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ABSTRACT 

This 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 s�ate 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 st·ructure 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 chambe� 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
s ing 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 enab led 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 · probQem 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 tradition�lly 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 mil k powder . 
The second chapter details the identification of a least 
squares model for a generalised system . An output feedback 



-2-

algorithm utilis ing 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 
mil k powder manufacturing plant situated in the laboratories 
of the New Zealand Dairy Research Insti tute 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 , Nyquis t and root locus techniques which were 
directed to the assessment of the stability arid behaviour 
of linear scalar systerns . 1 ' 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 configuration is analysed 
and corrected unti l a satis factory 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 . 
Thi s 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 

d b  . d . h . d . 1 , 5 , 6 , 7  represente y equat1ons expresse 1n t e t1me oma1n . 
Linear systems of any order may then be expressed as a first 
order matrix vector differential equation of the form 

x = f (�, 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 . ��y 
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 sta.te 
variables required to completly determine the dynamic 
behaviour of the sys tem . 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 

�(k+l ) T = !! [ xkT ] 
ukT 

( 2 ) 

where a represents the system dynamics o f the discrete 
interval T . The suffixes to the other vectors relate 
them to the time at which their values were sampled . 

Efficient use o f 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 as sociated with systems 
and control des ign . I t 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 sp

e
ci fically des isned for 

process control applications had a significant and far 
reaching impact . 9.' 1° Control system des ign 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 , probabi lity and s tatistical theory . 
· Pontryagi�s Maximum Principle provided an analytical solu­
tion to the optimal control problem . In practice , however , 
this method had limitations 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 . 1 ' 5 Though the analysis involved is 
complex , the final algorithm is straightforward and easy 
to implement us ing 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 s tates for all points in time . Quad­
ratic performance criteria have therefore been widely 
used in control theory with suitable parameter selection11 

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
s ics 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 identi fica-
. 13 1 14 1 15 • 1 � , • 1 ' 1 ' t 1 t1on 1nc ua1ng corre at1on ana ys1s , spec ra 
analysis , hill .climbing , maximum likelihood and least 
squares . Identi fication (modelling) in this thesis is 
performed using the latter techni que which has been exten­
s ively investigated by others lG , l? , lB , l9 , 2

0 
and has been 

found to offer some advantages over the other methods . 
In practice the system states may not all be accessible . 
I f 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 simi lar 
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 s tates . 
used throughout the thesis . 

This form of representation is 



-5-

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 . 3 7 , 3 8 Detai led process descriptions 
wi ll be given later but at this point an overview of the 
New Zealand dairy indus try 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 almos t half the milk pro­
cessed is received by companies equipped to manufacture 
butter and fat-related products , cheese� , 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 three times as many as existed in the 
early 19 60 ' s . 2 1 One of the main reasons for the growth 
of the spray-drying section of the indus try has been the 
demand for specification milk powders from Japan , South 
East Asia and Latin America. The requirements of these 
cus tomers 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 di fferent specifications have currently been 
set . In many cases , however , there are only small quali­
tative differences between a . premiurn 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 . 
S tudies have shown the benefit arising from improved control 
. 22 1.n manufacture . 



CHAPTER TWO 

GENERALISED EQUATION STRUCTURE FOR 
THE REPRESENTATION OF INDUSTRIAL 

PROCESS DYNAMICS 

2 . 1 Introduction 

Many industrial processes , or subsys tems 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 characteris tics is available . 
Statistically derived models are often adequate for the 
purpose of control sys tem design although they do not 
necessarily provide the accuracy or insight that may be 
possible with analytical derivations . 

Statis tical identification of process dynamics has 
been long established and widely applied . Mos t 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 trans fer 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 trans fer 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 struc

t
ure of the s tate 

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 control 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 sui table state vector . 
With complex processes , particularly. those involving trans­
port delays , a state vec tor is not easily defined . Also , 
in a practical environment , the states , though known , are 
often difficult or expensive to measure directly . Thus 
statis tical modelling of s tate 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 s tate space and measurement equations for linear 
and time invariant multivariable sys tems , forms the basis 
for the analysis . The representation is enhanced to 
incorporate continuous ly 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 
s tandard discrete sta te space equation so that state 
space time domain control sys tem design methods are 
applicable ; 



-9-

i i i ) the s tructure is s uitable 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 d
e
lays is not 

required . 

Satis faction 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 . 

X = A X + B u + D v 

and � = c x 

( 1 ) 

( 2 ) 

It i s necessary that approximations in terms of these 
equations are valid . The following definitions apply: 
x , nxl state vector ; v , pxl output vector ; A , nxn state 
matr ix ; �, nxm input matrix; C ,  pxn measurement matrix ; 
and D , nxq distUrbance matrix . The controls �, mxl , are 
freely adjus table . The disturbances ,  �, qxl , are mea­
surab le but very continuous ly in an uncontrol led 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 i llus trates the 
control and disturbance signal characteris tics . The ramp 
ap�roximations are acceptable if the disturbances vary 
s lowly relative to the interval t . Piecewise ramp approxi­
mations of the continuous ly varying signals permit a more 
accurate process representation than piecewise steps . 

The discrete solution to equation ( 1 ) may be derived 
7 as , , 

wi th !r nxn = e�t , and �, 
�
k and �k the values of �, � 

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

nxq and nxq 

To increase the generality of the representation , it is 
speci fied that all controls and disturbances are subject 
to a time delay of Td secs . In reality , individual 
delays will differ . Generalisation to this situation is 
considered at a later stage . 
rewritten ; 

Equation ( 3 ) is therefore 

�k+l = !·� + 
�
-
�
-d + 

�
1-�k- d + 

�
2 -Vk+l-d ( 4 ) 

with d = Td Interval t is selected so that d is 
t 

integer . It _is advantageous , from control system aspects , 
if the process model does not incorporate absolute values 
of . controls and disturbances . 8 Equation ( 4 ) is therefore 
restructured to give ; 
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with � sxs =r � d� J -: ; n sxq = [ d� j . I I 

n , sxq = [ d� ]  . i � , sxrn = l �l' 
sxl --·· [ � I = r � r �k ' m+q+l = �r wk-d- 1 �k 

ll3 I nxm+q = [ fl 1 fll J i s = n+m+q 

and 
u
k , mxl = �-�-1 . 

Equation { 2 }  is rewritten to give 
:l

k = §.•� I with G , pxs { 6 } 

Equations { 5 } and { 6 } provide the basic sys tem specifica­
tion from which analysis proceeds . 

A discrete control system operates by .computing 
control corrections at specific ins tants 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 
In an application described 

\
, in 

some circumstances the full flexibility has had to be uti ­
l i sed to establish effective process models . Figure 2-3 
illustrates this generalised control and sampling scheme . 
The control interval , the period between control instants , 
· i s Tc 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 wfuich measurement samples are collected . The 
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sampling pattern is identical across each control inter­
val . R samples are defined per control interval , one 
being taken at the control instant and R-1 taken at inter-

T vals �i ' i = 1 , 2 • • .  R-1 ,  prior to the control instant 
( see fig . 2-4 ) . 

The objective of the analysis that fol lows is to 
establish a process model that is compatible with the 
control and sampling s tructure of fig . 2-3 The model is 
to predict all samples across the future control interval, 
uti lising measurements from the current and preceding 
control intervals.. 

Interval t (k-+k+l ) is 
so that the ratios 

T T s . s .  1 = c and 1 
t t 

selected to 

i = 1 , 2 ,  

be 

. . 

small enough 
:.. 

R-1 s . ' = 
1 

are all integer , with d also remaining integer . t may 

( 7 ) 

be selected quite arbitrari ly 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 ins.tant , 

u
k-i = 2 and gk+l = 2 i = 1 , 2 , . •  , c-1 ( 8 ) 

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

v. -1 
= 

�

i+l , 1 = k-c+l -+ k- 1 (9) 

Since.the latter is an approximation , dis turbance behaviour 
can be an important factor in the selection of control 
interval . 



c-sr 
-

< 

-15-

I 
I 

I 

I 
I 
.I 

�� 
sr-1 

d ·I sampling 
���---------------��� instants 

I 
I 

c 
� 

""" 

�co·ntrol instants 

increasing time > 

Figure 2-4 Control and samplin� inte�vals 

> 

-

-. 
,.,; 



-16-

2 . 3  Analysis 

This section develops analysis to trans form the state 
space representation of equation (5 ) to a structure that 
satisfies the criteria described in sections 1 and 2 .  

2 . 3 . 1  Development o f basic 
equations 

With reference to fig . 2- 4 ,  specify integer r so that 

c - s 1 > d > c - s , R:� r > 1 . r- r 

The delay interval thereby terminates in the interval 
k-s � k-s 1 as shown . r r-

( 10 ) 

Consider the interval k-si � k-si-l ' R � i > 1, noting 
that sR = c and s0 = 0 .  Equation ( 11) may be derived by 
successively using equation ( 5 ) to eliminate � � .:..:..K-s .+l 

l. 
X -k- s . 1-1 . l.-

s . -s . 1 l. l.-s . - s . 1 X = l. l.- � + -k-s . ! " .:..:..K-s . E 
j=l 

<P • 'j', .u . j-1 ['t' 
- - -k-s .  -d-J l.- 1 l.- 1 l. 

ll - -s . - -J + n . k d . 1 
+ (") .

v
k d · 

v ] l.- 1 - - -si-1- - J+ ( 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 c - s . >d (see fig . 4 ) , i t follows that c >s . + s ,  so l. l. 
that 

u -k-s .  -d- 1 l.-1 
= u -k-si_1-d-2 

= = 
�
k-s . -d l. ( 12 )  
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and 
= 
�

k-s . -d = 
v
k 

l. 

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

Therfore , equation { 11) reduces to 

�-s . l.-1 

Case 2, i = r 

+. 
s . -s . 1 l. l.- . 

r �J 1-1.rn.
v 

jl=l - -k 

i < r with nl = n + � 

. ( 13) 

{ 14 ) 

The control and dis turbance adj ustments of ins tant k-c 
begin to influence the outputs at instant k-c+d . From 
equation { 11 ) , the equation 

k - sr-l - d - j = k - c ( 15 ) 

applies at the instant k-c+d . Therefore , at this instant 

J· == c - s  - d  r-1 

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

�-s r-1 
s -s 

= � r r-lx -k-s r 

c-s -d-1 
+ � r-1 � U - - -k-c [c-s -d- 1 r- 1 . 

+ . . r �_J 1-1n1 
)1= 1 

c-s -d-1 l 
+ -�, r-1 n 

. . 

( 16 )  

c-sr_1-d-l + � 
[ s -c+d l 
n + � r . !j1n1 

v
k-c ' ( 1 7 ) Jl=l 

i = r 
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Since t may be selected arbitrari ly small , the situations 
with s -s 1 = 1 and c-s = d , are discounted . r r- r 

Case 3 , i > r 

Equation {18 ) is obtained in analqgous fashion to equation 
( 14) • 

s . -s . 1 
s . - s . 1 

X -k-s . l.-1 
= 

1 
l.- X + � -k-s . 1 

1 1- j l- 1 
,L: � Ql V ( 1 8 ) J 1=1 -- -k-c ' 

i > r . · •  ·' 

The identify of equation ( 19 ) permi ts the series expres­
s ions of equations ( 14 ) , ( 1 7 ) and ( 18 ) to be replaced . 

( 19 ) 

Equations ( 14 ) , ( 17 ) and ( 18 ) may be inverted and combined 
together to form the set 

�

-s _ r-1 [ - ( s -s ) l . 
_ �-! r-1 r-2 n2 vk 

�

-s . r 

- ( s -s ) 
= � r r-1 

�

-s r-1 

- ( s -s ) �

-s = 4> r+l r 
�

-s r+l r 

- 4> 
c-s· -d- 1 r w -k-c 

( 20 ) 



'- ( c-s ) R-1 
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= et> . X 
-k-sR-1 

[ - ( c-s >] 
I-cf> R-l n2 V - -. - -k-c J 

with n2 = (et> - I ) -1nl ( 2 1) 

and w -k-c = 

- -

!1!. 
�

k-c + 
[ -c+s +d+l l (.!_-et> r- l ) n2 + n vk 
-c+s +d ) [n + + (_! r I ) .! n 2 J V ( 2 2 ) -k-c 

The expres sion for W arises by considering the terms in -k-c �

k 
a:
rid 

�

k-c in equation { 17 ) . 
become 

Upon inversion , these 

[ - ( s -s ) 
{ et> r r-1 + • • + 

c-s -d-2 c-s -d-1 l et> r ) nl + et> r 
. n 

�

k 
c-s -d-1 [ c-s -d 

- et> r g Yk-c - et> r + 

The terms of expression ( 2 3 ) combine to give those of 
equation { 2 2 ) , following application of the identi ty of 

c-s -d-1 equation { 19 ) and extraction of et> r 

The r .h . s .  of equation { 20 ) is now related to �-s . . There 1 
are two cases to consider : 

Case 1, i < r 

- { s -s . ) = et> r-1 1 X -k-s . 1 

[ - ( s . -s . ) l 
.!_-et> 

. 
1+1
. 
1 n2 vk , 

i «: r 

.!_-! r-1 1 n2 
�

k 
[ - { s -s . ) l ' { 24 ) 
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�

-s r+l 
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- ( s -s . ) c-s -d-1 = � r � 
�

-s . - � r Wl =k � --k-c , si 

- ( s +1-s. ) = � r � X -k-s . 
� 

c-s -d-1 
� r +l Wl --k-c , s . � 

I. - ( s -s )] 
I-� r+l r Q2 V - -k-c 

= V uk- j c + { [!-!-c+si +d+ll Q2 + �} Yk- ( j - l ) c 
+ 
{g 
+ 
[
!
-c+sr+d . I] ! Q2} Yk- jc 

j = 1 , 2 . . .  ( 2 5 ) 

The expres sion for Wlk results from consideration of - -c , s .  
� 

row r in equations ( 20 ) .  
O
n transforming to reference 

xk-S. 1 thi S be
C
OmeS 

� 
- ( s -s . ) �

k-s = � r � 
�
k-s . r � 

c-s -d-1 
� r W -k-c 

� r r-1 · I-� r-1 � Q2 V 
- ( s -s ) ( - ( s -s. ) ) 
- - - -- -k ( 26 ) 

Substitution for 
�
k-c with cowbination of the term in Vk ' 

.results in the expression for 
�

-s in equation ( 2 4 ) . The 
procedure is now extended to obtai

fi 

equations that relate 
to the control interval k-2c � k-c . These are: 

X = � 1 X - I-� r Q2 V 
- ( c-s . ) [ - ( c-s )1 

-k-c - -k-si - - J - -k-c 

-d-1 
- � Wl --k-c , s . � 



·with 

X - < � .  -k-c-s 1 

- 2 1-

- ( c+s -s . )  = ! l � �-s 1 
-d-s -1 

r - (c+s 1-sr ) l - I-� n2 V - - -- -k-c . ) 

- � l W1 --k-c , s .  
� 

-d-s'-1 ·- ( c+s -s . )  �
k-s -c = ! r � �- s . r � 

� r Wl --k-c , s . 
� 

c-d-s -1 r - � W2k-2c 

c-d-s - 1 
- � R- 1 W2 - --

k-2c r -(s -s0) 
_!-! R- 1 J n2 �k-2c i < r . 

w2k . = � uk . + -- -JC - - -JC 
{r -2c+s +d+ll } 
I -� r 1 �n2 + n v 
.- - ) -- - -k- ( j -1 ) c 

j = 2 , 3 . . .  ( 2 8 ) 

The equation for 
equation ( 2 5 ) by 

W2k . -- -JC 
-c+s r · 

is obtained by replacing s . in 
� 

This is appreciated by writing 
·out the expression for Xk - -s -c r 

as 

( 27 ) 

I 
j 
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- ( c+s -s . ) �d-s -1 
X = � r 1 X - � r Wl -k-s -c .:.:Jc-s . -k-c ,  s . r 1 1 

_ � r r-1 • I-� r-1 r · n 2 V 
- ( s -s ) ( - ( c+s -s )j 

- · - - - -k-c 

c-s -d- ·1 
� r W -k-2c {29 ) 

and making comparison with equation ( 26 ) . 

Case 2 ,  i � r 

In this case , the impact of the inputs and dis tur-
bances from instant k-c has not occurred . 
follows that in equation ( 2 7 ) , 

It therefore 

Wl -k-c , si 

i f i > r .  

= 0 and W2 -k-2c , s . -c 1 
{ 3 0 ) 

Equations ( 2 7 ) may be generalise d to express the samples 
col lected over any preceding control interval in terms of 
Xk-s . � Equations "( 3 1) may be written to define the control 
inte!val f stages back from instant K .  

X -k-fc 
- ( fc-s . )  ( - ( c-s ) ) 

= � 1 X - I-� r n2 V - -k-s . - - - -k-fc 1 
f-2 

E �-d-1- jc w2k- ( f- j ) c  j=o 

- ( f-l ) c-d-1 - � Wl - --k-c , s .  1 

l 

- ( fc+s -s . )  ( - ( c+s 1-s ) ) X = � 1 1 
_x _s . 

- I-� r n2 V -k-fc-s 1 �Jc 1 - - - -k-fc 

f-2 -d- 1-s - jc 
E � 1 
j=o . 

W2k- ( f-j ) c  

- ( f-l ) c-d-1-s 
� l Wl --=-k-c , s .  1 

• 
• 
• 

( 31 ) 
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- ( fc+s -s . )  
= 4' r � X -k-s . 

� 

f-2 -d-1-s -jc 
E 
j=-1 

cp r W2 -k- ( f�j) c 

- ( f-l ) c-d-1-s . r - cp · Wl -k-c , s .  
� 

- ( fc+sR_1-s . )  X = cp � X -k-fc-sR-l - -k-si 

I-cp R- l r n2 V 
( - ( s -s ) ) 
- - - -k-(f+l ) c 

f-2 -d- l-sR_1-jc E cp W2 k- ( f- J') c  j=-1 

- cp 
- (f- 1) c-d- 1-s · R- 1 

Wl -k-c , s .  
� 

' 

f = 2 , 3  . • • •  

Equation ( 2 7 ) and ( 3 1) form the basis from which output 
representations of process . dynamics are established. 

2 . 3 . 2  Forma t·ion of output 
equations 

·Analys is is now applied to eliminate s tate variables 
in favour of outputs . Application of equation ( 6 )  to the 
second row of equation ( 2 7 ) gives 

(3 1) 
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- ( c+s -s . -d-1-s 
�k-c-s = G � 1 1�

k-s . - G � 1 Wlk-c , s . 1 1 1 
·( - ( c+s 1-sr

) ) -. G I - !_ n 2 
�
k-c ( 32 ) 

The identity 

[!
-N . 

��N ) l - ( I  - ll4 
�-N = I N > 1 

I 
( 3 3 ) 

with ll4 = ( � - I ) -1 ll3 I ( 3 4 ) 

leads to 

G �-N = I f.· !-N I -C ( I - �-N) ll4 1 ( 35 ) 

Equation (32 ) may therefore be written , on eliminating 

�-s . , 1 
- ( c+s -s . ) 

�k-c-s = c . � 
1 1 �-s . 1 1 

- C . (
I -

"'- ) c+ s 1-si
) ) A 4 w - !.. _u -k- S . - 1-d - • • ( 3 6 ) 

1 

The term in � 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 

wk-s .-1-d = 1 
w -k-c ( 37 ) 

I t i s possible to develop equation ( 3 8 ) by relating 
.equation ( 4 ) to the interval k-c � k-s . • . 1 



X -k-s. 
� 
= 
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c-s . 
� 4> ·
�
k-c + 

c-s . 
+ ! � 

c-d-c 
1: 
j=l 

d j- 1 1: ! . ( ll3 • 
�
k _ 2 c + ll2 • V k _c ) ( 3 8 ) j=l 

wk-2c can be eliminated from equation ( 3 8 ) and Uk- 2c 
introduced giving 

�
k-s . 

� 

c-s. 
= _4> � 

-d ( . - ( c-d-si ) ) - 1 } + 4> . • !. .... 1 . . ( 4> - !_) • ll2 • �k ( 3 9 ) 

A relationship for ll4 .�-c may be extracted from equation 
( 39 ) . This substituted into equation ( 36 ), with incorpora­
tion of equation ( 3 7 ) , leads to 

with 

i:.

k..;.c-s .  � 

+ W4k . 1 + •. . • - -c , �, 
! � - . ( 40 ) 
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h = 1 , 2 , 3  . • .  i (; r . 

Equation ( 4 0 ) can be expressed in a more concise form . . The 
term in �k-s . in equat}on ( 40 ) may be wri tten � 

- (c+s -s. ) { ( c-s ) -1 
gJp_' 1 1. .!_ + . _1 i_I 

th l._I ( c-s . 1 -1 
J:. -J 

+ I-I X -k-s . 
1. 

( 4 2 ) 

and since ( c-s . ) -1 
.!. + 1 1._.!. = 

( - ( c-s . ) ) -1 
.!_-1 � ( 4 3 ) 

it follows that equation ( 4 0 ) may be wri tten; 
X
k-c-s - �-c 1 .. 

-d-s -1 
(X - x " + T.74 - G � 1 �.Vlk-c , s .  �-s .  -k-d -,. ___ k-c , i , l  � l. ( - ( c+s1-s . ) ) - G I-� r Q2 V - - -- -k-c ( 4 4 ) 

Case 2 , i � r 

For this case 

and 

w -k-s.-1-d l. 
= w -k-2c ( 45 ) 

It is straightforward to show, by following the procedure 
leading to equation ( 40 ) , that 
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- ( c+s - s .) - ( c-s ) - 1 

W 4k . h = 
£
. I-

_2 
h l. .!_-j_ h 

- -c,J., 
. -d -1 • ( 
!_
-..P_ ) • ( i-I ) • fl2 • V k _ c 

h = 1 , 2 ,  • • .  i � r 
( 4 7 ) 

Equation (.40 ) , and hence equation ( 4 4 ) , s ti l l applies 
but subject to the conditions of equation ( 30 ) . 

The generalised matrix equation 

may be establis hed from equations ( 2 7 ) , ( 3 1) and ( 44) . 
In equation ( 4 8 ) 

Ylk-c = X.k-c-s 1 

:i

k- ( f-1) c-s -
Jk
-c r 

-s 
, Fi = f.(t_ 1-

!_
) _ c-s . 

• (_1: 1-I 

C . ( cf>- ( f- l
) c - I) : 

and 

wsk . = w4k . 0 - -c , J.  -- -c , J., 
.. .. · 

W4k-c i ( f-2 ) c-s , , r 

W4k-c , i , ( f-l ) c 

-d-s -1 
+ G .<Il 1 

.!.d- ( f-2 ) c-s - 1 
G.� r 

-d- ( f-l) c-1 G .<P 

.Wl . 
-k-c , s  



+ { 0 

c-d-s -1 
G . � r 

-d-1 G . � 

. 
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. 

-d- ( f-2 ) c-s - 1 
G .� -r 

. . 

-d- ( f-2 ) c- l G . �· 

W2k-2c + 

f = 2, 3, . • •  00 

In equation ( 49 ) , 

. . . + 

0 

0 

0 

0 

. 
c-d-s �]. 

G . � r 

' -�- (f-1) 

+ l .... J 

( 49 ) 

. Q2 
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Equations ( 4 8 ) are now truncated at row nl (nl � n) . I f Rl 
is the total number of control stages incorporated , then 

p . R . ( Rl- 1 ) + n2 - p = nl ( 50 ) 

where n2 is the total number o ;f scalar samples collected in 
the final control stage . Equation ( 51 ) is extracted from 
equation ( 4 8 ) . 

Ylk 1 = F. l . ( xk - xk 
) + W5k . 1 -- -c ,n -1, n - -s . - -c -- -c , 1, n 1 

( ? 1 ) 

with Yl F and W5 representing the first --k-c , nl ' -i , n l --k-c , i , nl 
nl rows of Ylk , F . and W5k . respectively . Inverting -- -c -1 -- -c , 1 
equation ( 5 1) and applying equation ( 2 )  leads to: 

with 

and 

v.k - vk. - F l . .Ylk 1- F l . . l"l5 , . l ( 5 2 ) 
� -s . L -c --1 -- -c , n --1 --K-

C
11Jn 1 

Fl . -1 

Fl . -1 

. . -1 = C . F .  1 i f nl=n , - -1, n 

T -1 FT = C . F . 1 . F . 1 . 1 if nl>n -1,n -1, n -1 ,n 

( 53 ) 

( 5 4 ) 

The s tructure of equation ( 54 ) indicates that equation 
( 5 2 ) generates a least squares estimate to y - v -k-s. Lk-c • 1 
It is necessary that F .  1 has rank n . -1, n 

Equation ( 52 ) is now applied to obtain equation ( 55 ) 
which relates to the complete control interval k-c+k, with 
i covering the range O+R-1 . [v.k - v.k J · = a 1 .  Y lk 1 L L -c -- -- -c , n 

Ylk, n3 

+ f3 -k-c ( 55 ) 

I 
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with 
al , n4xnl = --oFl , an :d 

8
k _ , n 4xl - al .  W5k l - -c -- -c , o , n 

' 0 
FlR-2 W5 --k-c , R-l , nl 

F2R-l 

and n4 = n3 + p .  
n 3 = p . ( R-1 ) i f R>l and n2 -p i f R = 1 .  

F2R-l represents the firs t pl rows of FlR-l with 

pl = n3 - p . ( R-2 ) 

The v. terms may all be combined on the r .h . s .  of equation Lk.,.. c 
( 55 ) to give: 

with 

';l

k = a . y -k-c 

Y

k-(Rl-l) c X

k-Rlc 

Yk , n4xl = 
';l

k 

+ 13 -k-c 

and Y2k 

representative of the firs t n2 rows of !k · 
�, n4xnl = [a 3 ,  a lJ with a 3 . l_k-c =· -{ [.!_,_2] - [o, al]

} 

( 56 ) 

�k-c l 0 
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and x! equal to the firs t p2 rows of �, where 

p2 = n2 - ( R2-l ) .p 

and R2 is n2
/
p rounded up to the nearest integer . 

Combining like terms , the expression for �k-c can be 
condensed into an equation with the structure 

s

k-c = 
Rl+l Rl+l 

r Sl .. uk . + r yl .. 
v
k . j=l 

--J 
- -
JC 

j=O --
J 
- -
JC 

( 57 ) 

with the matrices Sl . and yl . resul ting from combination of -
J 

--
J 

terms associated with equations ( 5 5 ) , ( 4 9 ) , ( 4 1) , ( 2 8 ) and 
( 25 ) 0 Finally , the disturbances must be written in terms 
of values at the control instants . Let 

Vl = V - V = --k-c -k-c -k-2c c . Vk - -c ( see equation ( 9 )  ). ( 5 8 ) 

Equation ( 57 ) becomes , 

with 

Rl+l Rl+l s

k = r s 1 . • . uk . + r y 2 . •  
v
1k . - -

C 

j=l --
J 
- -
JC 

j=l -
J 
-- -

J
C 

y2 . = yl . . c --
J 

--
J 

The following features relate to equation ( 56 ) :  

( 59 ) 

( i ) If Rl = 1 , so that sampling covers only one back · � 

control s tage , then equation ( 56 ) reduces to 

�k = a 

y
2k-c + Sll Uk-c + Sl2 

�
k-2c 

( 6 0 ) 

( ii ) I f c-sR- l > d � o , thesituation with i<r applies 
throughout . This implies that all measurements 
taken in a control interval are collected after the 
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preceding control correction is seen to be influencing 
the process . From equation ( 4 9 ) , it can be estab­
lished that there is , in this case , no term in 
W2 k- (Rl+l ) c or 

�

k- ( Rl+l) c " It follows that 
8
1Rl+l 

and ylRl+l , in equation ( 59 ) are zero . 

( iii ) For the case with i �r , it follows from equation ( 30 ) 
that there can be no associated terms in Vk or Uk-c" 
Therefore , i f r<R, the bottom n4-r . p rows of g, and 
yl are zero . 
-'--<) 

( iv) I f samples are collected. only at the control instants , 
i . e . , k-jc , j=l , . . .  , rl , then 

= = 0 ( 6 1) 

Since c>d by defini tion , both 
8
1Rl+l and y2 Rl+l are 

z.ero . 

(v) I f samples are collected at the control instants 
only , and the delay interval d is zero , then since 

2 . 3 . 3  

G �-l � = o and G �-l n = o ( 6 2 ) 

( see equations ( 5 ) and ( 3 4 ) ) , from equations ( 4 9 )  
- 1 . and ( 2 8 ) i t is apparent that G � W2k-Rlc only ln-

corporates a term in 
�

k- ( Rl-l ) c " There is no term 
in 
�
k-Rlc or 

�
k-Rlc" Therefore , for this situation , 

81Rl and y2R� are both zero . (NB: Rl must be >1 for 
this to apply) • 

Gene rali sation of consideration 
of til'(le delays 

Equation ( 56 )  has been derived by considering a single 
value of time delay , with c>d , that i s associated wi th all 
the controls and disturbances . Consideration is now given 
to the situation without these cons traints . 
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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 . condi tion c>d�O . 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 s tructure 
is independent of these values . The lis ted features of 
equation ( 56 )  must now be treated as applying to the indi­
vidual control. and dis turbance signals , ' taken one at a time . 
It has been demonstrated that certain matrices may be 
equated to zero if par ticular conditions relating to the 
sampling and delay intervals apply . It now follows that 
columns of these same ma.trice s , that relate to a particu­
lar control or disturbance signal, may be equated to zero 
if the delay associated with the signal satis fies the same 
conditions in relation to the sampling intervals . 

I f 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 = d l . c + d2 ( 6 3 ) 

with c>d2�0 and dl integer �0 . From equation ( 5 6 ) it 
i s seen that the controls and dis turbances are referenced 
backwards from instants k-c and . k respectively . If the 
condition of equation ( 6 3

� 
applies to a parti cular signal , 

then this signal must be referenced backwards from ins tant 
k-c • ( dl+l ) if it is a control , and instant k-dl . c  i f 
it i s a dis turbance . 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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2 . 4  Appreciation of Model Structure 

The dif ference form of equation (55 ) lends i tself 
well to incorporation w±h statis tical modelling techniques . 
Features of the equation s tructure are: 

1 .  The equation is totally general for a representation 
of a multivariable linear process wi th associated 
disturbances and timedelqys , these delays being 
associated solely with the control input and distur­
bance signal . Only measurable plant outputs are 
included . 

2 .  Control inputs are assumed to be constant across 
each prediction s tage . Dis turbance signals are 
approximated as ramps across the prediction stage 
( i f appropriate) . Because of this approximation , 
dis turbance signal characteri s tics can be an impor­
tant consideration in the selection of a prediction 
interval . 

3 .  The structure offers a great deal of flexibi lity 
for selection of prediction interval , total range of 
sampling and distribution of. samples . Sampling 
instants may be free ly selected and are not constrained 
by the discrete interval of the equation . 

4 .  I f  the process order is n , t&en n1 �n . I f  n1>n 
then more samples than the minimum necessary are 
incorporated giving a least squares filtering e ffect 
on the measurements . and helping to reduce the impact 
of noise . 

5 .  The sampling pattern chosen can affect the number 
of terms required in the vector �k-c" 

6 .  The s tructure incorporates a disturbance sample at 
the predic tion ins tant k . This takes into account 
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the fact that dis turbances - impact upon the process 
during the prediction interval c and inclusion of this 
aspect generates improved models . 

7 .  The equation is expressed in di fference 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-linari ty . 

8 .  The equation can be easily trans formed to that of 
equation ( 5 6 ) in which measurements are in absolute 
form but retaining control and dis turbance input 
differences . Thi s is advantageous for control 
sys tem design and implementation . 

The problem of identification is to establish sui table 
values of the elements of the matrice �l ' �l and y1 so 
that equation ( 55 ) provides a valid representation of the 
process behaviour . An interactive computer faci li ty using 
leas t squares techniques has been developed . I f the va­
riable quantities associated wi th equation ( 5 5 ) 

R , Rl , c ,  s1 ( i= l . • .  R- 1) , n1 , n4 and d 

are correctly chosen the identi fication problem is straight­
forward . The interactive facility is described in greater 
detai l in Chapter 3 . 

2 . 5  Derivation of Control 
Algorithm 

Equation ( 5 6 ) is restructured into a form suitable 
for the application of discrete dynamics programrning . 8 

Rewrite equation ( 56 ) as yk = � Zk + Sk-c" The system 
is first augmented so that z appears on both sides of the 
equation . 



z -k = cx2 .
�

k-c + g. 

with 
cx2 = a 

�- - - - - - - - -I 0 0 
0 I 0 

0 0 I 0 

y2 = yl0 

0 

0 0 

u -k-c 
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uk- ( Rl+l) c 

. + y2 . 

0 

( 6 5 ) 

V -k- ( Rl+l ) c 

and 

0 

Time delays are considered later . 
ted Rl times to give 

Equation ( 65 ) is itera-

with 

�

+ ( Rl-l ) c = a3 .
z

k-c + 
8
31 ·
�

k+ ( Rl-2 ) c + 
8
32 ·
�

k-2c 

+ Y 3 · 

�
k+ ( Rl=l ) c 

!!

k-2c = 
.!!

k-2c 

u . -k- (Rl+l ) c 

�
k- (Rl+l) c 

· and a 3 = a2Rl • 

( 6 6 ) 

S 3 1 , S3 2 and cx 3 are derived as a result o f successive rnani-
pulation of a2 ,  g and y2 . The elements of 

�

k+ ( Rl-l ) c are 
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now distinct from those of !k-c " Equation ( 6 6 ) gives a 
new sys tem definition with an update interval of Rl . c  stages . 
Neglecting the disturbance terms in equation ( 6 6 ) , the 
condensed vers ion 

( 6 7 ) 

may be written . 
val k+k+l . 

The interval j+j+l is Rl . c times the inter-

Control sys tem design is achieved by minimising the 
cost function 

-. -M 
I = E [ Z� . Q . Z .  + W� . P .w . J 

i=l -1 - -1 . -1 - -1 ( 6 8 ) 

Q and � are positive definite or semi-definite weighting 
matrices . The des ign uti lises dynamic programming and the . 4 derivation is very simi lar to that described elsewhere . The 
algorithm resulting is 

( 6 9 ) 

with �M a matrix o f control coef ficients . I f M i s chosen 
large enough , �M converges to the cons tant matrix � ·  

The bottom m rows of equation ( 6 9 ) may be extracted 
to give the control equation that relates to the interval 
k-c+k . Thus 

( 70 ) 

with � representing the bottom m rows of . � . 

The dis turbance terms of equation ( 66 ) may now be in­
corporated into the control However , disturbances are not 
known ahead of stage j in equation ( 6 9 ) . It resul ts that 
it is only possible to cons ider dis turbances in the s tage 
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corresponding to i=l in equation ( 6 8 ) . Disturbances for 
the s tages 2+M must be assumed zero . The full control 
equation thereby results as 

�
k+ ( Rl+2 ) c = � · 

{
a 3 .
z

k-c + 
6
32 ·
�

k-2c 

+ y3 V -k+ ( Rl-l ) c 

v
k- ( Rl+ l) c 

( 7 1) 

Set point control ,  in this case to ze+o the outputs , is 
based upon an M stage minimisation and dis turbance re jec­
tion ( regulator. control ) , i s based upon a single s tage mini-
. misation . 

There is a reali sibi lity prob lem associated wi th _ 
eq
u
ation (71)  because of the presence of disturbance ele­

ments which require to be referenced at s tages ahead of 
the control ins tants . Since � is a converged matrix 
(� = !M+l ) 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 dis turbance terms ahead of the control 
instant is minimised . The bes t algori thm is , therefore , 

�

k+ ( Rl-2 ) c = 
§oo
· 

{
a 3 .
z

k-c + 
6
32 ·
�

k-2c 

+ y3 . 0 v
k+ ( Rl-2 ) c  

v
k= ( Rl+l) c 

} ( 72 ) 

§oo represents the top m rows of 
!oo
· 

�
k+ ( Rl-l ) 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 associa ted with controller 
update . . There i s sti ll a difficulty with equation ( 7 1 } 
because the measurement ins tant k-c does not correcpond to 
the control instant k+ ( Rl-2 } c .  Equation ( 7 1} may be ad-
justed to align these ins tants . 
( 6 6 } i t can be established that 

From equations ( 6 5 } artd 

0

k+ (Rl-2 } c  = 
£x,
. [a2 .

�

k+ (Rl-2 } c + 
8
2 l .
�

k+ ( Rl- 3 } c 

+ y2 0 
V -k+ (Rl- 3 } 

V -k-2c 

} 

0� , writing in the same notation as equation ( 70 } 

0 �
k-c 

V -k- (Rl+l } 

( 7 3 } 

} ( 7 4 } 

82 1 i s equal to 
8
2 - [S�2J with the top m rows , which in 

fact result as zero , deleted . 

2 . 6 Extension to cater for time 
Delays 

The control algorithm of equation ( 7 4 } needs to be 
extended to cater for the presence of time delays associated 
with the inputs U and disturbances V .  The s tructure of 
equation (64 } has the advantage tha t delay values may be 
rounded down to the neares t 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 ini tial 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 mus t fall 
within the update interval d . c� ( d+l ) 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 ( 7 4) ·becomes 

, 
!:!k-c = � . { a.2 .

�

k- ( l-d)

� 
+ 13 2 l .

�

k-2c + 
Y2 · 

�
k+d-c 

}
( 7 5 ) 

V -k- (Rl 1-d) 

Disturbance term 
�
k is reintroduced from equation (7 4) . 

Equation ( 7 5 )  requires trans formation , simi lar to 
that applied to equation ( 7 3) , in order to synchronise the 
measurement and control instants for realisibi lity . Equa­
tion ( 6 5 ) is therefore iterated d-1 times and subs tituted 
into equation ( 75 ) to give 

+ y 4 . 
v
k+d 

} 
( 7 6 ) 

!:!k-( Rl+d+l ) c 
v
k- (Rl+l ) c 

a.4 = a.2d and � and � are derived by successive manipu­
�ation . of a.2 , �' S21 and y2 . 

I f there i s a delay associated with the disturbance 
elements , say dl , then equation ( 7 6 ) becomes , presuming 
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' 
all disturbances are subject to the same delay 

uk-c = � · { • • · • · • . . � + Y4 • 

v

k- ( dl-d) 

v

k- ( Rl+l+dl ) c  

} 
( 7 7 ) 

For equation ( 77 ) to be realis able , all disturbances ahead 
of instant k-c mus t be set zero . Therefore , i f dl>d then 
equation ( 7 7 ) holds . Otherwise , equation ( 7 7 ) must become 

�
k-c = � - { . . • . • • • •  + y4 1 V -k-c 

�

k- ( Rl+l+dl ) c  

} 

by setting 
�

k + 

�
k- (dl-d) c zero . . y4 1 is the truncated 

form of y4 . 

( 7 8 ) 

I f 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 particular elements within V .  I f delays 
associated with - the control elements in U differ , then 
it is necessary to select the larges t of the associated 
delays as that defining the number of iterations to make 
the control equation realiab le . 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 

�
k-c is con­

stituted o f two elements Ul and U2 such that 

then to 

u -k-c 

be realisable the controller must compute [Ulk J . U2k-c 
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The calculated U2 is implemented immediately at ins tant k-c . 
The calculated Ul is saved to be imp:.emented at instant 
k . 

2 . 7  Appreciation of Control 
Algorithm 

Equation ( 7 7 ) represents the generalised control law 
to minimis e the cost of equation (6 8 ) with M-+oo . The 

" 
equation relates to a linear approximation of process 
dynamics . It caters for mul tivariable interactions , 
time delays and feedforward compensation of dis turbances . 
Equation 0 �  does not involve process - set points . It is 
straightforward to show that the vector of set points 

Y

ss 
(pxl) may be introduced into equation (56 ) to give2 3 

with 

YEk = �·  ZEk-c + f3 -k-c 

and ZEk-c = YEk-c 

YE -k-2c 

( 79 ) 

Therefore , � in equation ( 7 7 ) may be replaced by ZE , 
which is a compound error vec tor . The controller is there­
fore now acting to zero ZE and thereby drive the outputs 
.to set points . Considering equation ( 7 7 ) and replacing 
the difference terms U and V the final controller results 
as 

u --k 
�

-c = G 
--00 

�
-2c -

�
-3c 

�
k- ( Rl+d+l ) c-

�
k- ( Rl+d+2 ) c  
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� Y4 •  �k- (dl-d) c - �k-{dl-d+l) c 

V - V -k- (Rl 1 dl) c -k- (Rl+2+dl ) c 

} 

( 80 ) 

Di f ficulties arise if the number o� outputs is grea­
ter than the number of inputs . In this case , the set 
points vector becomes cons trained . It is only possible 
to freely set as many set points as there are control in­
puts . Most control problems consider sys tems 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 s teady s tate characteris tics or to 
establish some other scheme for incorporation of the set 
points . 

Equation ( 8 0 ) has properties that make it attractive 
as a control law . 

(a ) The controller computes a correction in input , not 
an absolute v

a
lue . 

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

(c ) Output quantities are only differenced wi th 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 s truc-
ture permits tolerance to non- linearity and time variance 
in the process ,  and performance should not be sub ject to 
offset in the s teady s tate . Factor c is useful i f noise 
is present on measurements . Noise impact is not aggra­
vated by successive differ.encing as , for example , is 
necessary with conventional differential control action . 
In i ts most simple form, the appli cation to a first order 
system with no delays or disturbances ,  the control law re 
reduces to 

( 81) 

Only two computations of error are required and there 
are no input dif ference 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 faci li­
ty incorporating a graphics display faci lity and simula­
tion software has been developed for the design and imple­
mentation of control systems us ing this algorithm . The 
faci lity is described in greater detai l in the following 
chapter . 



CHAPll'ER THREE 

COMPUTER SYSTE.r.1S FOR MILK POWDER 
l-'T.ANUFAC TURE 

3. . 1  Introduction 

An IBM System 7 computer has been interfaced with a 
milk powder manufacturing plant situationed at the New 
Zealand Dairy Research Ins titute , Palmers ton North . Soft­
ware has been written to allow comput

e
r aided control sys tem 

design methods to be applied and then allow operation of 
the plant using the control lers so designed . A descrip-
tion of the processing plant , instrumentation , computer 
and software follows . 

3 . 2  Processing Plant 

The processing plant consists of a pilot scale 
Wiegand three effect falling film evaporator coupled to 
a De Laval tail rform • spray drier . 
tor is shown in figure 3-1 . 

A diagraci of �the = �vapora-

The pilot plant is approximately 1/lO th 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 16 50 kg/hr . 

Niegand24 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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the milk temperature from a temperature of less than 10 °C 
up to a temperature of approximately 7� 0c . The milk is 
then passed through a direct steam injection unit opera­
ting at a temperature of 10 5 °c .  The mi lk is held at thi s 
temperature by means of a variable n�her of holding tubes 
for a period of time . Thi s 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 firs t effect a 
detensioner is used to isolate the holding tubes from the 
first effect and thus reduce the amount of flashing ( in­
s tantaneous boiling ) which occurs within the first effect . 
The detens ioner operates at a pressure close to that of 
the firs t 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 detensio�er is pumped to the top of the first 
effect where it is dis tributed 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 firs t 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 firs t but there is a variation in the liquid 
flow path through the third effect . With increasing end-

' )  



-4 9-

concentration the product becomes more viscous , thus 
causing a greater heat trans fer 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 , compres sed in a two-s tage process using a 
high pressure steam inter-stage ejector and then dis charged 
to atmosphere . 

The spray drier is a De 
L
aval 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 noz zle 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 °C .  
Air flowrate is controlled by damper vanes in the inlet and 
outlet ducts of the spray drier . The atomiser concentrate 
drop lets 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 uni t has a 16-bit processor arid 3 2K words 
of memory . Internal parity checking of stored data is 
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carried out . Background storage is availab le on magnetic 
disk and a 2 megawor.d capaci ty is provided . The disk unit 
comprises two disk cartridges , one fixed and one removable 
.using a single drive spindle . A 5012 rnulti function 
module provides the data interface between the computer 
and the instrumentation on the processing plant . The 
multifunction moduille incorporates 32 analogue input chan-
. nels each with 12-bit resolution , 2-process interrupt 
groups , 6 digi tal input and 4 digital output groups (each 
with 16-bi ts)Jro:up ) and 2 analogue output points ( O ±  10 . 24 
volts d . c . ) . The module operation is software controlled . 

Operator input is through a Tektronix 4 0 10 visual 
display terminal . The · terminal is driven us ing a process 
interrupt gro�� ' a digi tal input group and a digital out­
put group on the System 7 computer . Hardcopy of printed 
information i s obtained on a 50 2 8 Teletype . The Tektronix 
terminal also has a graphics faci lity which is used exten-­
sively by the software operating systems . Hard copy of 
graphic dis.plays is. obtained by outputting information onto 
papertape and reprocessing on a Hewlett Packard 98 3 0 mini­
computer coupled to an X-Y plotter . 

3 . 4  Instrumentation 

The evaporator and spray drier at the N ZDRI are both 
ful ly instrumented25 . 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 34 8 5A 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 
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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 rnA .  The signal lines connect to 
32 ohm resistors at the System 7 computer termination 
cards , thus producing a 128-6 4 0 mV reading across the 
analogue input channels of the 5012 multifunction module . 

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

Product densi ty at various points through the plant 
is measured using densitometers . These instruments rely 
on variations in natural resonance frequency to give an 
indication of densi ty . A high density fluid produces a 
lower resonance frequency than one of lo"Yl densi ty .  A 
4-20 rnA signal proportional to the densi ty is sent to the 
process control computer . 

Process activation functions are implemented using 
standard Honeywe ll computer output s tations . Each station 
is individually addressable and can sample a voltage out­
put by the computer and convert it into a 4-20 rnA current 
signal . This signal then drives an electro-pneurnatic 
positioner thus obtaining mechanical movement proportional 
to the computer voltage signal . The output s tations have 
the ability to "hold or maintain " their signal unti l an 
updated value is provided by the computer . Manual over­
ride is available i f 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 digi tal voltmeter/scanning 
unit , frequency to current conversion units for the densi­
tometers and power supplies for the analogue ins trumenta­
tion as well as providing a convenient collection point 
for interfacing with the computer . 

3 . 5  Software Systems 

Two software sys tems ( a real time sys tem and an off­
line system) have been developed for the IBM Sys tem 7 com­
puter . 26 , 2 7 During the ini tial development s tages i t 
was found that the memory storage avai lable ( 16 K words ) 
would not allow a single system to be implemented , hence the 
division into two separate but inter-related parts . Both 
sys tems are written using the assembler and FORTRAN IV 
languages . The real time sys tem is used to link the com­
puter to the milk pwder plant and control its ope�ation , 
whilst the off-line sys tem is used for setting parameters , 
modelling the plant and designing and simulating the control 
systems for the plant . 

3 . 5 . 1  Real time System 

The real time sys tem 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 utilise the Sys tem 7 interrupt driven , 4- level , 
priority structure . 2 8 , 29 Under this structure each task 
is assigned to a priority level according to the relative 
importance of the function . i t 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 leve l . 

The real time sys tem supports 1 5 thermocouple readings , 
20 analogue input signals and 10 output s tations . Up to 
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2 
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Table 3-1 
Priority S tructure 

Program Functions 

Disk driver 
Real time clock 
Hewlett Packard OVM acknowledge 

Analogue output to output s tations 
Read digital input signals , convert 

to engineering units 
Read analogue input signals , convert 

to engineering units 

Set level of automatic control on 
plant 

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 . Sys tem configuration is performed using the off­
line sys tem . Parameters are then passed to the real 
time system using. an external data file . 

The various programs making up the real time sys tem 
are interrupt drive n . These interrupts can occur from 
the real time clock ( i . e . , tasks are scheduled to r.un at 
particular points in time) , as a consequence of a request 
from the operator , or as a result of a reques t from another 
· task . The programs allocated to level 1 are executed on 
a time scheduled basis . The analogue input channels are 
sampled every 0 . 2 5 seconds . 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 mult�plex-
ing of input channels is done by the Hewlett Packard 
Scanning Unit . The required .channel address is sent to 
the scanning unit which then reads the corresponding signal . 
Once this voltage s ignal has been converted to its equiva­
lent BCD form an acknowledge ready interrupt is sent to 
the computer . The digital input gr?PP is read and the 
engineering uni ts conversion is performed as is filtering 
if required . 

Filtering is performed using the well known formula 

The interval k�k+l is 0 . 2 5 seconds , Yk is the measured 
value and yk is the filtered estimate . The filter con­
s tant a is selected on the basis of visual inspection of 
the characteristic of variable y ,  to give a reasonable 
smoothed response . 

Analogue output signals ( 1- SV) are sent to the 
output stations every second . The output s tations are 
connected to a common bus line and the receiving s tation 
is speci fied via a separate digital output group . On 
receipt of the required si�nal 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 
c lock cotmter 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 avai lable to s tore plant and control data 
onto disk storage . 
by the opera tor . 

The frequency of storage is specified 

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 facil
i
ty is an important fea­

ture of the real time sys tem . It allows the operator to 
observe the his tory of the plant operation and compare 
the present state of operation wi th 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 reproces s ing the papertape using a Hewlett Packard 
98 30 minicomputer coupled to an X-Y plotter . A typical 
graphics display i s shown in figure 3-6 . The graph scales 
represent the value in engineering units * 10 . 0 .  

The control portion of the real tiree system has been 
- developed so as to be effectively plant independent and 
capable of supporting any desired s tructure of control 
hierarchy . 
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3 . 5 . 2  Offline System 

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

( i ) 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 leas t squares 
modelling , dynamic prograwming and simulation tech� 
niques . The data used by these techniques may be 
either actual plant data obtained whils t monitoring/ 
controlling the plant using the real time system or 
data generated from within the offline sys tem . 

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 parameters generally relate to the input/output func­
tions , such as se�points , 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 fai lure are 
inaccessible . 

The abi lity 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 
availab le and these can be configured to be primary ( i . e . , 
adjus ting a value position } , secondary ( i . e . , adjus ting the 
setpoint of some other control loop} , single loop or multi­
variable as required . 

Control sys tem design is performed .using an interac­
tive design procedure uti li sing the graphics display fea­
tures of the 4 010 Tektronix terminal .  A recursive leas t 
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 s tructure 
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 tl1e 
graphical data . The leas t squares procedure is then called 
in to attempt an estimation of the coefficients . Model 
eff�dtiveness 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 facili ty relies almost entirely upon 
the pattern recognition abi li ties of the designer . No 
attempt has been made to provide additional faci lities 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 assi s t , for example , in selection of proces s order and 
. 30 3 1 -t�me .delays . ' 

Having obtained a suitable model , control system 
design is performed us ing a discrete dynamic programming 
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procedure . The designer selects the diagonal weighting 
matrices P and Q as well as the nurr�er 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 des igner 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 satis factory the control design 
can be repeated . Once a sui table controller has been 
designed and simulated the parameter� are wri tten 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 model ling , control sys tem design and 
implementation could be extensively tested before actually 
using the real time ! sys tem on the plant . The response 
of the tes t sys tem is known and if the simulated response 
deviated from this " time" response the error in implementa­
tion could be traced through the various design s tages . 

The base system used is representative of a fourth 
order mas s.) spring and dashpot sys tem as shown i·n figure 3-7 . 

Two external forces , u1 and u2 are required to main­
tain the masses M1 , M2 at their respective equilibrium 
positions x1 and x2 • If the masses are assumed to be 
1 unit , spring constants . k1 and k2 equal to unity and 
damping coefficient equal to 0 . 5  then the sys tem can be 
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Mass Spring Sys tem 
( 4th order} 

represented ··by : the state equation : 

*
1 0 0 1 0 xl a 

*2 0 0 0 1 x2 0 
= + , . . - 2  1 -1 0 . 5 

*

1 1 xl 
x2 1 - 1 o . 5  -o . 5  *2 0 

. x  = A x + B u 

0 ' .' [:j 0 

0 

1 

At - 1 Using the relations _t = e- . .  , 6. = A (_t-!_) B for a sample 
period of 1 sec and assuming that the inputs are realis­
able in a time much shorter than the time cons tants of 
the system , so that any change in value is seen by the 
system as a step change gives 
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xl . 4 2 8 . 2 46 . 4 89 . 2 25 xl 
x2 . 24 6 . 6 74 . 2 25 . 714 x2 = *
1 - . 7 5 3 . 26 4 . 0 52 . 3 78 *

1 
*
2 . 26 4 - . 4 89 • 378 . 4 29 *

2 k+l k . 

+ . 326 . 0 8 [ �� J . 0 8 . 40 6 

. 4 89 . 2 25 k 

. 225 . 714 

Thi s equation has the form �k+l = � � + � uk and can be 
used to generate discrete data corresponding to the pre­
viously defined fourth order sys tem . 

Figure 3-8 shows a sequence of data generated for 
this sys tem . With inputs u1 an

d u2 set to 300 the equi li­
brium values for x1 and x2 are 60 0 and 9 0 0 respective ly .  
The inputs u1 and u2 . have been randomly perturbed at 12 
second intervals . 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 x1 and x2 is the 
piecewise characteris tic response of the leas t squares 
model ,  derived from the perturbation data , when sub j ected 
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 x.. =kT 

a = -

f3 = 

= 
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. 7 7 
- . 3 5 
1 . 0 3 
. 0 6 

. 7 8 

. 50 

. 0 2 

. 0 3 

T = 6 
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(:�) 
kT (x11 

X ) 2 kT-T (��) - (��) kT . {k-1) T 

(�1) -
. 2 {k-1 ) T 

- . 0 3 . 23 
. 9 4 . 35 
. 2 7 - . 0 3 
1 . 42 - . 06 

. 51 . 46 
1 . 2 9 . 9 0 
. 0 3 . 6 0 
. 0 5 1 . 1 3 

seconds , T 

(�1) 2 { k- 2 ) T 
. 0 3 
. 0 6 
- . 2 7 
- . 42 

. 7 3 
1 . 10 
1 . 0 0 
1 . 5 3 

= 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 s tep in the procedure is to design a con­
troller . The interactive faci lity allows the designer to 
specify the diagonal elements of the weighting matrices P 
·and 2.  A dynamic programming procedure is then performed 
to minimise the quadratic performance criteri a . 

J = E [ �kT � �k + U
T 2 Uk J 

k . -k 



-68-

leading to a controller with the form 
!!

kT = G 
�

k T + H w kT 

�
kT = error vector �
kT = pas t input vector 

For weights P = diag . 
[
1 ,  1 ,  1 ,  1

] 
and g = diag . 

[o , oJ 10 iterations of the algorithm gives , 

= 

�

kT = 
r:
l
) (:

1
) 

2 (k-l ) T  2 (k-2 ) T  
(u11 
u J 2 (k- 2 ) T 

- (
:
1
) 

2 (k- 3 ) T 

G = l l . 72 . 9 1 - . 0 3 . 0 4 J . 9 6 - . 9 0 - . 0 4 . 0 4 

= [ - .  75 . 2 1 . 0 2 - 0 2 8 ] 
. 0 7 - .77 - . 37 - . 3 8 

H 

_The response of the least squares model wi th this 
controller acting is shown in figures 3-9 and 3- 10 . The 
setpoints in each case are 50 0 and 90 0 for x1 and x2 res­
pectively . Figure 3-10 shows the control response when 
the measured value is subject to a 5% noise leve l . The 
values in the weighting matrices may be adjus ted unti l 
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the desired control response is obtained . Figure 3-11 
shows the control response for weights � =  diag . j l , l , l , l l , 
2 = diag . [1 , 1] . As there is a weighting on the control 
effort the control response is s lower than previous ly . 
The control matrices for these weights are -

G = [ - . 8 1 . 3 3 - . 0 3 • 03 J . 40 - . 5 3 - . 0 4 . 0 4 

H = [ - . 4 5 - . 0 8  - . 0 8 - . 2 5 J - . 10 - . 5 8 - . 30 - . 33 

This example has demonstrated the design of a multivariable 
control sys tem. The flexibility of the interactive 
facility allows other control configurations to be de­
signed and tested without additional restraints . 

Controllers incorporating dis turbance terms may be 
simulated by generating data with up to 4 inputs . As 
an example , consider the data as shown in figure 3-8 . I f 
variable x1 is regarded as the only output variable o f 
concern , a control system wi th the single input u1 and u2 
as the disturbance could be designed . 
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CHAPTER FOUR 

REAL I TIME APPLICATION OF CONTROL 
SYSTEMS 

4 . 1  Introduction 

The software systems previous ly 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 des igned using the derived plant models and 
tested in simulation . Control des ign 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 sys tems 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 s tructure . The full facility , incorpora­
ting modelling , control sys tem design and heirarchical 
implementation , is demonstrated to provide a very effec­
tive basis for the development of control sys tem 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 , 3 3 Each control ler 
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 sys tems usually have relatively 
fast dynamics . Controllers to regulate plant or interme­
diate parameters within the process ,  usually wi th slower 
dynamics , are then des igned to ad jus t the setpoints of 
the first level sys tems . There may be a number of levels 
in the final contro l 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 es tab­
lished by experimentation on the actual plant . The 
final form of the control sys tem is therefore not always 
known initially . 

These factors apply equally to the control approach 
described in this chapter . The method provides a bas is 
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 . I t 
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 done wi th s tate space control 
designs ) . Instead , the method follows the wel l es tab­
lished control sys tem design approach of regarding the 
plant 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 v1hich degrade the perfor­
mance of conventional DDC systems , e . g . , interac­
tion and time delays ; 

(b) the design approach for each control sys tem , irres­
pective of i ts complexity and/or position in the 
hierarchy is uniform ; 

(c ) it is possib le to s tandardise the software , both 
for design and implementation to cater for a genera­
lised hierarchical s tructure 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 s teering decisions 
to the mos t appropriate subsys tem 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 
uti lise 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 adjus tment ( 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 . Hultivariable 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 . 
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The base loop is the first loop in any chain . I f the 
link to the next loop points to i tself , the end of the 
chain is signi fied . If both links are the same , a 
single input , single output control system is speci fied . 
This chaining mechanism permits a single control algo­
rithm to be written that caters for both simple and 
complex modes of operation . The s ingle input/single 
output controller is a special case of the n input/m 
output control scheme . 

Control sys tem operations may therefore be completely 
defined from a data base reference . Control sys tem 
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 Sys tems 

Initially the computer has no information relating 
to control sys tems for the plant . The control engineer 
firs t selects subsys tems that are to operate at the lowest 
hierarchy l

e
vel . The input, output and disturbance 

structures are specified . Each subsys tem is taken in turn 
and an experiment is carried out to collect plant data for 
model ling purposes . The order in which the subsys tems 
are treated may depend on factors particular to a process .  
As each controller satisfies the design criteria it is 
incorporated into the hierarchical s tructure . Thus , the 
firs t controller at the lowest level is obtained with the 
plant operating under manual control ,  whils t the last 
control system at the firs t level is determined with a ll 
the other level 1 controllers operating . The first level 
controllers may then be redesigned i f required . 
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Given a complete set of first level con
t
rols , 

experimentation can then commence to develop the second 
level of control . The procedure outlined is repeated 
for each of the subsequent higher levels . Control 
sys tems at a level mus t all be fully operational before 
commencing experimentation at the next higher level . I t 
is important that the lower level controls remain fixed 
as the process models at a level incorporate controllers 
operational at a lower level . Adj us tment would nece­
ssitate re-definition of all controllers on higher levels . 

Many plants may not lend themse lves 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 satis factory 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 s tatus . 
The d . d . c .  sys tems could then be replaced by more effec­
tive control sys tems . Control of the plant at the firs t 
level is usually s traightforward so this aspect is not a 
major difficulty . Restricted experimentation may cause 
a problem however . It is equal ly possib le to create 
acceptable data for analysis by injecting only small 
perturbations into the plant and thereby res tricting 
output deviations to within normal operating values . 
If the practical constraints (e . g . , safety , cos t , etc) , 
are such that perturbation experiments are out of the 
question , then the design of controllers mus t rely on 
analytically derived models of plant dynamics , thereby 
abandoning the s tatistical approach . Alternatively , i t 
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 s tages - preliminary work using 
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an analytically derived simulation model , firs t 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 detai l the development of 
the control s tructure at each of the stages . 

4 . 4  Simulation Model of 
Evaporator 

Prior to the installati on of ins trumentation 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 
mode134 has been developed by wri ting mass and energy 
balances for the various component sections of the eva­
porator , i . e . , preheaters , detensioner , effects 1 , 2 & 3 ,  
baromet�ic condenser . 

( i ) 
( i i ) 
( iii ) 
( iv) 
(v) 
(vi ) 
(vii ) 

Process s tate variables included in the model are : 

concentration of milk leaving the 1st effect , C ; 
temperature inside the 1s t effect , T1 ; 
solution hold up inside the 1st effect , W ; 
concentration o f milk leaving the 2nd effect , c2 ; 
temperature inside the 2nd effect , T2 ; 
solution hold up inside the 2nd effect , w2 ; 
concentration of milk leaving the 3rd effect , c3 ; 

wiii ) uemperature inside the . 3rd effect , T3 ; 
( ix ) solution hold up inside the 3rd effect , w3 ; 

Control variables are def ined as : 

( i ) temperature inside the 1st effect steam jacke t , Ts ; 
( ii ) flowrate of milk into the evaporator , F0 ; 
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( iii ) flowrate of condenser water , FW ; 
( iv) preheat temperature of mi lk , TFD " 

Of the four control variables defined for the model , 
three were avai lable to act as control inputs for the 
evaporator . The preheat temperature , TFD ' affects the 
fina l . properties of the spray dried milk. powder and thus 
is normally constant over a particular production run . 

Previous s imulation s tudies wi th the model have 
shown that there is interaction between all plant inputs 
and process variables . In particular , the 1st effeGt 
steam jacket temperature , Ts ' affects the 1st effect milk 
temperature , T1, heavi ly and FW affects the 3rd effect milk 
temperature , T3 . These responses occur relatively 
quickly with time cons tants of the order of 5-10 seconds . 
In contras t , responses to changes in the inlet milk 
flowrate , FM ' are very much slower because of transport 
delays between effects and the subsequent propagation 
time through the evaporator . 

In keeping with the established method of considering 
subsys tems within a large sys tem for control development , 
the temperatures with their fas t responses are considered 
first . The s imulation is used to generate data by 
applying random perturbations to both Ts and FW ' whils t 
keeping FM and TFD constant . A model is obtained from 
the data using leas t . squares techniques and a multi­
variable feedback controller wi th minimum time characteris-
tics can then be derived . Simulation of this control ler 
shows that good control over T1 and T3 may be obtained . 

From the application viewpoint , however , a controller 
of this form is seen to be unsuitab le . The responses of 
T1 and T3 are both quick but there is a delay in the pro­
pogation of changes in the 1s t effect through to the 3rd 
making choices of suitable setpoint values difficult . Also , 
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the product s tate may be defined by any two of the pro-
perties temperature , flowrate and concentration . Thus 
a control sys tem based on temperatures onlz bears little 
relation to the product s tatus . 

A possibility is to have a control sys tem defining 
the product status at some point in the evaporator and then 
use s teady state relationships between that point and the 
final product out of the evaporator . Since the energy 
input occurs at the 1st effect a system is deve loped to 
give tight control over this section of the plant , T1 and 
F 1 , the milk flowrate out of the 1st effect are the vari­
ables to be control led . Concentration is not regarded 
as control variable at this stage as i t 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 Ts and F\v , FM being disregarded 
because of the effect of changes propagating through the 
plant . 

Data is generated as before and a multivariable 
model found . 

where 

r�{k+l} T J = l�{k+l } T-t 
= 

�
kT = 

[�T ] �
kT-t 

+ � wkT { 1) 
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T = 8 seconds t = 4 seconds 

a = -1 . 9 5 1 . 33 - . 9 5 -1 . 33 -
- . 0 3 10 . 4 8 . 0 3 - . 4 8 
1 . 50 1 . 0 0 - . 50 - 1 . 0 0 

- • 0 3 10 . 36 . 2 8 - . 36 

13 = . 4 5  - .. 18 
- . 0 2 - . 0 3 
. 36 - . 0 5 
- .  0 1 - . 01 

Figures 1 and 2 show the orig
f
nal data with the 

response of the leas t squares model superimposed on top . 
The top portion of each figure indicates the error between 
the true value and the model led value . The temperature 
data has been modelled better than the flow . This is in 
accordance with the earlier s imulation work which has 
shown tha t Ts and FW affect t�e T1 , Ts pair more than they 
do T1 , F1 . 

With weightings = diag [1 , 1 , 1 , 1} and = diag . [o , o] 
and 2 iterations of the dynamic programming design algo­
rithm , the following minimum time controller is obtained . 

where 

�

kT 
�

kT is as 

YEkT = 

= y YEkT 

before , (Tl 
Fl 

;sp) 
sp kT (Tl -

Fl 
;sp) 
sp kT-t 

l = [ -4 . o s  2 4 . 2 4 
. 6 9 7 . 7 8 

{ 2 ) 

error vector 

1 . 2 3 1 . 50 J -2 . 0 2 -4 . 5 3 
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A series of s imulation runs using the controller 
developed��erformed 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 

steam temperature , Ts 
water flow , Fw 

6 0 °C to 9 5 °c 
0 Kg/sec to 7 . 0 Kg/sec 

The initial input values used are 8 3 . 0  °C and 3 . 5 Kg/sec . 
These give initial values of 69 . 4 3 °C and . 36 2 1/sec . The 
inlet flowrate , FH ' is set to 0 . 5 1/sec and the preheat 

0 temperature . TFD ' to 105 C . The latter two inputs are 
constant over each of the simulation runs . 

Table 1. 

Simulation Responses 

Setpoints Final Value After 
10 Control Cycles 

Figure No . Tl Fl Tl Fl 
3 73 . 0  . 36 2 7 2 . 7 9 . 3 56 
4 7 3 . 0  . 34 72 . 9 9 . 3 4 2 
5 73 . 0  . 3 3 73 . 0 1 . 331 
6 7 3 . 0  . 3 2 7 3 . 0 9 . 3 2 9 
7 69 . 5  . 3 8 69 . 5 7 . 3 7 6 
8 69 . 5  . 36 69 . 50 . 36 0 
9 69 . 5  . 34 69 . 51 . 34 1 
10 66 . 0  . 40 66 . 39 . 40 3 
11 66 . 0  . 3 8 6 6 . 17 . 3 7 9 
12 66 . 0  . 36 2 6 6 . 0 1 . 35 7 
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Figures 3 to 12 show the results ·of the simulation 
runs . In each case variable 1 is the temperature T1 , 
variable 2 is the 1st effect flow , F1 • 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 exhibi t overshoot . This has arisen because 
one input of the multivariable controller , the condenser 
water flowrate FW has saturated . 

The flowrate response characteri s tic is seen to be 
a function of the temperature setpoint . Figures 3 to 6 
show flow response for a temperature higher than the 
ini tial value , improves as the setpoint is lowered . Figures 
7 to 9 show a much improved flow response when the tempera­
ture , T1 , remains close to its ini tial 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 terrtpera ture setpoin ts . The diagrams show that 
effective control of T1 and F1 is avai lable sub ject 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 T1 ( implying a greater evaporation rate ) should be 
accompanied by a drop in F1 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 s tate 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 1st effect and thus the tempera­
ture in the 1st 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 1st effect, s teady state relations can be used 
tb determine suitable setpoints for T1 and F1 based on 
desired outflow . 

The steady state equations obtained are : 

Fl = 0 . 0 3 4 7 FM + 0 . 3 7 7 7 F3 + 0 . 0 33 ( 3 ) 

Tl = 12 1 . 4 197 FM - 179 . 9 0 3 7 F3 + 28 . 5 1 2 8 ( 4 ) 

Figures 1 3 and 1 4 indicate the accuracy of the two 
equations obtained . The top portion of each figure 
gives the error between the true value and that es timated 
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 des ired speci­
fication , with a steady production rate . Achievement of 
this ob jective simplifies some of the control problems 
that might arise on the spray drier , leading i n turn to 
a higher quality milk powder . This objective results in 
a requirement for control of the densi ty (and hence con­
centration) and flowrate of the concentrate leaving the 
third effect of the evaporator . 

Table 2 outlines , _the hierarchy of control sys tems 
relating to a triple effect evaporator . Thi s 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 

{control 
control 

of product density and 
flowrate � 

of evaporator 
pressure 

t {
control of evaporator 

environment 

� -
J, 

Plant actuators 

level 3 

level 2 

level 1 

process 

level - control of the steam flowrate to the 1st effect , 
control of the water 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 operated on water 
while developing the firs t level of control . Manual 
operation is used to bring the plant to its normal 
operating level . As each loop is developed in turn , it 
i s incorporated into the control scheme � 

4 . 5 . 1  Steam Flowrate 

Figure 15 is a schematic diagram of the s team supply 
sys tem . The steam pressure is measured on the upstream 
side of the valve and the flowrate on the downs tream side . 

"QASSEY UNIVERS ITY 
J.IBMRY 
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Valve 
Actuator 

steam --7>---r----� ���,------1s t effect 

Pressure 
Measurement 

Flow 
Measurement 

s team j acket 

Figure 15 Steam flow to 1st effect 

The objective is to control the f lowrate of steam to the 
firs t effect . Manual operation of the valve shows 
there is no delay between actuation of the valve and the 
corresponding s team flowrate response . 

The valve is set at a posi tion corresponding to a 
240 0 mV signal from the computer ( allowable values are 
100 0-50 0 0 mV dependent on the particular valve ) . The 
pos ition of the valve is changed at 12 second intervals 
over the_ iange 240 ± 4 0 units ( 1 uni t - 10 mV) . A 1s t 
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
troller35 is designed by setting weights of 2 • diag . 1 1 , 1 1 , 
P = 0 and performing 2 iterations of the dynamic programming 
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design algorithm . The operation of the controller is 
seen in the accompanying diagrams . Figures 17a and 17b 
are simulated control responses . The offline sys tem is 
used for these simulations . Setpoint is reached wi thin 
2 control intervals . Figures 18a and 18b reflect the 
operation of the s team controller on the evaporator . 
Figure 18a shows a setpoint change ( continuous s traight 1 .  

lines ) from 400 Kg/hr to 4 30 Kg/hr . The target is 
reached wi thin 2 control cycles followed by minor changes 
in the valve posi tion to keep the flow at setpoint . 
Figure 18b shows the effect o f variations in the steam 
supply pressure on the flow controller . Variable 18 
is the pressure reading indi cated in the schematic of 
the steam system whils t variable 5 is the press ure at 
the header pipe j unction to the boi ler . Variations in 
the steam flowrate are kept small . Table 3 s�marises 
the steam loop parameters . 

Table 3 

Steam Loop Parameters 

Model Matrices 

· a.  . = [1 . 3 7 - .  37 -., 
1 . 2 8 - .  28 J 

� = [2 .  6 3 J control interval 4 secs 
2 . 52 sample interval 2 secs 

Control Design Parameters 

Q · = diag . ( 1 , 1 ) r = 0 2 i terations 

Control Matrix 

K = [- . s o • 0 8 9 J 
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Water Flowrate to 
Barometric Condenser 

Figure 19 is a schematic diagram of the barometric 
condenser sys tem . 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 

Flow Measurement 

Vapour Barometric Condenser 

Condensate 

Figure 19 Water flow to condenser 

The valve posi tion 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 . Fas t control action is 
again desirable for this control loop so a minimum time 
controller is des igned by setting weights as for the 
s team loop . Simulated control responses are shown in 
figures 2 la and 2lb .  Note in figure 2 lb the effect of 
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a perturbation limi t on the control action . The limit 
is used to res trict the maximum change in valve posi tion 
that may be achieved in one control interval , thus pro­
longing the li fe of the 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 limi t 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 

= [1 . 36 1 . 29 - . 36 J - . 2 9 

= 
[
. 0 09 

] 

. 00 6 

Control Design Parameters 

= diag . ( 1 ,  1) , 
Control Matrix 

control interval 6s 
sample interval 2s 

E = o 2 iterations 

K = 

(
-127 . 3  37 . 4  J 
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Inters tage Ejector 
Condens er 

Figure 2 3 is a schematic diagram of the operation 
of the inters tage 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 cond�nsate is a measure of the rate of with­
drawal of the noil-condensib.les . 

Non..,.Condensible 
Vapour 

Figure 23 

High pressure s team 

Condensate 

Inters tage E jector 
Condenser 

' 

Temperature 
Me as urerne·n t 

Inters tage ejector condenser 

The design of the inters tage ejector sys tem on this 
evaporator is such that the valve is always close to its 
fully open position . Thi s res tricts the allowable range 
of valve positions and coupled wi th the freeplay in the 
actuating mechanism , has caused some difficulty in imple­
mentation of a control ler . Figure 24 shows the data from 
an experiment performed on this sys tem . The valve posi­
tion is varied in the range 115 ± 10 every 60 seconds . A 
first order mode� with an update interyal 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 sys tern wi'th weights Q. = diag . ( 1 , 1) 
f = 1 i s designed . The -simulated response of this control 
sys tem may be seen in figure 25 . Slight problems in 
the implementation of this plant have been encountered . 
When the temperature error i s small ( < 1 °C) 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 posi tioning , to the output sta­
tions . With downward truncation this resulted in zero 
change in valve position . Rounding of the digital value 
to the neares t 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 mi llimeter . 
Friction and linkage freeplay made changes of this order 
of magni tude difficult . Fortunately tight control on 
the loop was not too critical and deviations of 

±

� 7 5 °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 jJ_llus tration of the prehea't 
temperature and inlet flow sys tem . A high pressure 
pump feeds fluid into the evaporator . The fluid is heated 
by direct steam injection downstream from the pump . 
Computer output s tations posi tion the steam valve and 
adj us t the pump speed through a mechanical gear linkage . 
Control of the flowrate and temperature of the fluid 
downstream from the driect s team injection unit .  However , 
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Table 5 

Interstage Ejector Temperature 
Loop Parameters 

Model Matrices 

a. = [2 .  81 -1 . 8 1  J --
2 . 2 3 -1 . 2 3 

� = [ . 0 89 J control interval 30 secs 
. 0 2 1 sample interval 10 secs 

Control Desi gn Parameters 

Q = diag . ( 1 , 1 ) , P=l - 10 i terations 

Feedback Gain Matrix 

K = 

j
- 5 . 2 1 4 . 0 5 

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 s team injec­
ted into each unit volume alters . The sys tem therefore 
has two inputs , two outputs and involves interactions . 

Fluid 

Pump Speed 
Actuator 

Flow 
Measurement 

Figure 26 

Steam 
· l�------�- · D�---- Valve Actuator 

Temperature 
Measurement 

Preheat temperature and inlet flow 
sys tem 
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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 
27 . The system is set manually to an operating level of 
approximately 16 50 1/hr inlet flow and 10 5 °C preheat 
temperature . This corresponds to pump and steam valve 
pos itions of 307 and 25 9 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 thi s 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 \vell as for the flow . This can be attributed 
partially to the non-linearities present in the pump speed 
adj us tment linkage . The approxi�ation to the flow charac­
teristic is sufficient however to provide a basis for 
control design . 

·

A control system with design weights Q = diag . ( l , l , O , O )  
P = diag . ( . l , O ) is designed . This puts weighting on the 
latest error samples and constrains the action of the 
preheat steam valve s lightly . The simulated control res­
ponse is shown in figure 28 . Flow response is seen to be 
quick while the temperature response is s lower because of 
the weigh

t
ing placed on the steam valve action . This is 

desirable to reduce the level of interaction and maintain 
tight control .  Fi9ures 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 dis turbance in flowrate after a temperature 
setpoint has been specified . Flow measurement is noisy 
but additional filtering of the signal is not desirable 
as i t 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 rnultivariable 
system are summarised in Table 6 .  

Table 6 

Preheat Temperature and Inlet flow 
Parameters 

Model Matrices 

<l = 
= 

2 . 0 8 
- . 0 4 
1 . 6 5 
-3 . 9 7 

- . 0 3 
• 9 6 
- . 0 2 
. 81 

. 0 2 

- 1 . 0 8 . 0 3 
. 0 4 . 0 4 
- . 0 6 5 . 0 2 
3 . 9 7 . 19 

. 13 
- 1 . 2 7 

• 0 5 
- . 9 2 

-2 . 3 8 control interval 8 secs 
. 0 1 

-2 . 33 

Output matrix � = [y l 
y2 

Input matrix u = . [�� 
·contrml : Design Parameters 

Q = diag ( 1 , 1 , 0 , 0 ) 
Feedback Gain Matrix 

K = [- 7 .  0 0 
2 . 16 

. 0 9 

. 35 

sample interval 4 

prehea t temperature J inlet flowrate 

preheat temperature J · mi lk feed pump 

P = diag ( . 1 , 0 ) 
4 . 0 6 
- . 59 

20 Iterations 

- . 12 J . 0 8 

secs 
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All of the firs t level systems of the evaporator 
have proved to be straightforward to design and resul t 
in very simple feedback algorithms , the multivariable 
controller having the same basic s tructure 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 adjus t the set­
points to the primary controls according to the desired 
properties of the concentrate leaving tne evaporator . 

Inspection of plant data obtained whi lst developing 
and implementing the primary controls precluded the 
use of the control scheme developed using the previous ly 
described simulation mode l of . the plant . The measure­
ments of the concentrate flow , from each effect , and par­
ticularly those from the 1s t and 2nd effects , were found 
to be noisy even wi th 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 wi thin each effect 
were found to be s lower than expected as a resul t of the 
thermal capacity of the plant . Changes in the 1s t 
effect environment as a result of condenser water varia­
tions were also found to be s lower than ·anticipated . 

The alternative s tructure as shown in figure 30 has 
therefore been implemented . Ins tead of controlling the 
product properties at the 1s t effect and then applying 
steady s tate relations over the remainder -of the plant 
control lers relating directly to the concentrate leaving 
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the evaporator are used . Time de lay� as a result of tilie.: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 
Steam flow 
Condenser Water flow 
Inters tage e jector 
temperature 

Evaporator 

Density 

E3 Flow 

Separator 
pressure 

Figure 30 Secondary control structure 
for a triple effect evaporator 

During normal plant operation the preheat and interstage 
e jector temperatures are maintained at constant levels , 
thus the secondary s tructure 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 is 
required for a number of reasons . The pressure , which is 
easily read and relatively noisefree , affects the con­
centrate temperature . It is desirab le that the tempera­
ture is as low as possible to maximise the efficiency of 
a mult.i..;.effect evaporator . The increased viscosi ty of 
the concentrate , however , limi ts the minimum temperature 
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possible : 9 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 densi ty 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 1st level flow controller . The set­
point to this loop is varied in the range ± 1 Kg/sec at 
60 second intervals . A 2nd order mode l 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 s light delay arises 
because the point in time at which the change in setpoint 
is entered does not correspond wi th the time for a control 
action . 

Separator pressure control parameters are shown in 
Table 7 .  

4 . 6 . 2  3rd Effect Densi ty and Flow 
Controls 

Control of the 3rd effect densi ty and f lm11 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 
effic

i
ent 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 = 

s = 

[2 . 12 
1 . 9 9 
1 . 6 8 [- . 0 12 ] 
- . 0 09 
- . 005 

- 1 . 0 6 
-1 . 0  
- . 71 

Control Design Parameters 

Q = diag . ( 1 , 1 ,  1 ) 

cont
r
ol Gain Matrix 

p 

K = 

[
177 . 9 - 86 . 8 5 

- .  06 ··] 
. 0 1 
. 0 4 

control interval 30 secs 
sample interval 10 secs 

= 0 2 iterati ons 

-7 . 6 1
] 

the evaporator . Fouling of the cal landria 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 thes

e 
requirements to be main­

tained over an extended period of time . A steady concen­
tration in the f�ed 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 I 

plant . The capacity of the evaporator is usually greater 
than that of the drier . Thi s means that high solids 
concentrate mus t be stored for a period of time before 
processing in the drier . Under these conditions the 
concentrate viscosi ty increases with time , again resulting 
. . . . th f . 1 d t ' 36 1n var1at1on 1n e 1na pow er proper 1es . 
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A single input , single output co
n
troller is consi­

dered firs t . The plant is brought to i ts 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 speci fied frequency . Models 
incorporating differing control and delay intervals are 
fitted to the data generated . Figure 34 shows a model 
with an update interval of 6 0 seconds and a sample inter­
val of 30 seconds . Additional samples are taken over 
the previous two control intervals . De lay is speci fied 
as being between 150 and 180 seconds . Figure 35 shows 
the regenerated data from a model with an update interval 
of 18 0 seconds and a sample interval of 30 seconds . Six 
samples are taken and the del.ay is speci fied as less than 
18 0 seconds . The effect of these parameters is to give 
a fit ��at 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 18 0 
seconds and a sample interval of 9 0 seconds , delay as be­
fore . The model is s ignificantly 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 densi ty response is 
seen . Cons ideration of these factors leads to the choice 
of the firs t 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 ) , � = diag .Q , l , l ) . 
Implementation of the controller is shown in figures 38 
and 39 . The spikes in figure 39 on variable 15 are caused 
by the densi tometer temporari ly 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
si ty .  Analysi s of plant data and further inves tigation 
of the plant sugges ted 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 wi th the original data . Implementation of a 
controller based on this model does not , however , provide 
adequate protection from disturbance ( see figure 4 1) . 

An addi tional loop operating on the 1s t effect 
chest pressure was therefore set up . It was thought 
that if a cons tant pressure balance were maintained across 
the three evaporator effects , the impact of the s team 
supply pressure would be much reduced . A densi ty 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 inef fective . Though fluc­
tuations were reduced they were s till 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 ins talled to remove entrained 
water droplets . As well , a pressure regulator was installed 
in the supply line . Tes t runs . with the evaporator using 
primary level controls only suggested that 

t
he modi fications 

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 nsed for design of the controller 
for 3rd effect density .  The steam setpoint is varied in 
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in the range 440 

± 

lO · Kg/hr whi le the milk inflow is 
varied 

± 

20 1/hr about 1750 . Variable 14 is the densi ty 
of the milk supplied to the evaporator and lies in the 
range 9 - 11 % T . S . Densi ty fluctua tions 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 speci fied as 2 control intervals , i . e . , 
180 seconds . 

Figures 4 3a , b , and c show the simulated control 
responses with respectively no dis turbances acting , inlet 
density f luctuations and both densi ty 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 . I t is clear 
that the s tructure of the control ler is more complex than 
those of the level · 1 and 2 controllers . Operation of the 
controller is illus trated in figures 4 4a and b . Dis tur­
bance effects are much reduced and the maximum variation 
of densi ty from setpoint is approximately 5 Kg/m

3 

( 1% TS ) . 
Over the major portion of the run deviations are markedly 
less than this . 

Figure 45 i llus trates the perturbation sequences 
and regenerate'd model response for the product f low 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 1st level 
s team loop . · The model is as good as could be hoped for 
in view of the noisiness of the flow signal . The signal 
i s already heavi ly filtered . Control design weights of 
Q = diag ( 12�1 .. . 0 } !: = diag ( 5 0 , 5 0 , 50 , 50 } · give a · controller 
with the gains as shown in Table 9 .  
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TABLE 8 

E3 Densi ty Control Gains 

c = 6 0 seconds 
s2 = 40 seconds 

s 1 = 20 seco
�
ds 

delay = 16 0-18 0 seconds 

Controller Gains 

= 

where , 

-1 . 25Ek + . 7 7Ek-s - . llEk - . 0 8Ek-c - .
0 04Ek 

I 
-s 2 -c-s 

- . 0 2Ek-3c_5 2 
+ . 1

4
Vk + . 15Vk-c + .

1 5Vk- 2c 

+ . 0 9Vk- 3c + .
0 1Vk-4c - .

0 2Vk- Sc - . 2 5Wk 

- • 4 2vvk-c - . 71Wk-2c - • 9 0Wk-3c - . 7 8Wk- 4c 

- . 49Wk- Sc - . 5 3
U
k-c - . 6

0Uk-2c - . 5 3
U
k-3c 

. 26Uk-4 c - .
0 4Uk- 5c 

uk = change in steam setpoint at time k 

vk = change in inlet flow at time k 

wk = change in inlet densi ty at time k 
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TABLE 9 

E3 Product Flow Control Gains 

c = 6 0 seconds 
s2 = 40 seconds 

s 1 = 2 0 seconds 
delay 16 0-1 8 0 seconds 

Controller Gains 

= . 0 2Ek + . 06Ek - . 13Ek-� -s l -s 2 -

+ . 0 2Ek + . 0 4Ek - . 0 1Ek-2c -c-s 1 -c-s 2 

. 0 8Ek 2 + . 06Ek 2 + . 0 3Ek- 3c - c-s 1 - c-s 2 

- . llEk 3 + . 0 7Ek 3 + . 9 7Vk - c-s 1 - c-s 2 

+ 1 . 0 7Vk-2c + . 74Vk-3c + . 3 1Vk-4c + . 17Vk- Sc 

+ . 6 5Wk + . 8 1Wk-c + _ . 9 1Vk- 2c + . 89Vk-3c 

+ . 29Vk-4c + . 17Vk- Sc - . 16
U
k-c - . 15

U
k- 2c 

- . 0 4Uk-3c + . 0 1
U
k-4c + . 0 2

U
k- Sc 

where uk = change in inlet flow setpoint at time 

vk 
= change in steam flow setpoint at time 

wk = change in inlet dens.i ty at time k 

k 

k 
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Simulated control responses are shown in figures 4 6 
and 47 . Figure 46 i llus trates the effect on control 
of a noisy measurement signal , obtained using a random 
number sequence . Figure 47 shows the effect of s team 
flow changes on the flow controller . This is important 
as the density and flow controls will both be working . 
Operation of the controllers is i llus trated in figures 4 8 
and 49 . A dead zone o f 5 1/hr i s used on the flow 
controller . 

4 . 7  Primary Controls for a Tall 
Form Spray Drier 

Computer control sys tems for the tall form spray 
drier have been developed at the primary level only . 
They relate to the feedrate of concentrate to the ato­
miz ing nozzle , the gas flowrate · to ��e burner , the inlet 
air flowrate and the chamber pressure . The latter two 
variables are controlled using a multivariable control ler . 

4 . 7 . 1  Drier Feedrate 

The structure for this control loop is single input , 
single output . Flowrate is altered by changing the s troke 
of the high pressure pump . The rate of flow affects 
the degree of atomi zation at the spray nozzle . The pump 
is initially set to operate with a s troke corresponding to 
400 uni ts at the computer output station . Perturbations 
in the range ± 100 about the initial pos ition are applied 
at 30 second intervals . Figure 50 shows a schematic 
diagram of the Drier feedrate system . · The flow charac­
teris tics obtained from the above perturbations are illus­
trated in figure 5 1 . The fit of the 1st 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 

Flow measurement 

Figure 50 Schematic diagram of drier feedrate 
system 

A minimum time control sys tem is designed . Simu-
lated and online responses are shown in figures 52 and 5 3 
respectively . The slowness in response to the 1st set­
point change is caused by freeplay and friction in the 
linka.ge to the stroke adjus ting mechanism in the pump . 
When the larger setpoint change is speci fied better adjus t­
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 5 4 . A simple control ler is operated on the gas 
flow rate . The valve in the gas line is perturbed in 
the range 345 .

± 

8 0 at 12 second intervals . Gas flow 
responses 
in figure 
interval 1 

to valve perturbations are quick as may be seen 
I 

55 . The model fitted is 2nd order with sample 
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 

. Cl = 

s = 

[-1 . 75 
1 . 5 6 [- . 59 J - . 2 8 

Control Des ign Weights 

- . 75 J - . 56 

control interval 9 secs 
sample interval 4 secs 

Q = diag ( 1 , 1) P = 0 

Control Gains 

K = [2 . 5 4 -1 . 15 J 

Gas 

Figure 54 

Valve 
Actuator Flow Neasurement 

Schematic diagram of Gas Flow 
Sys tem 
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A minimum time controller is designed . The simula-
ted and online responses are illus trated 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 posi tion . Restrictions are placed on the mini-
mum and maximum values of the valve travel to ensure that 
no-burn or over-burn condi tions will not occur . The 
parameters associated with the gas flow control loop are 
detai led in Table 11 . 

4 . 7 . 3 

Table 11 

Gas flow control Loop parameters 

Model Matrices 

_g_ = ,1 .  8 8  - . 9 6 . O B j ll .  77 - . 8 7 . 10 
. 1 .  61 - . 7 1 . 11 

� = [ . 0 36 1 control interval = 3 secs 
• 0 19 sample interval 1 sec 
. 0 02 

Control design weights 

Q = diag • 
1
1 1  1 1 l l p = 0 

Control Gain Matrix 

K = 

[
- 4 2 . 1  21 . 9  

Chamber Pressure and Inlet 
Airflow Control 

-1 . 5  
J 

3 iterations 

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 exhaus t 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 modi fied by the computer software 
so that positive readings only are obtained . The unit 
used is defined as ' pseudo-millibar-absolute ' (PMBA) with 
a reading 10 0 0 PMBA equivalent to 0 bar gauge . 

Chamber pressure 
measurement 

Figure 58 

Airflow 

l 
Inlet air damper 

1�-+----- actuation signal 

DRIER 

Inlet airflow mea­
surerr.ent 

Exhaust air damper 
actuation signal 

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 16 0 

± 

6 0 while the exhaus t 
damper is varied in the range 420 ± 50 . The perturbation 
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intervals was 4 8  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 des ign weights are Q = diag . ( 1 , 1 , 1 , 1 ) P = 

diag . ( . 0 0 5 ,  . 0 0 5 ) . The weighting in the P matrix gives 
a s light reduction in the speed of the control response .  
The online control response is illus trated in figure 6 1 . 
Variations appear large but note . should be taken o f 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 
Cl = 1 . 4 2 - . 1 2 -

. 0 2 1 . 0 4 
1 . 29 - . 0 7  
. 0 3 1 . 0 4 

� = - . 0 2 7 - •. 0 4 5 
- . 0 2 4 . 0 6 1 
- . 0 18 - . 0 2 2 
- . 0 15 . 0 3 8 

output vector , Yk = [ [:�] k J 
input vector = [ :� ] 
where xl = inlet air flow 

x2 
= cha:rrber press ure 

� . 4 2 . 12 
- . 0 2 - . 0 4 
. 29 . 0 7 
- . 0 3 - . 0 4 

control interva l 
sample interval 

ul 
= inlet damper position 

u2 
= exhaus t damper position 

Control Design Weights 

8 secs 
4 secs 

= diag . ( 1 , 1 , 1 ,  1 ) P = diag . ( . 0 0 5 , . 0 0 5 ) 

Feedback Gain Matrix 

K = [15 . 6 9 
9 . 0 7 

8 . 17 
-9 . 0 0 

-4 . 9 1 
- . 253 

• 93 ] 
1 . 11 
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CHAPTER FIVE 

CONCLUSIONS 

This thesi s has described the application of modern 
state space control techniques to an industrial plant . A 
generalised equation s tructure has been developed to re­
present the process , dynamics of such a plant . The s truc­
ture is based on the standard state space representation 
but offers signi ficant 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 
resi lience to dri ft in the measur.ed values . Precise 
knowledge of the process dynamics i s not required and the 
computer programs written enab le the control and sample 
intervals to be quickly adj us ted to their mos t 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 i s randomly purturbed wi thin 
its normal operating range . The information collected is 
analysed offline and models obtained using leas t squares 
identification • . Once a . satis factory 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 th� 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 s tructure , implementation 
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of the controllers has allowed good environmental control 
of both the Wiegand evaporator and the De Laval spray 
drier . At the upper 1 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 . Consis tent 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 uti lising 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 characteris tics 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 
des igned relative to an environment which was regarded as 
' typical ' for this type of processing in the New Zealand 
Dairy indus try . 

Further work is also possible in the area of the 
operator - computer interface . The design procedure 
· could be enhan·ced to aid the control engineer to achieve 
the best from the sys tem . Whi le work of this nature is 
essential to bring the interactive control sys tem design 
methods to the level of integrity demanded by an indus trial 
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 des ign techniques should be considered . 
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APPENDIX 1 

Generalised least squares procedure 

For an equation of the form 

X = nx - -

the leas t squares procedure is 

= 1 + T � . 
l'

k-1 . � 
!-

T 

p .:;.-k - �-1 = 

Data collected is processed sequentially and n converges 
as k increases . 

Initially for k = 0 

n = o -o 
_r
_1 = h . I  h is scalar = . 0 0 1 
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