-(f-2)c—s -1 ) c-d-s ~1I
G.o * G.2 :
G T e c.o7%"
- ) - L. =

£f=2,3, ... ® (49)
In equation (49),
- -(c+s,-s_) - -
al=lefre LTl ana 2= o .2
; (8,...4-8.)

r+l “r
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Equations (48) are now truncated at row nl (nl » n). If Rl

is the total number of control stages incorporated, then
p.-R.(R1-1]) + n2 - p = nl (50)
where n2 is the total number of scalar samples collected in

the final control stage. Equation (51) is extracted from

equation (48).

Xlk-c,nl = Ei,nl'(ﬁk-si- Ek-c) + W -c,i,nl (?%?
with Xlk—c,nl ¢ 5 n1 and wék-c,i,nl representing the first
nl rows of Xlk-c . Ei and Eék-c,i respectively. Inverting
equation (51) and applying equation (2) leads to:

Xk-si- Yg-c ~ R -c,nl” Eli“'—!é-k—c,i,nl (52)

: | T _
with Eli = 9°Ei,nl if nl=n, (53)
: T -1 _T ]
and Eli = C. Ei,nl'zi,nl Ei,nl if nl>n (54)

The structure of equation (54) indicates that equation
(52) generates a least squares estimate to Ye_s. = Yg-e °
. i
It is necessary that F, has rank n.
=i,nl
Equation (52) is now applied to obtain equation (55)
which relates to the complete control interval k-c»k, with

i covering the range 0-+R-1.

Yy - ¥x_¢ = gl'Xl-k—c,nl + §-k—c (55)

Y1y n3
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with
al, nd4xnl = |Fl = -andB, ., ndxl = al. Eék—c,o,nl
Flo_» Wor-c,R-1,n1
F2p-1
and nd = n3 + p.
n3 =

p.(R-1) if R>1 and n2-p if R = 1.

EgR—l represents the first pl rows of ElR—l with

pl = n3 - p.(R-2)

The y, _ terms may all be combined on

the r.h.s. of equation
(55) to give:

Xk B 9'.Xk—c - 1"+ Bx-c (56
Zx - (R1-1) c
_Xk—Rlc A
with
Xk , hdxl = Xk and iﬁx
Y-sp )

representative of the first n2 rows of Y, .

@, ndxnl = [Q, E] with a3.y, . = {[I,0] - [_Q;ﬁl} % i
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and yl equal to the first p2 rows of y, where
p2 = n2 - (R2-1).p
and R2 is nz/p rounded up to the nearest integer.

Combining like terms, the expression for Ek-c can be

condensed into an equation with the structure

R1+1 R1+1

B = I Bl .U #H 3 llj-v

_ vV, . (57)
~%k-c j=1 5=0 k-jc

=k-jc

with the matrices Elj and Ilj resulting from combination of

terms associated with equations (55), (49), (41), (28) and

(25) . Finally, the disturbances must be written in terms
of values at the control instants. Let
Vi e = Yi-c " Yx-2c = S VY_c (see equation (9)). (58)

Equation (57) becomes,

R1+1 R1+1
= I Bl..U, . + I 2..V1, . (59)
Ek-c j=1 9 —k-jc j=1 1—3 —k-jc
with
2. = iy 5 €
1—3 —3J
The following features relate to equation (56):
(1) If R1 = 1, so that sampling covers only one back
control stage, then equation (56) reduces to
Yo =2 ¥y v 8L B T B Yo
Y2 VL ¥2) VLo ¥ Y2, VI oo (9
(ii) If Cc-sp_y > d > o, thesituation with i<r applies
throughout. This implies that all measurements

taken in a control interval are collected after the



(iii)

(iv)

(v)

2:3.3

value
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preceding control correction is seen to be influencing
the process. From equation (49), it can be estab-
lished that there is, in this case, no term in

W2, —(R1+1)c" It follows that Bl.,.,

in equation (59) are =zero.

{RE1je °F Yk

and Ylpi4y v
For the case with i2r, it follows from equation (30)
that there can be no associated terms in !k or gk_c.
Therefore, if r<R, the bottom né4-r.p rows of Bl, and

Yyl are zero.
—o0

If samples are collected only at the control instants,
i.e., k-jc, j=1, ..., rl, then

s = s = 0 (61)

Since c>d by definition, both B1l and y2

R1+1 YEoqyy 9re©

Zero.

If samples are collected at tne control instants

only, and the delay interval d is zero, then since

cetv=0 anageta=o (62)

(see equations (5) and (34)), from equations (49)
g B -1
and (28) it is apparent that G ¢ Egk—Rlc

corporates a term in Yk-(Rl—l)c' There is no term

only in-
in Vy _pjec ©OF Yy _Rlc* Therefore, for this situation,
EiRl and lgRl are both zero. (NB: Rl must be >1 for

this to apply).

Generalisation of consideration
of time delays

Equation (56) has been derived by considering a single

of time delay, with c>d, that is associated with all

the controls and disturbances. Consideration is now given

to the situation without these constraints.
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Firstly, suppose that each control and disturbance
element has a different associated delay but that each delay
is subject to the condition c>d2o0. Inspection of equation
(56) shows that the output, control and disturbance vectors
are independent of the values of any pure time delays. The
elements of the matrices of equation (56) are partly de-
fined by the values of the delays, however, the structure
is independent of these values. The listed features of
equation (56) must now be treated as applying to the indi-
vidual control and disturbance signals, taken one at a time.
It has been demonstrated that certain matrices may be
equated to zero if particular conditions relating to the
sampling and delay intervals apply. It now follows that
columns of these same matrices, that relate to a particu-
lar control or disturbance signal, may be equated to zero
if the delay associated with the signal satisfies the same

conditions in relation to the sampling intervals.

If a pure time delay associated with a particular sig-
nal is greater than the control interval, then the delay

must be divided into two postions as follows:
d = dl.c + 42 (63)

with ¢c>d220 and dl integer >O0. From equation (56) it

is seen that the controls and disturbances are referenced
backwards from instants k-c and k respectively. If the
condition of equation (63) applies to a particular signal,
then this signal ﬁust be referenced backwards from instant
k-c . (dl+1l) if it is a control, and instant k-dl.c if

it is a disturbance. The delays thereby become features
of the control and disturbance vectors, but only as direct

multiples of the control interval c.
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Appreciation of Model Structure

The difference form of equation (55) lends itself

well to incorporation wth statistical modelling techniques.

Features of the equation structure are:

1.

The equation is totally general for a representation
of a multivariable linear process with associated
disturbances and timedelays} these delays being
associated solely with the control input and distur-
bance signal. Only measurable plant outputs are

included.

Control inputs are assumed to bé constant across
each prediction stage. Disturbance signals are
approximated as ramps across the prediction stage
(if appropriate). Because of this approximation,
disturbance signal characteristics can be an impor-
tant consideration in the selection of a prediction

interval.

The structure offers a great deal of flexibility

for selection of prediction interval, total range of
sampling and distribution of samples. Sampling
instants may be freely selected and are not constrained

by the discrete interval of the equation.

1 >n. If nl>n

then more samples than the minimum necessary are

If the process order is n,then n

incorporated giving a least squares filtering effect
on the measurements and helping to reduce the impact

of noise.

The sampling pattern chosen can affect the number
of terms required in the vector By_c*
The structure incorporates a disturbance sample at

the prediction instant k. This takes into account
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the fact that disturbances -impact upon the process
during the prediction interval c and inclusion of this

aspect generates improved models.

7. The equation is expressed in difference form and is
therefore independent of absolute levels of process
operation. This is an important feature if the plant
is subject to drift and is an aid to the tolerance to

non-linarity.

8. The equation can be easily transformed to that of
equation (56) in which measurements are in absolute
form but retaining control and disturbance input
differences. This is advantageous for control

system design and implementation.

The problem of identification is to establish suitable
values of the elements of the matrice @y El and Y; so
that equation (55) provides a valid representation of the
process behaviour. An interactive computer facility using
least squares techniqpes has been developed. If the va-

riable quantities associated with equation (55)

R, R1l, c, si(i=l...er), ny, n, and d
are correctly chosen the identification problem is straight-
forward. The interactive facility is described in greater

detail in Chapter 3.

205 Derivation of Control
Algorithm

Equation (56) is restructured into a form suitable
for the application of discrete dynamics brogramming.
Rewrite equation (56) as Y = & 2y * Bk—c' The system
is first augmented so that Z appears on both sides of the

equation.
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Time delays are considered later.

1O |H*'|Q

[e}
fe}

IO"IOJ>-<
.

ted Rl times to give

with

e+ (R1-1)c = 23-Zy ¢
+ y3.
We-2¢ = [Y-2¢
U= (R1+1) c
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+ B31.Wy,(R1-2)c +

Vk+(R1=1) c

V- (R1+1) ¢

and a3 = aZRl .

B32.W

+ B82. |0, __ t¥2. |V (65)
k- (R1+1) ¢ Vk-(R1+1) ¢
e ; _8_2 = E}-l"°§-1—Rl+l and
] 0 0 ssr U
. 9 . L ]
: ° °
I0
- Ylpiyg
.0
, ©

Equation (65) is itera-

—k=-2c

(66)

B3l, B32 and a3 are derived as a result of successive mani-

pulation of a2, B2 and y2.

The elements of Z

2x4+(R1-1)c 2%

&



now distinct from those of Zy - Equation (66) gives a
new system definition with an update interval of Rl.c stages.
Neglecting the disturbance terms in equation (66), the

condensed version

a3.2. + B31l.W. + B32.W

J J K6

541 j-1
may be written. The interval j»+j+1 is Rl.c times the inter-

val k->k+1.

Control system design is achieved by minimising the

cost function

T T
: [ 2;.9.2, + w..P.gi] (68)

Q and P are positive definite or semi-definite weighting
matrices. The design utilises dynamic programming and the
derivation is very similar to that described elsewhere.4 The
algorithm resulting is

{03.2. + B32.W. .} (69)

2 gt

with EM a matrix of control coefficients. If M is chosen

large enough, K

converges to the constant matrix K .
-M —00

The bottom m rows of equation (69) may be extracted
to give the control equation that relates to the interval
k-c-k. Thus

= F_.{a3.2 + B32.W. } (70)

I‘Ik—c —o " " ==""k-c k-2c

with F_ representing the bottom m rows of K_.

The disturbance terms of equation (66) may now be in-
corporated into the control However, disturbances are not
known ahead of stage j in equation (69). It results that
it is only possible to consider disturbances in the stage
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corresponding to i=1 in equation (68). Disturbances for
the stages 2+*M must be assumed zero. The full control

. equation thereby results as

Uer(r142)c = Bw- A23.5 . + B32.0, .

—

i

Vk+(R1-1) ¢

(71)

Yk-(R1+1) ¢ _

Set point control, in this case to zero the outputs, is
based upon an M stage minimisation and disturbance rejec-
tion (regulator control), is based upon a single stage mini-
-misation.

There is a realisibility problem associated with
equation (71) because of the presence of disturbance ele-

ments which require to be referenced at stages ahead of

the control instants. Since K, is a converged matrix
(Ky = Ky4q) it follows that control should be identical

whether the algorithm is chosen from the top or bottom m
rows of equation (71). The top m rows are preferable

since the number of disturbance terms ahead of the control

instant is minimised. The best algorithm is, therefore,
Us(R1-2)c = G- (83:Z  + B32.W, .
r~ - %
+Y3.1 0 } (72)
Vk+(R1-2) ¢
Vk=(R1+1) c

G, represents the top m rows of K- Yk+(R1—1)c is not

known at instant k+(Rl-2)c and must therefore be taken as
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zero. This factor reflects the uncertainty of the control-
ler because of lack of knowledge of what the disturbance is
doing across the dead interval associated with controiler
update. There is still a difficulty with equation (71)
because the measurement instant k-c does not correcpond to
the control instant k+(R1l-2)c. Equation (71) may be ad-
justed to align these instants. From equations (65) arid
(66) it can be established that

.

Y+ (R1-2)c = % {0‘2 Zk+(Rl 2)e t B2L-Wyy (r1-3)c
+v2 [ 0 ]
— = } (73)
Y+ (R1-3)
| Yk-2¢ )
Or, writing in the same notation as equation (70)
Ugo = Gpr {02.5,_ + B2L.W, 5, +32 [ O }(74)
Vk-c '
| Yk-(R1+1) G

B2l is equal to B2 - [832] with the top m rows, which in
0

fact result as zero, deleted.

2.6 Extension to cater for time
Delays

The control algorithm of equation (74) needs to be
extended to cater for the presence of time delays associated
with the inputs U and disturbances V. The structure of
equation (64) has the advantage that delay values may be

rounded down to the nearest multiple of c, the update interval.
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Therefore, a delay less than c may be ignored for the pur-
poses of control system design and implementation. This

factor can be important in the initial selection of c.

First consider the situation with the delays associa-
ted with the controls U all the same. This is not as
strict a requirement as it at first appears since the
actual requirement is that all associated delays must fall
within the update interval d.c*(d+1l)c, with d the delay
expressed as a multiple of c. The more general situation
is discussed later. Ignoring disturbance delays, the

control algorithm of equation (74) becomes

U

-k -C = gm'{ E'E

k-(l-a)c + B21.W

- |

k-2c L= Yk+d—c

}(75)

-

Yk-(R1_1-d)c

= i

Disturbance term V, is reintroduced from equation (74).

Equation (75) requires transformation, similar to
that applied to equation (73), in order to synchronise the
measurement and control instants for realisibility. Equa-
tion (65) is therefore iterated d-1 times and substituted

into equation (75) to give

Ugo = G- 1 a4y .+ B4. [0, 50 * Y41 Vyia }(76)
Uk-(R1+d+1) c L?%—(Rl+l}c

ad = ggé and B4 and B4 are derived by successive manipu-
lation of a2, B2, B21 and Y2.

If there is a delay associated with the disturbance

elements, say dl, then equation (76) becomes, presuming
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all distuibances are subject to the same delay

U_.=60G_. { couuuun. + Y4. 1 (77)

V- (a1-4a)

V- (R1+1+d1) e

e

For equation (77) to be realisable, all disturbances ahead

of instant k-c must be set zero. Therefore, if dl>d then
equation (77) holds. Otherwise, equation (77) must become
Uoe = Gor loveviis +yd1 v, }oo (78)

V= (R1+1+d1) c

e -

by setting Vv, ~ Yk—(dl-d)c zero. . 41 is the truncated

form of Ii'

If the delays associated with the disturbance ele-
ments in V differ, then the arguments used previously to
relate to the zeroing of forward values of V now relate
to the zeroing of pafticular elements within V. If delays
associated with .the control elements in U differ, then
it is necessary to select the largest of the associated
delays as that defining the number of iterations to make
the control equation realiable. Control actions for
certain elements with shorter delays are then computed
ahead of actuation time and must be saved until their
actuation instants arise. For example, if U _ is con-

k=-C
stituted of two elements Ul and U2 such that

Uzk-ZC

U2

then to be realisable the controller must compute [Ulk
k=-c
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The calculated U2 is implemented immediately at instant k-c.

The calculated Ul is saved to be impl.emented at instant

2.7 Appreciation of Control
Algorithm

Equation (77) represents the generalised control law
to minimise the cost of equation (68) with M- x, The
equation relates to a linear approximaf&on of process
dynamics. It caters for multivariable interactions,
time delays and feedforward compensation of disturbances.
Equation (779 does not involve process-set points. It is
straightforward to show that the vector of set points Yss

(px1l) may be introduced into equation (56) to give

with
XEk = |4 T Iss gie EEk-—c = XE-k—c
: XEy¢-2c
Yy - o :
A k SR-1 85- s |
Therefore, Z in equation (77) may be replaced by ZE,
which is a compound error vector. The controller is there-

fore now acting to zero ZE and thereby drive the outputs
to set points. Considering equation (77) and replacing
the difference terms U and V the final controller results

as

Y% 7 Zk-c T G, {0d.2E, _  + B4. [w _, . - m_j¢

- (R1+d+1l)c” k- (R1+d+2)c

—
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Y2 [¥k-(a1-d)c - ¥k-(d1-d+l)c (80)

¥k-(R1 1 dl)c” Yk-(R1+2+dl)c

=

Difficulties arise if the number of outputs is grea-
ter than the number of inputs. In this case, the set
points vector becomes constrained. It is only possible
to freely set as many set points as there are control in-
puts. Most control problems consider systems with the
same number of inputs as outputs - the outputs being the
parameters to be controlled. There is, therefore, usually
no difficulty. Should it not be desirable to treat the
problem in this way, then it is necessary to either have
knowledge of plant steady state characteristics or to
establish some other scheme for incorporation of the set
points.

Equation (80) has properties that make it attractive
as a control law.

(a) The controller computes a correction in input, not

an absolute value.

(b) The r.h.s. is also based solely upon difference
terms, not absolutes.

(c) Output quantities are only differenced with respect

to set points, not with respect to each other.

(d) The structure of equation (80) can cater for the
wide variety of situations, from the very simple
first order, single input and output situation to

the complex one with multiple inputs and outputs.
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Factors a, b and c give the controller properties
similar to the conventional industrial regulator, namely,
integral action with error feedback. The control struc-
ture permits tolerance to non-linearity and time variance
in the process, and performance should not be subject to
offset in the steady state. Factor c is useful if noise
is present on measurements. Noise impact is not aggra-
vated by successive differencing as, for example, is
necessary with conventional differential control action.
In its most simple form, the application to a first order
system with no delays or disturbances, the control law re

reduces to

U T Y%ee T gl(Yk-Yss) +_E2(Yk-sl-YssJ b

Only two computations of error are required and there

are no input difference terms on the right hand side of
the equation. Thus, although equation (79) appears
complex, in many practical situations it reduces to a very
simple structure indeed. An interactive computer facili-
ty incorporating a graphics display facility and simula-
tion software has been developed for the design and imple-
mentation of cohtrol systems using this algorithm. The
facility is described in greater detail in the following
chapter.



CHAPTER THREE

COMPUTER SYSTEMS FOR MILK POWDER
MANUFACTURE

3.1 Introduction

An IBM System 7 computer has been interfaced with a
milk powder manufacturing plant situationed at the New
Zealand Dairy Research Institute, Palmerston North. Soft-
ware has been written to allow compufér aided control system
design methods to be applied and then allow operation of
~ the plant using the controllers so designed. A descrip-
tion of the processing plant, instrumentation, computer

and software follows.

32 Processing Plant

The processing plant consists of a pilot scale
Wiegand three effect falling film evaporator coupled to
a De Laval tall form:spray drier. A diagram of -the evapora-

tor is shown in figure 3-1.

The pilot plant is approximately 1/10th the capacity
of a commercial system but is designed so that it behaves
in the same way. Skim milk initially at 9% total solids
concentration is processed to about 48% total solids at a
rate of 1650 kg/hr.

.Wiegand24 gives a general description of the operation
of falling film evaporators. A simplified block diagram

of the NZDRI plant is given in figure 3-2.

The incoming milk is passed through the steam jacket

in each of the three evaporating effects. This raises
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°c

the milk temperature from a temperature of less than 10
up to a temperature of approximately 70 c. The milk is
then passed through a direct steam injection unit opera-
ting at a temperature of 105 Sa. The milk is held at this
temperature by means of a variable numwber of holding tubes
for a period of time. This preheating of the milk serves
the double purpose of destroying micro-organisms in the
milk and determining some of the properties of the final

product.

Because of the large temperature difference that
exists between the preheated milk and the first effect a
detensioner is used to isolate the holding tubes from the
first effect and thus reduce the amount of flashing (in-
stantaneous boiling) which occurs within the first effect.
The detensioner operates at a pressure close to that of
the first effect, thus the milk leaves at a temperature
close to that of the first effect. The vapour flashed off
in the detensioner is combined with vapour leaving the first
first effect and used to heat the second effect. The milk
leaving the detensioner is pumped to the top of the first
effect where it is distributed across the first effect

callandria tubes.

Flashing occurs when the milk enters the first
effect and evaporation continues as the liquid flows down
the tubes under the action of gravity and the vapours
given off. The first effect callandria tubes are situated
within a vapour jacket fed directly from a low pressure
steam supply. At the base of the first effect tubes the
liquid-vapour mix is passed to a separator. Here the
vapour is passed to the vapour jacket surrounding the
second effect callandria tubes and the liquid is pumped to
the top of the tubes.

The second and third effects function in a similar
manner to the first but there is a variation in the liquid
flow path through the third effect. With increasing end-

[}
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concentration the product becomes more viscous, thus
causing a greater heat transfer resistance. This is

accounted for by passing the product through three sets of

tubes in succession. A single partitioned liquid-vapour
separator is used. The product leaves the evaporator at
approximately 48% total solids concentration. The vapours

from the third effect are removed by condensation using a
barometric mixing condenser. The vapours are mixed di-
rectly with a stream of cooling water and the condensate
discharged under gravity. The non-condensible vapours

are collected, compressed in a two-stage process using a
high pressure steam inter-stage ejector and then discharged
to atmosphere.

The spray drier is a De Laval tall form drier. It
is matched to the capacity of the evaporator. A diagram
of the spraydrier is shown in figure 3-3. Concentrate is
taken from the drier to a high pressure feed pump. Hol-
ding tanks situated in the line between the evaporator
and spray drier may be plumbed in as required. The con-
centrate is pumped through a spray nozzle at a pressure of
200-340 Bar. The nozzle characteristics are changeable
and ensure that the concentrate is atomised and mixed with
a flow of incoming heated air.

The airflow into the drier is heated by a direct
fired natural gas burner to a temperature of about 200 SE.
Air flowrate is controlled by damper vanes in the inlet and
outlet ducts of the spray drier. The atomiser concentrate
droplets are dried within the heated airstream to 3-5%
moisture content dependent on the type of powder being manu-
factured. The powder is collected from the bottom of the
drier and passed to a cyclone for packing.

3.3 Hardware System

The process control computer used is an IBM System 7
model. This unit has a 1l6-bit processor arnd 32K words

of memory. Internal parity checking of stored data is
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carried out. Background storage is available on magnetic
disk and a 2 megaword capacity is provided. The disk unit
comprises two disk cartridges, one fixed and one removable
using a single drive spindle. A 5012 multifunction
module provides the data interface between the computer
and the instrumentation on the processing plant. The
multifunction module incorporates 32 analogue input chan-
-nels each with 12-bit resolution, 2-process interrupt
groups, 6 digital input and 4 digital output groups (each
with 16-bitsfgroup) and 2 analogue output points (0% 10.24

volts d.c.). The module operation is software controlled.

Operator input is through a Tektronig 4010 visual
display terminal. The terminal is driven using a process
interrupt gronp, a digital input group and a digital out-
put group on the System 7 computer. Hardcopy of printed
information is obtained on a 5028 Teletype. The Tektronix
terminal also has a graphics facility which is used exten-
sively by the software operating systems. Hard copy of
graphic displays is obtained by outputting information onto
papertape and reprocessing on a Hewlett Packard 9830 mini-
computer coupled to an X-Y plotter.

3.4 Instrumentation

The evaporator and spray drier at the NZDRI are both
fully instrumente§25. The locations of the various mea-

suring devices are as shown in figures 3-4 and 3-5.

Temperature measurement using thermocouples is done
at 22 locations on the evaporator and 18 locations on the
spray drier. Each thermocouple is connected to one input
channel of a Hewlett Packard 3485A digital voltmeter/
‘scanning unit. Under control of the computer a particu-
lar input channel is accessed and the voltage read. An
appropriate binary coded decimal (BCD) value is then

output to the computer. Conversion to a temperature value



=52~

INSTRUMENT AND THERMOCOUPLE MAP
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INSTRUMENT CODES AND DESCRIPTIONS

L

PS1 Steam supply pressure FS7  1st effect steam flow AE5 Evaporator feed pump controller

PS3 1st effect chest pressure FS9 Condenser water flow AE6 Main condenser water flow controller

PS4 3rd effect separator pressure FS10 1st effect condensate flow AE7 Interstage condenser water flow controller

FS1 Flow to 1st effect XX1 Concentrate density from 1st effect AD1 Drier Inlet air damper controller

FS2  Flow from 1st effect XX2 Concentrate density from 2nd effect AD2 Drier Outlet air damper controller

FS3 Fiow from 2nd effect XX3 Concentrate density from 3rd effect AD3 High pressure pump controller

FS4 Flow from 3rd effect AE1 Preheater 1 steam vaive controller AD4 Gas to Burner Controller

FS5 2nd effect condensate flow AE2 Preheater 2 steam valve controller LSD1 & 2 Concentrate tank levels

FS6  3rd effect condensate flow AE3 1st effect main steam valve controller PSD2 & 3 Drier inlet and outlet pressures

PSD1 Drier chamber pressure FSD1 Inlet air flow FSD2 Exhaust air flow

FSD3 Burner gas flow FSD5 Drier feed flow XXD1& 2 Milk viscosity and inlet humidity
THERMOCOUPLE CODES AND DESCRIPTIONS

TS1 Milk feed to Spiral heater TS11 Milk to 3rd effect TS24 1st preheater condensate temperature

TS2 Milk from Spiral heater TS12 Concentrate from 3rd effect TS25 2nd preheater condensate temperature

TS3 Feed to 3rd effect heater TS13 st effect condensate temperature TSD1 Atomiser feed temperature

TS4  Feed to 2nd effect heater TS14 2nd effect condensate temperature TSD2 (A & B) exhaust bustle air temperature

TS5 Feed to 1st effect heater TS15 3rd effect condensate temperature TSD3 Throat temperature

TS6  Mitk from 1st effect jacket TS19 Main condenser feed TSD4 Ambient air temperature

TS7 Milk from 1st preheater TS20 Main condenser tail TSD5 Heated conveying air temperature

TS8 Miik from 2nd preheater TS21 Interstage condenser tail TSD6 Exhaust venturi air temperature

TS9 Milk to 1st effect TS22 Steam in 1st effect chest TSD7 Low pressure concentrate feed temperature

TS10 Milk to 2nd effect TS23 Steam in 1st effect jacket TSD8 (A & B) cyclone exit temperatures
TSD14 Chilled cerveying 2ir temperature TED2—13 Chamber wall temperature

Figure 3-5

Instrumentation description
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is then performed within a computer program.

The remaining plant variables are measured using
analogue signals. The instruments are calibrated to the
standard range of 4-20 mA. The signal lines connect to
32 ohm resistors at the System 7 computer termination
cards, thus producing a 128-640 mV reading across the

analogue input channels of the 5012 multifunction module.

Flowmeasurement in the plants is performed using
either differential pressure meters or eléctromagnetic
flowmeters. The latter method is used for the measure-
ment of milk flows, where sanitation is a prime require-
ment. Pressure measurement is performed using differen-
tial pressure cells except when sanitary construction is
required. In these cases an isolating diaphragm type

instrument is used.

Product density at various points through the plant
is measured using densitometers. These instruments rely
on variations in natural resonance frequency to give an
indication of density. A high density fluid produces a
lower resonance frequency than one of low density. A
4-20 mA signal proportional to the density is sent to the

process control computer.

Process activation functions are implemented using
standard Honeywell computer output stations. Each station
is individually addressable and can sample a voltage out-
put by the computer and convert it into a 4-20 mA current
signal. This signal then drives an electro-pneumatic
positioner thus obtaining mechanical movement proportional
to the computer voltage signal. The output stations have
the ability to "hold or maintain" their signal until an
updated value is provided by the computer. Manual over-

ride is available if required.

Initially all sensor lines are directed to a control

panel located in the process control room. This panel
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houses the Hewlett Packard digital voltmeter/scanning
unit, frequency to current conversion units for the densi-
tometers and power supplies for the analogue instrumenta-
tion as well as providing a convenient collection point

for interfacing with the computer.

8.5 Software Systems

Two software systems (a real time system and an off-
line system) have been developed for the IBM System 7 com-

puter.26’27

During the initial development stages it

was found that the memory storage available (16 K words)
would not allow a single system to be implemented, hence the
division into two separate but inter-related parts. Both
systems are written using the assembler and FORTRAN IV
languages. The real time system is used to link the com-
puter to the milk pwder plant and control its operation,
whilst the off-line system is used for setting parameters,
modelling the plant and designing and simulating the contrel

systems for the plant.
8.5.1 Real time System

The real time system is made up of a number of
different programs or tasks each of which is responsible
for a particular operation, e.g., sampling of an input
signal or allowing the plant operator to access parameters.
The tasks utilisé the System 7 interrupt driven, 4-1level,

28,29 Under this structure each task

priority structure.
is assigned to a priority level according to the relative
importance of the function it is to perform. 0 is the
highest priority, 3 is the lowest. Table 3-1 shows the
priority levels and the functions of the tasks associated

.with the particular level.

The real time system supports 15 thermocouple readings,

20 analogue input signals and 10 output stations. Up to
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Table 3-1

Priority Structure

Level Program Functions

Disk driver
0 Real time clock
Hewlett Packard DVM acknowledge

Analogue output to output stations

1 Read digital input signals, convert
to engineering units

Read analogue input signals, convert
to engineering units

Set level of automatic control on
plant

2 Perform control calculations

Emergency plant shutdown

Operator input/output, graphics

Plant status messages

twenty control loops are available, nominally 12 for con-
trolling the evaporator and 8 for control of the spray
drier. System configuration is performed using the off-
line system; Parameters are then passed to the real

time system using. an external data file.

The various programs making up the real time system
are interrupt driven. These interrupts can occur from
the real time clock (i.e., tasks are scheduled to run at
particular points in time), as a consequence of a request

from the operator, or as a result of a request from another

“task. The programs allocated to level 1 are executed on
a time scheduled basis. The analogue input channels are
sampled every 0.25 secords. A channel address is specified

and the appropriate voltage signal recorded. The signal
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is processed to give a reading in engineering units.
Filtering of the reading using the exponential smoothing
algorithm is carried out if required. The procedure is

repeated for each of the analogue input signals.

Sampling of temperature signals is also performed
every 0.25 seconds. This time, however, the multiplex-
ing of input channels is done by the Hewlett Packard
Scanning Unit. The required,chénnel address is sent to
the scanning unit which then reads the corresponding signal.
Once this voltage signal has been converted to its equiva-
lent BCD form an acknowledge ready interrupt is sent to
the computer. The digital input group is read and the
engineering units conversion is performed as is filtering

if required.
Filtering is performed using the well known formula

?k = (1l-a). 9k—l + a Vi

The interval k2k+1 is 0.25 seconds, Yk is the measured
value and ?k is the filtered estimate. The filter con-
stant a is selected on the basis of visual inspection of
the characteristic of variable §, to give a reasonable

smoothed response.

Analogue output signals (1-5V) are sent to the
output stations every second. The output stations are
connected to a common bus line and the receiving station
is specified via a separate digital output group. On
receipt of the required signal the input terminal of the
selected output station is connected to the common bus line.
The signal is sampled and an equivalent current signal

passed on by the output station.

The program for calculation of control actions runs
every second. Each control loop has its own internal
clock counter and control calculations are synchronised

to this counter. Data for use in these calculations is,
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however, being collected at the requisite points in time.
An option is available to store plant and control data
onto disk storage. The frequency of storage is specified
by the operator.

The remaining programs are activated on request by
the operator. On receiving a request interrupt the com-
puter issues a prompt to which the operator must reply
with a 3-letter code corresponding to the program func-
tion he requires. Functions which may be requested by
the operator include printouts of plant variable status,
control loop parameters including setpoints, control
limits, mode and level of operation, graphics and level
of plant operation. The computer can be directed to per-
form safety checks in which case warning messages and/or
complete plant shutdown occurs if an abnormal situation is

encountered.

The graphics display facility is an important fea-
ture of the real time system. It allows the operator to
observe the history of the plant operation and compare
the present state oftoperation with previous states. The
time scale of the graph, variable displayed (maximum of
six per graph), vertical scale and resolution can all be
directly adjusted by the operator. Hard copies of par-
ticular graphs are obtained by outputting data onto paper-
tape and reprocessing the papertape using a Hewlett Packard
9830 minicomputer coupled to an X-Y plotter. 2 typical
graphics display is shown in figure 3-6. The graph scales

represent the value in engineering units * 10.0.

The control portion of the real time system has been
-developed so as to be effectively plant independent and
capable of supporting any desired structure of control

hierarchy.
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3=15r 2 Offline System

The offline software system is designed to be used in
conjunction with the real time system and serves two main

purposes.

(1) The system allows the operator to specify the plant

configuration to be used by the real time system,

(ii) The system allows the operator to access data and
design appropriate controllers using least squares
modelling, dynamic programrming and simulation tech-
niques. The data used by these techniques may be
either actual plant data obtained whilst monitoring/
controlling the plant using the real time system or

data generated from within the offline system.

A common structure is used between the two systems with
respect to data areas and various subroutines. Data is
passed from one system to the other by way of two disk files
- one for the system configuration parameters and the other
for plant data.

The system parameter file (SSDATA) can only be changed
using the offline system. Some of the parameters read from
this file by the real time system -may be changed online.
These paraméters generally relate to the input/output func-
tions, such as setpoints, graphics and data storage inter-
vals, which a plant operator must have access to online.
This ensures the integrity of operation of the real time
system as parameters which could cause a system failure are
inaccessible. '

The ability to reconfigure the plant from the key-
‘board is an important feature of the software systems. Not
all the plant variables measured need to be monitored
during a particular run thus various system parameter files

can be set up depending on the tupe of product to be manufactured
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A great deal of flexibility is therefore available as far
as structuring of the control loops. Twenty loops are
available and these can be configured to be primary (i.e.,
adjusting a value position), secondéry (i.e., adjusting the
setpoint of some other control loop), single loop or multi-
variable as required.

Control system design is performed using an interac-
tive design procedure utilising the graphics display fea-
tures of the 4010 Tektronix terminal. A recursive least
squares procedure is used to estimate coefficients given
a combination of parameters that define the model struc-
ture. Plant input and output data recorded on a disk file
as a result of previous experimental runs is used. The
designer selects the inputs and outputs associated with
the model and proposes initial combinations of structure
parameters, perhaps on the basis of desired response times
of controller or because of disturbance characteristics.
Initial delay values can be estimated by inspection of the
graphical data. The least squares procedure is then called
in to attempt an estimation of the coefficients.  Model
effectiveness is assessed by using the model and regenerating
the input and output data. If the model is ineffective,
it is up to the designer to postulate reasons (e.g., incor-
rect process order or exclusion of a disturbance) and to

adjust parameters so as to attain-an improved model.

The modelling facility relies almost entirely upon
the pattern recoghition abilities of the designer. No
attempt has been made to provide additional facilities to
help the designer in choice of parameters, apart from simple
covariance/correlation quantities, generated by the least
squares procedure. There are techniques available that
can assist, for example, in selection of process order and

-time‘delays.?’o’31

Having obtained a suitable model, control system

design is performed using a discrete dynamic programming
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procedure. The designer selects the diagonal weighting
matrices P and Q as well as the number of stages the
algorithm will be applied over. The computer then cal-

culates the controller gains corresponding to these para-
meters. At this point the designer is then able to spe-
cify setpoints and disturbance characteristics before simu-
lating the time response of his model when implementing this
particular controller. The graphics facility enables

these time responses to be studied in detail and assess-
ment of control effectiveness to be established. If the
simulated response is not satisfactory the control design
can be repeated. Once a suitable controller has been
designed and simulated the parameters are written to a disk
file to be accessed by the real time system and the control-

ler performance evaluated online.

3.6 Offline Simulation

The use of simulation was an important part in the
development of the oeprating systems. By this means the
various aspects of modelling, control system design and
implementation could be extensively tested before actually
using the real time . system on the plant. The response
of the test system is known and if the simulated response
deviated from this "time"” response the error in implementa-

tion could be traced through the various design stages.

The base system used is representative of a fourth
order mass, spring and dashpot system as shown in figure 3-7.

Two external forces, Ul and U2 are required to main-
tain the masses My, M, at their respective equilibrium
positions Xq and X5 If the masses are assumed to be
1 unit, spring constants,kl and k2 equal to unity and

damping coefficient equal to 0.5 then the system can be
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represented by the state equation:

e B N = [
%, o 0 1 o X, 0 0] Us)
%, _|o o o 1 x| 0 0 U,
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%, | 1 -1 0.540.5] %) 0 1

-X = Ax+Bu

Z—Xt', 4 = A_l(g—L)B for a sample

period of 1 sec and assuming that the inputs are realis-

Using the relations ¢ = e

able in a time much shorter than the time constants of
the system, so that any change in value is seen by the

system as a step change gives
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X .428 .246 . .489 .225 b

1 it
X, | -246 674 225 714 X,
%, -.753  .264 .052  .378 %)
2 .264 -.489  .378  .429 %

P J LoeJy

+ [.326 .08 uy
.08 .406 u,
.489  .225 k
225 .714

- =
This equation has the form Xep1 = E-Ek 4 A W and can be

used to generate discrete data corresponding to the pre-

viously defined fourth order system.

Figure 3-8 shows a sequence of data generated for
this system. With inputs Uy and u, set to 300 the equili-
brium values for X4 and X, are 600 and 900 respectively.

The inputs u, and u, have been randcmly perturbed at 12

second interials. The amplitude range of the perturba-
tions is defined from the keybcard and in this example is
300+£50. A 10 second delay period has been specified
between the application of an input and the resultant res-

ponse.

Superimposed on the responses of X4 and X, is the
piecewise characteristic response of the least squares
model, derived from the perturbation data, when subjected
to the same sequence of inputs. The model is fourth order
and has an update interval of 6 seconds and a sample inter-
val of 3 seconds. To cater for the delay in the system
the model incorporates a delay of 1 update interval (6

second) plus an additional back input sample.

The least squares model has the form
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where EkT =T (Xl} i
X
27 g
'xl]
\x J
L 2 kT-1 |
Sk = {ul] i
u u
27 ko 27 (k-1)T
B
u u
27 (k-1)T 27 (k-2)T
o =[ .77 -.03 .23 .03
-.35 .94 .35 .06
1.03 .27 -.03 -.27
.06 1.42 -.06 -.42
B = [ .78 251 . 46 i |
.50 1.29 .90 1.10
.02 .03 .60 1.00
.03 .05 1.13 1.53
T = 6 seconds, T = 3 seconds

If the order of the model is made less than 4 or the delay
altered from 1 update interval plus the back input sample a
poorer model is obtained.

The next step in the procedure is to design a con-
troller. The interactive facility allows the designer to
specify the diagonal elements of the weighting matrices P
‘and Q.

to minimise the quadratic performance criteria.

A dynamic programming procedure is then performed

-T T -~
ou |
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leading to a controller with the form

Ugp = G &g + H Wpmp

e = error vector
'Y

ykT = past i1nput vector

For weights P = diag. [1, 1y, ply; JJ and Q = diag.
[0, 0] 10 iterations of the algorithm gives,

Ugp = (“1] g [“1 }
u u
L ey V¥ gy
S [xl] i [xl]
XJ 3
27y = a
[Xl] (xl
X X
L % ey 2 g -
¥t ~ “1] - u1]
u u
2" (k-1)T 2" (k-2)T
ul\ - ul]
u2J L)
(k-2) T (k=3) T
G = [ 1.72 .91 -.03 .04 T
' .96 -.90 -.04 .04
H = -.75 okt .02 -.28
.07 =-.77 -.37 -.38

The response of the least squares model with this
controller acting is shown in figures 3-9 and 3-10. The

setpoints in each case are 500 and 900 for Xy and x., res-

2
pectively. Figure 3-10 shows the control response when
the measured value is subject to a 5% noise level. The

values in the weighting matrices may be adjusted until
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the desired control response is obtained. Figure 3-11
shows the control response for weights P = diag. |, 2 @ Y],
Q = diag. [1,1]. As there is a weighting on the control
effort the control response is slower than previously.

The control matrices for these weights are

G =1[-.81 .33 -.03 .03 7]
.40 -.53 -.04 -04 |
H = [ -.45 -.08 -.08 =-.257]
-.10 -.58 -.30 -.33

This example has demonstrated the design of a multivariable
control system. The flexibility of the interactive
facility allows other control configurations to be de-

signed and tested without additional restraints.

Controllers incorporating disturbance terms may be
simulated by generating data with up to 4 inputs. As
an example, consider the data as shown in figure 3-8. If
variable Xy is regar@ed as the only output variable of
concern, a control system with the single input uy and u,

as the disturbance could be designed.
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CHAPTER FOUR

REAL ' TIME APPLICATION OF CONTROL
SYSTEMS

4.1 Introduction

The software systems previously described are used
to develop and implement computer control systems on a
milk powder manufacturing plant comprising a triple
effect evaporator and a tall form spray drier. Plant
models from measured input and output records are obtained
using least squares techniques. These models incorporate
time delays and disturbance effects if required. Con--
trollers are designed using the derived plant models and
tested in simulation. Control design is based on the
minimisation of a quadratic performance index using
dynamic programming. The modelling and control design
utilise a graphics display unit allowing fast interactive
development.

Controllers so designed are implemented using the
real time software. The control systems may be developed
in an hierarchical fashion following procedures similar
to those conventionally used for the development of direct
digital control (DDC) cascade heriarchies. A simulation
model of the evaporator is used to aid in the choice of

a hierarchical structure. The full facility, incorpora-

- ting modelling, control system design and heirarchical

implementation, is demonstrated to provide a very effec-
tive basis for the development of control system strategies

for application to an industrial plant.
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4.2 Hierarchical Control Schemes

DDC systems for large processes are usually con-
figured in an hierarchical fashion32’33. Each controller
is assigned an associated level of operation. In
general, the higher the level of operation, the more
difficult is the control task and the closer is the
controlled variable to the product. The first level of
control normally relates to the material and energy
feeds to/from the plant (e.g., milk inlet flowrate,
steam flowrate). These systems usually have relatively
fast dynamics. Controllers to regulate plant or interme-
diate parameters within the process, usually with slower
dynamics, are then designed to adjust the setpoints of
the first level systems. There may be a number of levels

in the final control scheme.

It is very often the case that, given the first
level of control, there are a number of configurations of
hierarchy that might appear realistic for overall plant
control. The best .such configuration is usually estab-
lished by experimentation on the actual plant. The
final form of the control system is therefore not always

known initially.

These factors apply equally to the control approach
described in this chapter. The method provides a basis
for the control of generalised input and output systems.
It does not restrict the inputs and/or outputs that may
be associated with any particular control system. It
does not provide a basis to establish a single plant control
system by considering the whole plant as a multivariable
black box (as is so often dohe with state space control
designs ). instead, the method follows the well estab-
lished control system design approach of regarding the
plént as being comprised of a number of subsystems. Each
subsystem is controlled independently and the overall

plant operation is co-ordinated using a structured control
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system hierarchy.

The advantages of the method in comparison with the
conventional DDC approach include

(a) the catering of aspects which degrade the perfor-
mance of conventional DDC systems, e.g., interac-
tion and time delays;

(b) the design approach for each control system, irres-
pective of its complexity and/or position in the
hierarchy is uniform;

(c) it is possible to standardise the software, both
for design and implementation tc cater for a genera-
lised hierarchical structure with generalised control
systems within that structure; and

(d) online and interactive graphics allows the control
engineer to quickly assess performance. This
feature is a powerful aid in steering decisions
to the most appropriate subsystem and hierarchy
structure.

The control software has been developed so as to be
effectively plant independent and capable of supporting
any desired hierarchical structure. The concept of a
control loop has been retained and in the multivariable
context, a group of control loops is synchronised to
utilise the same measurement set. Each control loop
incorporates most of the parameters normally associated
with control - measurement, set point, actuation signal,
limits, etc. The actuation signal may be associated
with an actual plant adjustment (e.g., valve position)
or the setpoint of a controller active at some lower
level in the hierarchy, according to the specification
of the control engineer. Multivariable control is
achieved by chaining loops together. Each loop has two
associated link numbers - a base loop reference and a

reference to the next loop in the multivariable chain.



—Fig=

The base loop is the first loop in any chain. If the
link to the next loop points to itself, the end of the
chain is signified. If both links are the same, a
single input, single output control system is specified.
This chaining mechanism permits a single control algo-
rithm to be written that caters for both simple and
complex modes of operation. The single input/single
output controller is a special case of the n input/m
output control scheme.

Control system operations méy therefore be completely
defined from a data base reference. Control system
complexity and hierarchical structure are therefore very
flexible. There is a much smaller risk, than with con-
ventional d.d.c. systems, that software innovation might
be required should a more complex control situation arise

than had been anticipated initially.

4.3 Development of Total Plant
Control Systems

Initially the computer has no information relating
to control systems for the plant. The control engineer
first selects subsystems that are to operate at the lowest
hierarchy level. The input, output and disturbance
structures are specified. Each subsystem is taken in turn
and an experiment is carried out to collect plant data for
modelling purposes. The order in which the subsystems
are treated may depend on factors particular to a process.
As each controller satisfies the design criteria it is
incorporated into the hierarchical structure. Thus, the
first controller at the lowest level is obtained with the
- plant operating under manual control, whilst the last
control system at the first level is determined with all
the other level 1 controllers operating. The first level

controllers may then be redesigned if required.
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Given a complete set of first level controls,
experimentation can then commence to develop the second
level of control. The procedure outlined is repeated
for each of the subsequent higher levels. Control
systems at a level must all be fully operational before
commencing experimentation at the next higher level. It
is important that the lowerlevel controls remain fixed
as the process models at a level incorporate controllers
operational at a lower level. Adjustment would nece-

ssitate re-definition of all controllers on higher levels.

Many plants may not lend themselves to control
development using this procedure. The nature of the
plant may rule out the possibility of perturbation experi-
ments or it may be necessary to have a satisfactory first
level of control before any experimentation can be carried
out. For example, a preliminary level of d.d.c. may be
required to bring the plant to an operational status.

The d.d.c. systems could then be replaced by more effec-
tive control systems. Control of the plant at the first
level is usually straightforward so this aspect is not a
major difficulty. Restricted experimentation may cause
a problem however. It is equally possible to create
acceptable data for analysis by injecting only small
perturbations into the plant and thereby restricting
output deviations to within normal operating values.

If the practical constraints (e.g., safety, cost, etc),
are such that perturbation experiments are out of the
question, then the design of controllers must rely on
analytically derived models of plant dynamics, thereby
abandoning the statistical approach. Alternatively, it
may be possible to establish models from the normal day
to day operating records of the plant rather than as a

result of a special experiment.

On the milk powder manufacturing plant this procedure

has passed through four stages - preliminary work using
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an analytically derived simulation model, first or primary
level control of the evaporator, second and higher level
controls for the evaporator, primary level controllers

for the spray drier.
The following sections detail the development of

the control structure at each of the stages.

4.4 Simulation Model of
Evaporator

Prior to the installation of instrumentation on
the plant, and consequent linking to the process control
computer, a simulation model of the evaporator was used
to develop and test poSsible control strategies for used
on the actual plant. The non-linear lumped parameter

model34

has been developed by writing mass and energy
balances for the various component sections of the eva-
porator, i.e., preheaters, detensioner, effects 1, 2 & 3,

barometiic condenser.
Process state variables included in the model are:

(1) concentration of milk leaving the 1lst effect, C;
(ii) temperature inside the 1lst effect, Ty;

(iii) solution hold up inside the 1lst effect, W;

(iv) concentration of milk leaving the 2nd effect, C2;
(v) temperature inside the 2nd effect, T2;
(vi) solution hold up inside the 2nd effect, W2;
(vii) concentration of milk leaving the 3rd effect, C3;
(viii) temperature inside the 3rd effect, T3;

(ix) = solution hold up inside the 3rd effect, W3;
Control variables are defined as:

(1) temperature inside the 1lst effect steam jacket, Tgi
(ii) flowrate of milk into the evaporator, Fni
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(iii) flowrate of condenser water, Fui
(iv) preheat temperature of milk, Tpp*
Of the four control variables defined for the model,
three were available to act as control inputs for the
evaporator. The preheat temperature, TFD’ affects the
final properties of the spray dried milk powder and thus

is normally constant over a particular production run.

Previous simulation studies with the model have
shown that there is interaction between all plant inputs
and process variables. In particular, the 1lst effect
steam jacket temperature, Ts, affects the 1lst effect milk
temperature, Tl,heavily and Fw affects the 3rd effect milk
temperature, T3. These responses occur relatively
quickly with time constants of the order of 5-10 seconds.
In contrast, responses to changes in the inlet milk
flowrate, Fy, are very much slower because of transport
delays between effects and the subsequent propogation

time through the evaporator.

In keeping with the established method of considering
subsystems within a large system for control development,

the temperatures with their fast responses are considered

first. The simulation is used to generate data by
applying random perturbations to both T and Fior whilst
keeping FM and TFD constant. A model is obtained from

the data using least squares techniques and a multi-
variable feedback controller with minimum time characteris-
tics can then be derived. Simulation of this controller
shows that good control over Tl and T3 may be obtained.
from the application Viewpoint, however, a controller
- of this form is seen to be unsuitable. The responses of
T, and T3 are both quick but there is a delay in the pro-
pogation of changes in the 1lst effect through to the 3rd

making choices of suitable setpoint values difficult. Also,
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the product state may be defined by any two of the pro-
perties temperature, flowrate and concentration. Thus
a control system based on temperatures only, bears little

relation to the product status.

A possibility is to have a control system defining
the product status at some point in the evaporator and then
use steady state relationships between that point and the
final product out of the evapbrator. Since the energy
input occurs at the 1lst effect a system is developed to
give tight control over this section of the plant, Tl and
Fl’ the milk flowrate out of the l1lst effect are the vari-
ables to be controlled. Concentration is not regarded
as control variable at this stage as it was thought that
measurement of concentration would be more difficult and
less accurate than measurement of the other two variables,
flow and temperature. Subsequent operation on plant
proves this to be incorrect with product flow measurement
being much noisier than concentration measurement. The

control inputs chosen are Te and FW, Fy, being disregarded

because of the effect of changes propogating through the

plant.

Data is generated as before and a multivariable

model found.

[§(k+1)T 1 Ex
Z(k+1) T-t] = _N=ep e = kT
where rTl
Xkt * ]
LF]_
kT
W T - T
=T Sk S(k-1)T
By = F
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T = 8 seconds t = 4 seconds
a = [-1.95 1.33 -.95  -1.33 ]
- .03 10.48 .03 - .48
1.50 1.00 -.50 -1.00
- .03 10.36 .28 - .36
B = [ .45 -.18 ]
-.02 - -,03
.36 -.05
SN0 -.01 '

Figures 1 and 2 show the original data with the
response of the least squares model superimposed on top.
The top portion of each figure indigates the error between
the true value and the modelled value. The temperature
data has been modelled better than the flow. This is in
accordance with the earlier simulation work which has
shown that Ts and FW affect the Tl’ Ts pair more than they
do Tl' Fl.

With weightingsﬁﬂ= diag [1,1,1,1] and?ﬂ = diag. [0,0]
and 2 iterations of the dynamic programming design algo-

rithm, the following minimum time controller is obtained.

HkT = X XEkT (2)
where EkT is as before,
YEyp = [Tl - Tsp]
F1 = Fsp) ko

error vector

=
=
|
3
0
el

1=
I

.69 7.78 -2.02 -4.53

[ -4.05 24.24 1.23 1.50 ]
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A series of simulation runs using the controller
developed}gerformed to determine its effectiveness. The
setpoints and corresponding response value after 10 con-
troller cycles are summarised in Table 1. Limits are
placed on the range of allowable control input values thus
ensuring a degree of realism. These limits are set at
o

steam temperature, T 60 °C to 95

S C

water flow, F 0 Kg/sec to 7.0 Kg/sec

W
The initial input values used are 83.0 °C and 3.5 Kg/sec.
These give initial values of 69.43 ©c and .362 1/sec.The
inlet flowrate, FM’ is set to 0.5 1l/sec and the preheat

temperature. TFD’ to 105 °c. The latter two inputs are

constant over each of the simulation runs.

Table 1

Simulation Responses

Final Value After

Setpoints 10 Control Cycles

Figure No. T1 Fqy T1 F,
3 73.0 .362 72.79 .356
4 73.0 .34 72.99 .342
5 73.0 .33 73.01 .331
6 73.0 .32 73.09 .329
7 69.5 .38 69.57 .376
8 69.5 .36 69.50 .360
9 69.5 .34 69.51 .341
10 66.0 .40 " 66.39 .403
11 _ 66.0 .38 66.17 L8179

12 66.0 .362 66.01 .357
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Figures 3 to 12 show the results of the simulation
runs. In each case variable 1 is the temperature Ti,
variable 2 is the 1lst effect flow, Fl’ In all cases
the temperature setpoint is reached within 2-3 control
cycles. The temperature responses in figures 3 to 6 and
10 to 12 exhibit overshoot. This has arisen because
one input of the multivariable controller, the condenser
water flowrate FW has saturated.

The flowrate response characteristic is seen to be
a function of the temperature setpoint. Figures 3 to 6
show flow response for a temperature higher than the
initial value, improves as the setpoint is lowered. Figures
7 to 9 show a much improved flow response when the tempera-
ture, Tl’ remains close to its initial value. Figures
10 to 12 indicate flow responses of a quality between
those of the others. The saturation of the condenser
water input masks some of the interaction between the
flow and temperature setpoints. The diagrams show that
effective control of T1 and Fl is available subject to
reasonable choices in setpoints. Remembering that the
input flow has been kept constant the setpoints should be
compatible in terms of a mass balance, i.e., an increase
in Tl (implying a greater evaporation rate) should be
accompanied by a drop in Fl setpoint or vice versa.

A method for setting these setpoints is now developed.
The objective of control on the evaporator is to define
the characteristics of the final product, i.e., the con-
centration and flowrate. Consider the evaporator is
operating at some steady state condition. Energy for
evaporation in the third effect is obtained from the
vapours leaving the second effect. This in turn depends
on a vapour flow from the 1lst effect and thus the tempera-
ture in the 1lst effect. Similarly the flow out of an
effect is a function of the flow leaving the previous
effect. Therefore, provided tight control is maintained
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over the 1lst effect, steady state relations can be used
to determine suitable setpoints for Tl and Fl based on
desired outflow.

The steady state equationsobtained are:

0.0347 Fy *+ 0.3777 Fu + 0.033 (3)

|
=
I

121.4197 F,, - 179.9037 F

M 3 * 28.5128 (4)

L

Figures 13 and 14 indicate the accuracy of the two
equations obtained. The top portion of each figure
gives the error between the true value and that estimated

using equations (1) and (2).

4.5 Primary Controls for a Triple
Effect Evaporator

The overall objective of control on the evaporator
is to produce a consistent product, at some desired speci-
fication, with a steady production rate. Achievement of
this objective simplifies some of the control problems
that might arise on the spray drier, leading in turn to
a higher quality milk powder. This objective results in
a requirement for control of the density (and hence con-
centration) and flowrate of the concentrate leaving the

third effect of the evaporator.

Table 2 outlines the hierarchy of control systems
relating to a triple effect evaporator. This section
deals with the first level of the control hierarchy.

The controllers on the first level are concerned
with the operating environment of the evaporator. This
includes the supply of energy and raw material to the plant.

Four controllers have been developed to operate at this
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Table 2

Control Hierarchy for a Triple
Effect Evaporator

rcontrol of product density and

flowrate level 3

Secondary

control of evaporator
pressure

}

Primary {control of evaporator
environment

m
J,

Plant actuators process

level 2

level 1

level - control of the steam flowrate to the 1lst effect,
control of the watexr flowrate to the barometric condenser,
control of the temperature of the water leaving the inter-
stage ejector condenser and multivariable control of the

milk inlet feedrate and preheat temperature.

Each loop is considered in isolation. The nature
of the plant permits the plant to be overated on water
while developing the first level of control. Manual
operation is used to bring the plant to its normal
operating level. As each loop is developed in turn, it

is incorporated into the control scheme.

4.5.1 Steaﬁ Flowrate

Figure 15 is a schematic diagram of the steam supply
system. The steam pressure is measured on the upstream

side of the valve and the flowrate on the downstream side.

MASSEY UNIVERSITY
LIBRARY
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Figure 15 Steam flow to 1lst effect

The objective is to control the flowrate of steam to the
first effect. Manual operation of the valve shows
there is no delay between actuation of the valve and the

corresponding steam flowrate response.

The valve is set at a position corresponding to a
2400 mV signal from the computer (allowable values are
1000-5000 mV dependent on the particular valve). The
position of the valve is changed at 12 second intervals
over the fange 240 * 40 units (1 unit - 10 mV). A 1lst
order model (2 samples per control interval) with an update
interval of 4 seconds and a sample interval of 2 seconds
is obtained by applying the least squares procedure to
the data generated. The response of the model obtained,

to the original input sequence, is shown in figure 16.

" Rapid control of variations in steam flowrate
is desirable to minimise the impact of disturbances at
later stages of the process. Thus a minimum time con-
35 1,1,

P = 0 and performing 2 iterations of the dynamic programming

troller

is designed by setting weights of Q = diag.
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design algorithm. The operation of the controller is
seen in the accompanying diagrams. Figures l17a and 17b
are simulated control responses. The offline system is
used for these simulations. Setpoint is reached within
2 control intervals. Figures 18a and 18b reflect the
operation of the steam controller on the evaporator.
Figure 18a shows a setpoint change (continuous straight |
lines) from 400 Kg/hr to 430 Kg/hr. The target is
reached within 2 control cycles followed by minor changes
in the valve position to keep the flow at setpoint.
Figure 18b shows the effect of variations in the steam
supply pressure on the flow controller. Variable 18

is the pressure reading indicated in the schematic of

the steam system whilst variable 5 is the pressure at

the header pipe junction to the boiler. Variations in
the steam flowrate are kept small. Table 3 summarises
the steam loop parameters.

Table 3
Steam Loop Parameters

Model Matrices

a - = [1.37 -.37 |
1.28 -.28 J

B = 2.63 control interval 4 secs
2.52 sample interval 2 secs

Control Design Parameters

Q- = diag. (1,1) P =0 2 iterations

Control Matrix

K = [-.50 .089 ]
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4.5.2 Water Flowrate to
Barometric Condenser

Figure 19 is a schematic diagram of the barometric
condenser system. Control is required on the flow of
cooling water to the condenser. Negligible delay exists
between a change in valve position and a change in flow-

rate.

Water

Valve Actuator

NV

x

F Flow Measurement
o

Vapour ———> Barometric Condenser

*

Condensate

Figure 19 Water flow to condenser

The valve position is set to a mean value of 325.
The valve position is then perturbed in the range * 175
about the mean value at 12 second intervals. Figure 20
shows the perturbation data with data regenerated from a
derived model superimposed on the flow. This model is
1st order with an update interval of 6 seconds and a
sample interval of 3 seconds. Fast control action is
again desirable for this control loop so a minimum time
controller is designed by setting weights as for the
steam loop. Simulated control responses are shown in
figures 2la and 21b. Note in figure 21b the effect of
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a perturbation limit on
is used to restrict the
that may be achieved in

longing the life of the

the control action. The plsinmasts
maximum change in valve position
one control interval, thus pro-

valves. Figure 22 illustrates

the operation of the controller online to the plant. The

response of the controller to a sequence of setpoint

changes is excellent.

Setpoint is reached within two

control cycles except for the second setpoint change.

Here a perturbation limit is reached, thus reducing the

speed of response slightly.

The parameters associated with the water flowrate

control loop are summarised in Table 4.

Table 4

Water Flowrate Loop Parameters

Model Matrices

o = [1.36
1. 29

g = ".009}
. 006

-.36
-.29
control interval 6s

sample interval 2s

Control Design Parameters

Q = diag.

Control Matrix

K = [-127.3

(1,1), p=0 2 iterations

37.4
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4.5.3 Interstage Ejector
Condenser

Figure 23 is a schematic diagram of the operation
of the interstage ejector condenser. The flow of steam
to the condenser is varied, thus affecting the rate at
which the non-condensible vapours (i.e, nitrogen, oxygen)
in the 3rd effect separator are drawn off. The tempera-
ture of the condensate is a measure of the rate of with-

drawal of the non-condensibles.

D Valve Actuator

High pressure steam

Non-Condensible Interstage Ejector
Vapour ——— Condenser
/;\ Temperature
Measurement
‘f
Condensate

Figure 23 Interstage ejector condenser

The design of the interstage ejector system on this
evaporator is such that the valve is always close to its
fully open position. This restricts the allowable range
of valve positions and coupled with the freeplay in the
~actuating mechanism, has caused some difficulty in imple-
mentation of a controller. Figure 24 shows the data from
an experiment performed on this system. The valve posi-
tion is varied in the range 115 * 10 every 60 seconds. A

first order model with an update interval of 30 seconds
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and a sample interval of 10 seconds is found. Increasing
the sample interval to 15 or 20 seconds results in a
degradation of the model accuracy. - This confirms the

presence of the delay which is evident from inspection of

figure 24. A control systemwithweights Q = diag. (1,1)
P =1 is designed. The simulated response of this control
system may be seen in figure 25. Slight problems in

the implementation of this plant have been encountered.
When the temperature error is small (<1 OC) the change
in valve position calculated is less than 1 unit. However,
integer arithmetic is used by the computer in outputting
the signals, for valve positioning, to the output sta-
tions. With downward truncation this resulted in zero
change in valve position. Rbunding of the digital vaiue
to the nearest integer value lead to the problem of valve
sensitivity. For reasonable temperature errors, changes
in position of 1-5 units may be requested. This corres-
ponds to valve movements of fractions of a millimeter.
Friction and linkage freeplay made changes of this order
of magni tude difficglt. Fortunately tight control on

o

the loop was not too critical and deviations of *-75 “C

from setpoint are acceptable during operation.

The ejector temperature loop parameters are

summarised in Table 5.

4.5.4 Preheat temperature and
inlet flow controls

Figure 26 is a schematic illustration of the preheat
temperature and inlet flow system. A high pressure
pump feeds fluid into the evaporator. 'The fluid is heated
by direct steam injection downstream from the pump.
Computer output stations position the steam valve and
adjust the pump speed through a mechanical gear linkage.
Control of the flowrate and temperature of the fluid

downstream from the driect steam injection unit. However,
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Table 5

Interstage Ejector Temperature
Loop Parameters

Model Matrices

o = [2.81 -1.81
[2.23 -1.23

B = .089 control interval 30 secs
[.021 sample interval 10 secs

Control Design Parameters

Q = diag. (1,1), P=1 10 iterations

Feedback Gain Matrix

K = |-5.21  4.05 |

-—

" the steam injection gives rise to a back pressure which
tends to retard the flow. Also, a change in flow
affects the temperature because the mass of steam injec-
ted into each unit volume alters. The system therefore

has two inputs, two outputs and involves interactions.

Steam
Pump Speed Valve Actuator
Actuator 47
rluid ‘/;k\ > : >-Fluid
= >::< Steam
Ins
njector T
Flow Temperature
Measurement Measurement

Figure 26  Ppreheat temperature and inlet flow
system
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The outputs are the fluid flowrate and its temperature
whilst the inputs consist of the actuation signals to the

pump and steam valve.

The perturbation data generated is shown in figure
2. The system is set manually to an operating level of
approximately 1650 1l/hr inlet flow and 105 e preheat
temperature. This corresponds to pump and steam valve
positions of 307 and 259 units respectively. The inputs
are varied randomly in the range %25 units of their mean
values at 32 second intervals. A 2nd order multivariable
model is fitted to this data. An update interval of 8
seconds and a sample interval of 4 seconds gives best
results. No significant improvement in model accuracy
is obtained with higher order models. The regenerated
data gives a good fit to the temperature data but does not
coincide as well as for the flow. This can be attributed
ﬁartially to the non-linearities present in the pump speed
adjustment linkage. The approximation to the flow charac-
teristic is sufficient however to provide a basis for

control design.

‘A control system with design weights Q = diag.(1,1,0,0)
P = diag.(.1,0) is designed. This puts weighting on the
latest error samples and constrains the action of the
preheat steam valve slightly. The simulated control res-
ponse is shown in figure 28. Flow response is seen to be
quick while the temperature response is slower because of
the weighting placed on the steam valve action. This is
desirable to reduce the level of interaction and maintain
tight control. Figures 29a and 29b show the control
response when implemented on the plant. Good temperature
control is maintained in the face of flow setpoint changes.
There is some disturbance in flowrate after a temperature
setpoint has been specified. Flow measurement is noisy
but additional filtering of the signal is not desirable

as it would increase the time lag associated with the
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measurement. A rate factor of 0.4 in figure 29b versus

0.7 in 29a on the flow error term reduces fluctuations only

slightly but degrades the flow response to setpoint changes.
The parameter associated with this multivariable

system are summarised in Table 6.

Table 6

Preheat Temperature and Inlet flow

Parameters
Model Matrices
a = [ 2.08 -.03 -1.08 .03
-.04 .96 .04 .04
1.65 -.02 -.065 .02
(=319 .81 3..97% .19
g = .13 2012
-1.27 -2.38 control interval 8 secs
.05 .01 sample interval 4 secs
| =92 -2.33
Output matrix y = 'yl preheat temperature -
= - Y, inlet flowrate
Input matrix u ="u1 preheat temperature
LPz ‘milk feed pump

‘Control Design Parameters

Q = diag (1,1,0,0) P = diag (.1,0)
% 20 Iterations
Feedback Gain Matrix

K = -7.00 .09 4.06 L 1'2
2.16 519D - .[oE .08
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All of the first level systems of the evaporator
have proved to be straightforward to design and result
in very simple feedback algorithms, the multivariable
controller having the same basic structure as the single
loop controllers.

4.6 Secondary Controls for a
Triple effect Evaporator

Implementation of the full set of first level
control systems enables the evaporator to operate at an
equilibrium state that is a function of the setpoints
to those controllers. Higher level systems, termed
secondary controllers, are developed to adjust the set-
points to the primary controls according to the desired

properties of the concentrate leaving the evaporator.

Inspection of plant data obtained whilst developing
and implementing the primary controls precluded the
use of the control scheme developed using the previously
described simulation model of the plant. The measure-
ments of the concentrate flow, from each effect, and par-
ticularly those from the 1lst and 2nd effects, were found
to be noisy even with heavy filtering applied. This
arises because the lines between effects are kept filled
with fluid. Over-capacity scavenging pumps at the
bottom of each effect ensure this resulting in noisy flow
readings. Temperature changes measured within each effect
were found to be slower than expected as a result of the
thermal capacity of the plant. Changes in the 1lst
effect environment as a result of condenser water varia-

tions were also found to be slower than anticipated.

The alternative structure as shown in figure 30 has
therefore been implemented. Instead of controlling the
product properties at the 1lst effect and then applying
steady state relations over the remainder -of the plant

controllers relating directly to the concentrate leaving
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the evaporator are used. Time delays as a result of the:propo-
gation time through the evaporator are now important

and are catered for in the control algorithm used. The
3rd effect separator pressure is used as an output

rather than the temperature for the same reasons as before.

Preheat temperature —

Inlet milk flow — —E3 Density

Steam flow > ——E3 Flow
Evaporator

Condenser Water flow — | +E3 Separator

Interstage ejector pressure
temperature ——

Figure 30 Secondary control structure
for a triple effect evaporator

During normal plant operation the prehteat and interstage
ejector temperatures are maintained at constant levels,
thus the secondary structure becomes one with 3 inputs
and 3 outputs.. Experiments on plant show this is best
handled by further simplifying to a system for the 3rd
effect pressure and a system for the density flow confi-

guration. The development of these systems is described.

4.6.1 3rd Effect Separator
Pressure Control

Control of the third effect separator pressure 1is
required for a number of reasons. The pressure, which is
easily read and relatively noisefree, affects the con-
centrate temperature. It is desirable that the tempera-
ture is as low as possible to maximise the efficiency of
a multi~effect evaporator. The increased viscosity of

the concentrate, however, limits the minimum temperature
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possible.39 A constant value of pressure is also desirable
to minimise flashing of the milk in the 3rd effect. An
empirical relation is used to determine the percent total
solids of the concentrate from the density and temperature
measurements. Excessive flashing causes frothing within
the lines leading to incorrect density readings and tem-

perature compensation.

Figure 31 shows the perturbation data for the con-
troller design. The condenser water flowrate is set to
3.5 Kg/sec using the 1lst level flow controller. The set-
point to this loop is varied in the range ¥ 1 Kg/sec at
60 second intervals. A 2nd order model with an update
interval of 30 seconds and sample interval 10 seconds
gives the best fit. The simulated minimum time control
response is shown in figure 32. Implementation of this
controller is very effective. Figure 33 shows the res-
ponse to setpoint changes. The slight delay arises
because the point in time at which the change in setpoint
is entered does not correspond with the time for a control

action.

Separator pressure control parameters are shown in
Table 7.

4.6.2 3rd Effect Density and Flow
Controls

Control of the 3rd effect density and flow is im-
portant both for reasons of cost and the properties of the
powder produced from the drier. In terms of water
removal per unit of heat used, evaporators are far more
efficient than spray driers, (of the order 10:1), thus it

is important that maximum concentration is achieved within
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Table 7

3rd Effect Separator Pressure Control

Parameters
Model Matrices

a = [2.12 -1.06 -.06"
1:99 -1.0 5
[1.68 - JEL .04

B = [-.012
-.009 control interval 30 secs
-.005 sample interval 10 secs

Control Design Parameters

Q = diag.(1,1,1) P =0 2 iterations

Control Gain Matrix

K = [177.9  -86.85  -7.61]

the evaporator. Fouling of the callandria tubes as a
consequence of scorching the concentrate puts an upper-
limit on the concentration that can be achieved. Control
allows a safe compromise to these requirements to be main-
tained over an extended period of time. A steady concen-
tration in the feed to the drier also reduces variation

in the powder bulk density.

Control in the flow of product leaving the evapora-
tor allows close coupling of the spray drier evaporator |
plant. The capacity of the evaporator is usually greater
than that of the drier. This means that high solids
concentrate must be stored for a period of time before
processing in the drier. Under these conditions the
concentrate viscosity increases with time, again resulting

in variation in the final powder properties.36
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A single input, single output controller is consi-
dered first. The plant is brought to its normal operating
level using the primary level controls and allowed to run
for about twenty minutes to ensure steady operation. The
setpoint to the steam loop is then perturbed randomly
about its mean value at a specified frequency. Models
incorporating differing control and delay intervals are
fitted to the data generated. Figure 34 shows a model
with an update interval of 60 seconds and a sample inter-
val of 30 seconds. Additional samples are taken over
the previous two control intervals. Delay is specified
as being between 150 and 180 seconds. Figure 35 shows
the regenerated data from a model with an update interval
of 180 seconds and a sample interval of 30 seconds. Six
samples are taken and the delay is specified as less than
180 seconds. The effect of these parameters is to give
a fit that is almost identical to the model of the previous
figure. This is not surprising as the effective sampling
patterns for each model cover the same data spread.

Figure 36 shows a model with an update interval of 180
seconds and a sample interval of 90 seconds, delay as be-
fore. The model is significantly worse, thus showing
the beneficial effect of having more samples. Models
with other parameter configurations have been determined
but found to give poor representations of the plant dyna-

mics.

The residence time of the milk in the evaporator
is approximately five minutes with about 2% minutes delay
to a steam setpoint change before a density response is
seen. Consideration of these factors leads to the choice
of the first model as the basis for control design. Figure
37 shows the simulated control response obtained. Design
weights are Q = diag (1,1,1,1,1,1), P = diag.Q,1,1).
Implementation of the controller is shown in figures 38
and 39. The spikes in figure 39 on variable 15 are caused
by the densitometer temporarily loosing synchronism
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because of frothing in the fluid line.

It is apparent from the control responses that some
other disturbance effect is still impinging on the den-
sity. Analysis of plant data and further investigation
of the plant suggested that variations in the pressure of
the main steam supply should be monitored. A model
with the parameters of figure 34 but including the main
steam supply pressure as a disturbance factor is obtained.
The regenerated response shown in figure 40 gives good
agreement with the original data. Implementation of a
controller based on this model does not, however, provide

adequate protection from disturbance (see figure 41).

An additional loop operating on the lst effect
chest pressure was therefore set up. It was thought
that if a constant pressure balance were maintained across
the three evaporator effects, the impact of the steam
supply pressure would be much reduced. A density control
loop could then be set up to provide setpoints for the
1st effect pressure loop. Operation of this control
scheme proved however to be ineffective. Though fluc-
tuations were reduced they were still too large to allow
close coupling of the evaporator and spray drier. Changes
in the steam supply to the evaporator were then made to
alleviate the problem. The steam supply line was re-
routed and a knock-out vessel installed to remove entrained
water droplets. As well, a pressure regulator was installed
in the supply line. Test runs with the evaporator using
primary level controls only suggested that the modifications
had resolved the problems. New controllers were deve-

loped and these proved more effective.

The controllers are single input, single output,
incorporating two disturbance factors. Figure 42 shows
the perturbation data used for design of the controller

for 3rd effect density. The steam setpoint is varied in
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in the range 440 * 10 Kg/hr while the milk inflow is
varied ¥ 20 1/hr about 1750. Variable 14 is the density
of the milk supplied to the evaporator and lies in the
range 9 - 11 % T.S. Density fluctuations are introduced
by the addition of water or high solids milk concentrate.
The model fitted has an update interval of 60 seconds

and a sample interval of 20 seconds. Three samples are
taken per control interval with a total of 4 control
intervals considered at each update. The inlet milk flow
setpoint and inlet milk density are the two disturbance
factors. Delay is specified as 2 control intervals, i.e.,
180 seconds.

Figures 43a, b, and ¢ show the simulated control
responses with respectively no disturbances acting, inlet

density fluctuations and both density and inlet flow varia-

tions. The responses indicate the best compromise be-
tween setpoint response and disturbance rejection. Table
8 details the control gains for this loop. It is clear

that the structure of the controller is more complex than
those of the level 1 and 2 controllers. Operation of the
controller is illustrated in figures 44a and b. Distur-
bance effects are much reduced and the maximum variation
of density from setpoint is approximately 5 Kg/m?® (1% TS).
Over the major portion of the run deviations are markedly
less than this.

Figure 45 illustrates the perturbation sequences
and regeneratéd model response for the product flow con-
troller. The sample and update intervals are as for the
density system. Disturbances this time however are
inlet milk density and the setpoint to the 1lst level

steam loop. - The model is as good as could be hoped for
in view of the noisiness of the flow signal. The signal
is already heavily filtered. Control design weights of

Q = diag (12+1.0) P = diag (50,50,50,50) give a controller
with the gains as shown in Table 9.
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TABLE 8

E3 Density Control Gains

c = 60 seconds sl = 20
Sz = 40 seconds delay =

Controller Gains

seconds
160-180 seconds

U = =1.25E, + .77E - .11E -~ .08E, __ - .004E

k k k—s‘

- J13E + 38E

k-c—s2 k-2c

+ .1l4v, +

- .02 )

E
k-3c-s2

Ay o = LTIW, o -

= ’49Wk—50 - '53Uk-c =

26U, 4. " 04U, 5.

where, Uk change in steam

<
I

" change in inlet

=
I

change in inlet

k=3¢

> .20Ek_zc_Sl

S -

02V o - -25W,

.90Wk_3c = .78Wk_4c

.60U, . = -53U_3,

setpoint at time k
flow at time k

density at time k

k-c-

S
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TABLE 9

E3 Product Flow Control Gains

c = 60 seconds s, = 20 seconds

S, = 40 seconds delay 160-180 seconds

Controller Gains

U = -.15E, - .02E, . + .06E __ - .13E, .
1 2
+ .02Ek_c_sl + (04E, _._g - -01E, -,
2
- .08Ek_20_Sl .06Ek_2c_s2 + .03E, 3.
- W11E 3.t 07E 4 g 7 AR
1 2
+ 1.07Vk_ZC + .74V 4. ¢ .31Vk ac t <17V, e
+ .65W, + .81W, _ . + 91V . F -89V, 3¢
+ ’?9Vk—4c + 1TV g - -160 o - 150y _ 5.
- .04U, 3, *+ 010G, ¢ 020, e,

change in inlet flow setpoint at time k

c
I

where

<
I

Xk change in steam flcw setpoint at time k

=
I

change in inlet density at time k
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Simulated control responses are shown in figures 46
and 47. Figure 46 illustrates the effect on control
of a noisy measurement signal, obtained using a random
number sequence. Figure 47 shows the effect of steam
flow changes on the flow controller. This is important
as the density and flow controls will both be working.
Operation of the controllers is illustrated in figures 48
and 49. A dead zone of 5 1/hr is used on the flow
controller.

4.7 Primary Controls for a Tall
Form Spray Drier

Computer control systems for the tall form spray
drier have been developed at the primary level only.
They relate to the feedrate of concentrate to the ato-

" mizing nozzle, the gas flowrate -to the burner, the inlet
air flowrate and the chamber pressure. The latter two

variables are controlled using a multivariable controller.

4.7.1 Drier Feedrate

The structure for this control loop is single input,
single output. Flowrate is altered by changing the stroke
of the high pressure pump. The rate of flow affects
the degree of atomization at the spray nozzle. The pump
is initially set to operate with a stroke corresponding to
400 units at the computer output station. Perturbations
in the range *¥ 100 about the initial position are applied
at 30 second intervals. Figure 50 shows a schematic
diagram of the Drier feedrate system. ' The flow charac-
teristics obtained from the above perturbaticns are illus-
trated in figure 51. The fit of the 1lst order model with
an update interval of 9 seconds, sample interval 4 seconds
is also shown. Evidence of non-linearity in the flowrate
may be seen.
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Pump Actuator

N

'
s : : b concentrate
®

Flow measurement

Figure 50 Schematic diagram of drier feedrate
system

A minimum time control system is designed. Simu-
lated and online responses are shown in figures 52 and 53
respectively. The slowness in’response to the 1lst set-
point change is caused by freeplay and friction in the
linkage to the stroke adjusting mechanism in the pump.
When the larger setéoint change is specified better adjust-
ment of the stroke is obtained giving improved flow
control. The parameters associated with the drier feed-

rate control are summarised in Table 10.

4.7.2 Gas Flow Control

The drying air to the drier is heated directly using
a gas fired burner. A schematic diagram is shown in
figure 54. A simple controller is operated on the gas
flow rate. The valve in the gas line is perturbed in
the range 345.% 80 at 12 second intervals. Gas flow
responses to valve perturbations are quick as may be seen
in figure 55. The model fitted is 2nd order with sample
interval 1 second and update interval 3 seconds. A

reasonable representation of the flow dynamics is obtained.
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Table 10

Drier feedrate control parameters

Model Matrices

a = [1.75 -.75
1.56  -.56

B = [-.59 . control interval 9 secs
(- 528 sample interval 4 secs

Control Design Weights

Q = diag (1,1) P =0

Control Gains

K = [2.54 -1.15 ]

Gas ¥

®

Flow Measurement

Valve
Actuator

Figure 54 Schematic diagram of Gas Flow
System
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A minimum time controller is designed. The simula-
ted and online responses are illustrated in figures 56
and 57. In spite of the inaccuracies of the model over
some parts of the original data set the two characteris-
tics are virtually identical. The flow is quickly brought
to setpoint and held there with slight fluctuations in
the valve position. Restrictions are placed on the mini-
mum and maximum values of the valve travel to ensure that
no-burn or over-burn conditions will not occur. The
parameters associated with the gas flow control loop are
detailed in Table 11.

Table 11

Gas flow control Loop parameters

Model Matrices

a = [1.88 -.96 .08
1.77 0 557 .10
11.61 -.71 Sl
B = [+036 ° control interval = 3 secs
.019 sample interval 1 sec
.002

Control design weights

Q = diag. |1,1,1] P =0 3 iterations

Control Gain Matrix

K = [-42.1 21.9 -1.5 ]

4.7.3 Chamber Pressure and Inlet
Airflow Control

Figure 58 is a schematic diagram of the inlet air-
flow, chamber pressure system. Two fans, one in the inlet
duct and one in the exhaust duct, force air through the

spray drier. Damper vanes in the ducts are used to control
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the airflow and pressure in the drier. The pressure
transducer gives a reading of 'bar gauge'. Operation of
the direr may require a negative gauge pressure setpoint.
As the real time system cannot operate with negative set-
points (they reference a different control function) the
transducer reading is modified by the computer software
so that positive readings only are obtained. The unit
used is defined as 'pseudo-millibar-absolute' (PMBA) with
a reading 1000 PMBA equivalent to 0 bar gauge.

Airflow
Inlet air damper
Nf——— actuation signal
~—<:>—Inlet airflow mea-
. surement
Chamber pressure
measurement ——7—<:}——
DRIER

Exhaust air damper
B actuation signal

L

Figure 58 Schematic diagram of chamber
pressure, Inlet airflow system

Figure 59 illustrates the perturbation data used to
derive the multivariable model. The inlet damper posi-
tion is varied in the range 160 * 60 while the exhaust

damper is varied in the range 420 t 59. The perturbation
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intervals was 48 seconds. The model obtained is 2nd
order, 2 input, 2 output. Update interval is 8 seconds
with a 4 second sample interval. The model matrices are

detailed in Table 12.

The simulated control response is shown in figure
60. Control design weights are Q = diag. (1,1,1,1) P =
diag. (.005, .005). The weighting in the P matrix gives
a slight reduction in the speed of the control response.
The online control response is illustrated in figure 61.
Variations appear large but note should be taken of the
expanded graph scales. Airflow variations are of the
order of .5 Kg/min and pressure variations .5 mbar. Inter-
action is observed when a setpoint change is specified

but the disturbance is quickly damped out.
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TABLE 12

Inlet airflow, chamber pressure loop

parameters
Model Matrices
o = [1.42 -.12 -.42 .12
.02 1.04 -.02 -.04
1.29 -.07 .29 .07
.03 1.04 -.03 -.04
B = [-.027 -.045 | control interval 8 secs
-.024 .061 sample interval 4 secs
-.018 -.022
|=.015 .038 _
output vector, Y, = ‘[xl] )
X
2 k |
input vector = uy p
Y2
where Xy = inlet air flow
X, = chamber pressure
uy = inlet damper position
u, = exhaust damper position

Control Design Weights

Q = diag. (1,1,1,1) P = diag. (.005, .005)

Feedback Gain Matrix

N E 15.69 8.17 -4.91 293
9.07 -9.00 -.253 1.11
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CHAPTER FIVE

CONCLUSIONS

This thesis has described the application of modern
state space control techniques to an industrial plant. A
generalised equation structure has been developed to re-
present the process, dynamics of such a plant. The struc-
ture is based on the standard state space representation
but offers significant advantages. In particular, only
measurable inputs and outputs are required. Further,
the discrete measurements obtained are used in difference
rather than absolute terms, thus providing a degree of
resilience to drift in the measured values. Precise
knowledge of the process dynamics is not required and the
computer programs written enable the control and sample
intervals to be quickly adjusted to their most appropriate

values.

The techniques for the design of a control system is

the same regardless of the order and/or complexity of the

system to be controlled. A perturbation run is performed
first. The input variable is randomly purturbed within
its normal operating range. The information collected is

analysed offline and models obtained using least squares
identification. Once a satisfactory model has been ob-
tained, a controller may be designed and tested, first in
simulation and then on the actual plant. Parameters may
be quickly modified to give the designed control response

characteristics.

Application of these techniques to the manufacture of
spray dried milk powder has proved successful. At the

lower level of the hierarchical structure, impiementation



-172-

of the controllers has allowed good environmental control
of both the Wiegand evaporator and the De Laval spray
drier. At the upper 'end of the structure consistent
control of the flowrate and density of the concentrate
leaving the evaporator has been achieved. This in turn has
enabled the operation of the spray drier to be more closely
matched to that of the evaporator. Consistent produc-
tion of powder to a desired specification, therefore,
results. Probably the best measure of the success of the
implementation is the manner in which the staff of the
Dairy Research Institute are utilising the control systems

in their day to day activities.

The results achieved do not however preclude further
research on the implementation of control to the process.
As with many other processes involving chemical changes,
the plant characteristics alter depending upon the pro-
perties of the raw material and the desired product. For
example, fouling of the evaporator tubes occurs as milk
burns on them during the process of normal operation. As
well, the controllers described have been used for the
production of skim milk powder. When used on whole milk
powder adjustment of the parameters is required to give
satisfactory results. This leads to the possible require-
ment of an adaptive control mechanism using online process
estimation. Coupled in with such a system would be the
effect non-linearity. The systems described have been
designed relative to an environment which was regarded as
'typical' for this type of processing in the New Zealand

Dairy industry.

Further work is also possible in the area of the
operator - computer interface. The design procedure
could be enhanced to aid the control engineer to achieve
the best from the system. While work of this nature is
essential to bring the interactive control system design
methods to the level of integrity demanded by an industrial
user, it is felt that the work described demonstrates that
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there is a role for new technology to play in the control
of induatrial equipment and processing and that alternative

control design techniques should be considered.
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APPENDIX 1

Generalised least squares procedure

For an equation of the form
Y = 9x

the least squares procedure is

_ w By
Reey = Y+ [Yqey - 2% ] T a
_ T
g = LT X B - 5
m
1" %k T P2

p
_ By
Px = Byx1 - 3

Data collected is processed sequentially and @ converges

as k increases.

Initially for k = 0

P = h.I h is scalar = .001
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