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4 . 

SYNOPSIS 

A control software system was developed for a minip 

computer system, The system enables an operator to set up 

plant conditions , such as actuator settings, controlled by 

digital-to-analog converters and to monitor plant conditions, 

usin g analog-to~digltal converters, while the plant is off­

line, The operator can also establish parameters necessary 

for on-line control, and can generate reports on the present 

status of such parameters, Such activities would include 

selection of appropriate filterinr, for the sampled variables, 

and establishing controller characteristics for various 

control loops. 

}1ultiple control loops may be catered for. In addition 

loops may be cascaded , a primary loop providing some 

relatively simple control function, the set point for this 

controller being provided in turn by a secondary control 

loop. 

In order to achieve this, the system is interrupt driven, 

events being scheduled using the real-time clock . 

The design of each control loop uses an algorithm devel­

oped by E .B, Dahlin and I.D. Higham. The method uses Z-trans ­

forms to provide a DDC scheme which is easy to implement and 

in particular has the ability to cater for process dead time 

and delays . 

An investigation of the system was carried out on a "web 

process", where material in sheet form, such as a roll of 

paper, is passed over a system of rollers . The web system in 



this case was an experimental one, the material being a 

continuous roll of towelling. 

The control system provided lateral position control 

5 . 

of the material on th e rollers, position being detected by 

photocells, and a roller, pivoted on its main axis and 

pneumatically operated under control of an electrical signal 

from the computer, providing position actuation . 

The operation of a primary loop was investigated using 

photocells close to the actuating roller, so that time delay 

was minimal. 

A cascaded system, usin g results derived for the 

primary controller, was developed for photocells some 

distance from the actuatin g roller. 

-ooOoo-
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1. INTRODUCTION 

This thesis concerns the implementation of direct 

digital control, usin g a PDP/Bf minicomputer. The project 

has been undertaken to gai n a better understanding of 

certain aspects of the control theory used, and also the 

effective use of the minicomputer, The use of this system 1n 

the laboratory f or the control of a typical system 1s 

described. 

Direct digital control (DDC) is becoming increasingly 

important and is often replacing analog means using three­

term controllers. Digital control is applied to a continuous 

process, which is sampled and processed as discrete time 

data . The z -transformation procedure is especially convenient 

and us eful in the analysis of these systems . 

Th e design method used has already been developed 

independently by E. B. Dahlin [7,8] and J . D. Higham [16,17] . 

This has been app lied successfully in paper making and cement 

industries [9]. It has been chosen for its ease of implemen­

tation and ability to cater for process dead time, as well as 

its proven performance . 

The objective is to establish an effect ive digital feed­

back control system utili z in g th e above design. Thus the 

variable feedback signal is compared with the desired set 

poin t value . The difference which 1s the error signal then 

passes to a di gitized compensator which implements the 

desir~d control strategy and sends a signal to an actuator . 

Thi s in turn controls the process element. 
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The above~mentioned design demonstrates the direct 

digital concept and is applied in a laboratory situation to 

the control of a web p rocessin g pilot plant, The objective 

of web process control is to establish an automatic guiding 

system to control the path of any material in sheet form 

with uniform width and straight edges running over a series 

of fixed rollers. This includes materials like paper, plastic , 

cloth or metal in sheet form . The pilot plant web material 

is a continuous roll of towel, 

The automatic guiding system will thus incorporate the 

fol lowing basic components: -

(a) Sensing devices (photo cell) which detect the web edge 

position on the roller, 

(b) A controller (minicomputer) which processes an error 

signal. 

(c) The actuator which drives the pneumatic guiding 

equipment, moving an adjustable roller which has been 

pivoted about an axis perpendicular to and halfway along 

its length. The guidin g equipment turns the roller 

about the axis deflecting the roller to the right or 

left and so changing web position . 

The controller used is a 12-bit word-length, 8K PDP/8F 

minicomputer. A manufacturer-supplied floating point software 

package is us ed to assist in providing the basic multipli­

cation and division operations. The entire Executive Program 

utilizes almost 4K of core storage and provides a real-time 

operating sys tem, This includes an interactive system for 

setting process parameters and monitoring plant conditions 



under interruptable procedures, 

The performance a nd accuracy of the syste~ is directly 

dependent on the quality of measurement of the controlled 

process variables. Therefore, the design of di gi tal 

filtering is necessary to avoid excessive noise distortion 

8. 

of the signal which is transmitted over a distance. The digit­

al filter is implemented in the s oftware Executive Program 

of the PDP/8F system, 

Two control schemes have been inves tigated. The first, 

when the web position is monitored by the photo cell which 

is mounted close to th e adjustable roller (see Fi g . 3.3). 

This controller has been proved to be simple and its 

application is very effective. The second scheme is more 

complex .. Web position is monitored by a photo cell which 1s 

mounted further from the adjustable roller after having 

passed across an intermediate fixed roller, For this system, 

a two level control structure proves necessary in order to 

achieve satisfactory results . 

Further details regardin g hardware and software 

involved, application of DDC to the web mechanism and 

discussions of the experimental results are reviewed in 

later chapters. 

The need to improve process effi ciency and profitability 

has produced a demand for improved control over process 

operations and this in turn has led to the introduction arid 

utilization of computers 1n the development of the control. 

It is hop e d that the mentioned design method [9) and 

its implementation will s how that it is possible to achieve 

a satisfactory di gital computer control suitable for 

application to industrial 1, s ers since the project is being 



directly related to such processes, Thus the constant 

requirements of certain industries for higher production 

rates, better quality control work and lower operating 

costs can hopefully be achieved, 

-00000-
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2 . CONTROL SYSTEM DESIGN 

The initial section of this chapter introduces a brief 

review of certain aspects of control technology and Direct 

Digital Control. This leads to the System Design Method which 

examine s the Pr ocess Dynamics of the web and the controller 

design method. In addition to these , the filter design 

method is a l so described . 

2 .1 Brief Review of ReZevant ControZ System TechnoZogy 

Computer process control may be defined as the 

technique of utilizing dig ital computers to control an over ­

~11 process , associated equipment, and operating procedures 

in order to attain performance and economic objectives [1,23] . 

In contrast, conventional control utilizing regul ators 

and instrumental controll ers , attempts to regulate individual 

process variables with the objective of attaining accurate 

and stable regulation over a wide range of operating condi­

tions. Thus computer process contro l is a much broader form 

of control than conventional control . 

The role of the computer in process control applications 

falls into one of two categories - a supervisory or a control 

function . 

2.1.1 Supervisory Function 

For the supervisory function, the operator is sti ll an 

essential part of the control loop . The computer assists him 

by providing accurate information on which he can base his 

decisions . These decisions are made by the operator and not 

by the computer which has an entirely passive role, 



2 . 1, 2 Contr~i Function 

Fo r the contro l funct i on , there are many different 

methods by which the computer can exe rcise control, I n 

general the computer will signal to an external dev ice when 

it requires action by tha t device, The signal can be 

interpreted in one of several ways, 

(a) It can r epresent separate on/off commands f or 

separat e devices, 

(b) It can be a r epresentation of an analog vol tage . The 

required voltage is ob t ained from a digital to analog 

converter and then used to control equipment . 

(c) It g ives the co unt of the number of pul ses to be sent 

out in a pulse train [3 , 4, 12] . 

2 .1. 3 Reasons for Computer Control 

11. 

The advance in computer implementation of control is due 

in part to t~e following reasons: -

(a) Computer systems ensure easy development of control 

concepts . This fo llows from the flexibility a computer 

provide s for control experimentat i on an<l fo r ready 

analysis of data col l ected in digital form. 

(b ) Computer sys t ems usin g DDC provide in structions directly 

t o plant actuators and embody a higher orde r of inte l li­

gence into the cont rol decisions than i s possible with 

other controllers [28] . 

In the sys t em described later, in terest is focusse d on 

Feedback control, where i s is necessary to bring the value 

of an output variable to some required level, Information is 

fed back t o adjust the va lues of t ~e input variables . This 

method of control i s particularly appropriate to continuous 



processes., 

Dynamic Systems are time-varying systems and 

descriptions of their behaviour make use of differentia l 

equations with time as th e independent variable , These 

linear differential equations can normally be solved by the 

cl:as s ita1 approach but this becomes increasingly difficult as 

the order of the equation increases , The operational 

techniques based on Laplace Transformation are used instead 

to simplify the derivat ion of equations rather than obtain 

the solut i on, since the equations are transformed from 

differential to algebraic equations [13,19]. 

It must be emphasized that DDC is sampled data control 

of a continuous process, A powerful , yet simple numerical 

method for the direct computation of the transient respon se 

of feedback systems containing time delays is the use of the 

Z-transforms [19] . 

2 .1.4 Conc ep t o f Dire ct Dig ital Control (DDC) 

The basic function of a process computer is to collect 

input data from the processes it is to monitor . and control . 

Input may be digital or analog information . The analog 

information is a voltage which is functionally related to a 

physical quantity such as pres sure or position. The analog 

data is converted into digital data for computational pur­

poses . 

For continuous flow operations , the values of the 

process variables are read into the computer at regular 

intervals usually through a multiplexed Analog to Digital 

Converter 1 These values are checked against t hei r set points 

and if there is a difference then the computer calculates 

12. 



13. 

what action it ts r equired to take to remove the discrepancy , 

It then initiates the ac ti on, if necessary us ing Di gi tal to 

Ana log conver ters [22]. 

DDC utilizes the comput er as a {eedback e lement in 

the pl ant, replacing conventional analog control devices , 

PID analog controllers are now r eplaced by a single computer 

system which is time- shared amo ng many loop s . By choos ing 

conventional scanning of ana l or, and d i gi tal inputs , the 

app ro pr iate data is available for processing by the contro l 

equation . The result from the equation i s then output to the 

control device (15]. 

Fi gure 2 .1 shows a block diagram of a DDC system . The 

control computer communicates directl y with the process, not 

only to obtain input information , but also to issue output 

commands directly to va lve actuators and other process con­

trols and to ove r see the execution (26] . 

The measurement of analog e l ec t ric s i gnals from 

trans duce r s is accomplished i n the signal conditioning and 

analog- to- digita l converter sections. Keyboards and switches 

permit the operator manually to enter and request data for 

individual control loops, such as set poin t s , filter constant~ 

process variables and tunin g adjustment ga in terms . The 

display o f data for the ope r ator is available in a variety 

of fo rms from the computer, including graphic plotting 

against t ime and other variables, printed messages and 

numerica l data . 

The only remaining functions of the cont rol loop in 

the figure are computat ional , These i nclude the calculation 

of the e rror be t ween set point a nd measured variab l e , the 
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calculattqn of valve posi tion from a control equation, 

a nd limit check ing . All data nece ssary for these computa­

tions such as set points, limit s 1 adjustment-term values , 

error value, and the eq uations themselves may be stored in 

the computer rather than in individual analog elements 

duplicated for each loop [3, 4, 26]. 

2,2 Control System De sign Method 

2.2 .1 Process Dynamics 

The Web-Handling system can be described by different­

ia l equations with time as the independent variable . The 

dynamic behaviour consists of small deviations of a p rocess 

variab l e from steady operating points . This type of behaviour 

can be described by Laplace Transformations . Thus part of the 

process can be described by a Mathematical functio n and is 

independent of the type of forcing sirnal app lied to the 

system. 

The elements in a web processing system are ''first 

order tr a-n sf e r s ta g es " , the d y n am i cs o ( w h i ch are de s cr ib e d 

by an equation of the form: 

Tdy 
ctX + y = Kx(t) 

where t = time 

T = time constant of the stage 

y = output signal or response 

X = input or forcing signal 

K = any constant 

Figures 2,2 and 2 . 3 show the displacement of the web 

on r ollers and the time constant for a displaced web 

respectively, Dis the distance between the two rollers, and 

V is the web speed . [14.] 
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If y = lateral displacement on the second roller 

X = lateral displacement on the first roller 

Then dy 
ctx V X 

- y = D 

Rearranging: 

dy riY = V 
af + DX 

D dy 
+ 

V af y = X 

Since T D 
= V 

Then Tdy 
dt 

+ y = X 

Which is the general form of a first order equation. 

Applying Laplace Transformations to this to solve for Y: 

TsY(s) + Y(s) = X(s) 

Y (s) = 
response = 1 

X[sT forcing variable TS + 1 

1 
G(s) = Transfer f unction Ts + 1 

The result for step input X(s) X a 1 . e. = s is depicted in 

the Fig . 2 . 3 as an exponential ri se give n by the equation 

y(t) X (1 - e-t/T) 

2.2 . 2 Controller Design Method 

Nomenclature : 

G(s) Laplace Transform of Process Dynamics 

H(s) Laplace Transform of Computer/process interface 

G(z) Z transform of interface and process 

D('z) Z transform of controller 



K(z) Z transform of a closed loop dynamics 

R Set point 

C Controlled variable 

W Disturbance variable 

E Error, E 

Td Proce ss Dead Time 

Tp Process 1st orde r time constant 

G Process Gain 

T Cont ro l interval 

N Nearest int ege r of Td/T 

Tr Required closed loop 1s t order time constant. 

2 . 2.2.1 Design Theory 

Single Input - Single Output Contr•ollers [9 ] . 

Consider a general control loop where variables and 

dynamic eleme nts are 1n sampl e d data f orm (Z transforms) . 

Fig.2.4. 

19. 

The computer/pl ant interface i s modelled as a 1st order 

sample and hold, H(s), which ge ner a te s a s taircase f unction 

X(s) as input to th e continuous p roce ss tr ansfer f unction G(s) . 

The 1s t order sample and hold is an ad equa te representation 

of the interface. 

The closed loop tr a nsfer function, K(z) , which relates 

proces s output to set point i s th en : 

K ( z) 

[W ( z) 

= C ( z) 
R[zT 

= 0] 

D( z ) . G( z) 
1 + D(z) . G(z) 

Equat i on 1 . 
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If K(z) is specified , one can ~olve fo r the 

controller transfer fun c tion D(z) 

D ( z) = 1 
G[z) 

K(z) 
l - K(z) Equation 2. 

This genera l synthesis formula is th e origin of many 

controller designs. The power available to the controller 

,~~ 11 limit K (at K = 1, D i s infinite) and no predi ctive 

elements (pos itive powers of Z) can be present in D. 

2 2. 

For the Dahlin/ Hi gham design [7, 8], K(z) is chosen so 

that the controlled variable shows a delayed exponential 

approach, to a new set point value . 

For a continuous system : 

K(s) exp (-STd) 
l + Tr.S 

= 
C(s) 

R(s) Equation 3. 

The response in eac h case is go vern e d by the parameter 

Q so that the closed-loop transfer function of the system in 

Z transform of K is then: 

K(z) 
= z- (N+l)Q 

1 - (1-Q)Z-l 

Q = 1 - exp(- T/T) Equation 4 . 
r 

Tr is the time constant of the change to a new set 

-N point. The delay Z i n K(z) is necess ary to cancel the 

process dead time, Td, a nd avoid predictive elements in D(z). 

The objective is to find the controller D(z) which will 

achieve this closed-loop response. 

Subs tituting K(z) in the synthesis formula Equation 2 

yields the controller transfer function, 
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D (z) 

'l o.z-(N+ll 
rr;; [~~~-----] 

= G ~ z ) l _ (1 _ Q) z - 1 Q z -(N + l ) 
Equation 5. 

Thus the control algorithm, D(z) contains the parameter 

Q and the reciprocal of the process transfer function, It is 

obvious that K(z) will depend on how accurately one knows G(z). 

For a system where rapid and large changes are made in the 

control output X, mismeasuring G(z), especially the dead time, 

can cause poor control and ultimately instability . To overcome 

this, one has to decrease Q. 

For the process transfer function, G(z), the web­

processin g control loop can be adequately represented by a 

general dead time plus a first order lag i.e . 

G(s) G . exp ( - ST d ) 

(1 + Tp . S) 

G. exp(-SNT) 

( 1 + Tp. S) 

Including the plant/computer interface and transforming 

to the Z domain. 

G(z) 

Where L 

Z[H(s) . G(s)] 

Z [ l - exp(-ST) 
s 

G.L . Z.-(N+l) 

1 - (1 - L)Z-l 

G exp(-SNT) ] 
(1 + Tp.S . ) 

Equation 6 . 

Substituting for G(z) in (5) yields -

1 Cl L)z -1 Q.z-(N+l) . ] D(z) = r - . ,_ ,,. ] [----..__ ____ _ 
GL-z ~ CN'+l) • 1 _ Cl-Q)Z-1 qz-£N+ll 

= l{l/L - z- 1
Q(l-L)/L ] Equation ? . 

G 1-(1-Q)Z- 1-Qz-~+l) 
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It 1s usually more convenient to calculate a change 1n 

control output rather than the absolute value, i,e, to 

acq uire 

6YR(z) = y k ( z) - YKc-1 (z) 

= (1 7 z~ 1)YK( z) 

6D( z) = t:,YK(z) = (l-Z-1) -~tB 
E ( z) 

(1 -1 = - Z ).D(z) 

There is a factor (1 - z- 1
) 1n the denominator of D(z) 

which cancels 

t:,D( z) = l[Q/L - z- 1 .oc1-1)/L J 
-1 - 2 -N G l+QZ +Q Z .. . +QZ Equation 8 . 

The above equation 1s the general form of the control 

algorithm used for the design of the web processing control 

system . The correct form for N=O (no dead time) is -

D ( z) 
Equation 9 . 

2.2 . 3 Aim of Control 

The web-processing system is a dynamic system . It is 

chan ging with time and is also regarded as an information 

processing system. That is it receives, digests and generates 

information as signals of various kinds , The objective of 

any control system is economic i.e . : -

1 . Less labour is required for th e process 

2 . Higher speeds of operation 

3. Higher and more consistent quality of produc t s. 
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The basic control system is depicted in Fig 1 2 1 4 1 The 

reference or set point R is normally deci<led by the operator 1 

In this particular control case, the web edge position, the 

feedback signal C i s the measure of the variable we wish to 

contro l, The difference between Ra nd C is the error signal 

that is E = R ~ C. 

This error signal passes to the controller (PDP/BF) 

whicl1 sends out a signal which in turn passes to a control 

eleme nt such as an ac tuator. This will then control the 

process by monitoring the web position change to the 

desired set point value and manipulating the adjustable 

rollers. 

The sensing device detects the web edge position and 

sends a signal for comparison wit h the set point reference. 

The system is most suitable for edge guid i ng of opaque 

material. 

In the first control scheme , web position is monitored 

by the photocell which is mounted close to the adjustable 

roller (see •Fig 3.3). This system will r equire a controller 

design with no time delay. 

The second control scheme introduces time delay into 

the system . Web position, in this case is monitored by the 

photo cell which is mounted fu rther fr om the adjustable 

roller . (see Fig, 3,3). It is necessary to implement a two 

level control syst em i11 order to achieve satisfac tory 

control. 

To design and impl ement th e controllers for the 

control schemes , it is necessary to establish certain 

essentia l par ameters . These will include identifying o:pen loop 



time and ga~n constants, Careful selection of appropriate 

filter constant, control intervals and response time 

constants are required to achieve satisfactory control, 

2 .3 Filt e r Design 

Instrument systems provide information that represents 

the value of measured variables , Unfortunately, these 

measurements are subject to error , due to interference or 

noise introduced by th e physical env ironment, Random 

disturbances can seriously affect the accuracy of the 

experimental results. Thus much attention is needed in the 

design of signal transmission systems to minimize noise­

caused uncertainties . Filtering data properly for trans ­

mission may help to eliminate noise problems[l0,11]. 

It is better to prevent noise at its so urce than to 

remove it later. However, practical constraints such as 

measured variables being inherently small have limited such 

engineering practice . More significantly , digital filtering 

is implemented in the software using programmab le logic . In 

this case, digital filtering or averaging, is frequently 

desired in order to obtain a sing l e representative value of 

a signal . 

26 . 

Algorithms are devised that accept the description of 

operating characteristics and automa ti ca lly produce the 

desired filter. If the filter is implemented in s oft,w·are.; , 

one can apply several alternatives to the same set of data, 

inexpensively and quickly to see which gives the most 

satisfactory result, Hence, the ideal filter for effective 

performance can be selec t ed by obser~ations of the experimen­

tal results. 
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The filter constant a lS designed from the following;-

Where ):'new = new filtered value 

y 
old filter ed value = previous 

Yraw = raw value 

and 0 < a ::: 1 

Rearranging the above equation yields 

,... -
yold + a (Yraw - yold) Equation 10. 

The filter constant a can be chang e d on-line by entry 

via the teletype. Since it ha s to be a value between 0 and 1 , 

the design _algorithm for this filtering subroutine allows 

the operator to enter any character from Oto 8 for the 

filter constant a according to the eq uation 

Equation 11, 

This equation has th e same effect as restricting the 

filter constant between O <.a 5c l. The maximum value of 8 

instead of 10 is used in order to simplify programming 

procedure in the conve rsion of octal ot decimal units . 

The desired filter constant can be selected by observing 

the experimental result s in later applications. 

-ooOoo-
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3, HARDWARE fi SOFTNARE 

This chapter describes the process computer control 

equipment involved in the sys t em. It deals with both the 

control h a rdware which is ass ociated directly with the ·prooess, 

and the control software system which can be described as 

everything over and above the hardware required ih order for 

the comput e r control system to f unction [27], 

The f irst part of this chapter describes the details 

of the computer apparatus involved. The second part describes 

the details of the web system. The real time software system 

is explained in the final sec tion of this chapter. 

3.1 Computing Apparatus . 

The process computer used in this system is the PDP /8F 

minicomputer manufac tured by Di gital Equipment Corporation 

[see fig . 3 . 1] . The system has SK of core memory. For the 

PDP /BF , the 12 bit word length allows addressing through 4K 

of memory. Additional 4K memory fiel<ls are catered fo r by 

extended memory addressing, which adds 3 bits to the memory 

address re gister, allowing 8 fields of 4K, thus providing a 

total maximum capacity of up to 32K of core memory. 

The standard set of instructions for the PDP/8F includes 

eight basic instructions. The memory reference instructions 

require a nine bit operand to specify the address of the 

location to which the instruction refers. To make the best 

use of the available nine bits, the PDP/SF utilizes a logical 

divi s ion of memory into blocks (pages) of 200 octal locations 

each [18]. In summary, the PDP/BF has the limitations of:-
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l, 12 bit words 

2, Fixed pRgest 

3 . Limited instruction set. 

Bearing in mind these limitations, the lowest 4K fi6ld 

of the PDP/8.F core memory has been used for the programming of 

the Executive Systemt To use any thin g more than 4K will require 

an address of more than 12 bits and hence extended memory 

addressinp, 1 

The Assembly Language is used for the programming simp l y 

because no suitable hi gher level languages are available which 

will run on the existing sy s tem with the restriction to 8K of 

core. 

Terninal Input/ Output operations are provided by a 10 -

character per second combined paper tape reader/keyboard / prin­

t e r/paper tape punch ~ the Teletype ASR 33, Fig [ 3 . 1]. 

I/0 operations can utili ze the data break , interrupt 

facilities, or may examine device flags, using a skip facility , 

under program control, The pro gram interrupt facility allows 

certain external conditions to interrupt the computer program . 

It is used to speed the processing of I/0 devices or to a ll ow 

certain alarms to halt program execution and initiate another 

routine . The one bit register interrupt request flag normally 

contains an 0, but it is set to I whenever a device requires 

servicing , [18]. 

Programming for the PDP/8F is assisted by the Cassete 

Programming System (CAPS-8) which uses a TU~60 dual cassette 

unit [see Fig. 3.1]. It is designed around the use of casse ttes 

for program storage and replaces paper tape completely . It a l s o 

provides the uset with a keyboard monitor, I/0 facilities a t 

monitor level and a library of system programs. 



r'~ 
. ! ~ : , 

. ! 

Fig, 3,1 , 

The photograph shows the ASR - 33 teletypewriter console 

at the extreme left . Beside it , is a TU 60 dual cassette 

drive unit with the PDP-8/F Programmer ' s console on the 

top of the unit . 

30. 
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The CAPS-8 casset te i s a magnetic tape device [2]. 

A real time c lock uses a cry st al oscillator to p rovide 

interrupts a t selectabl e in tervals f rom 20µsec to 1 sec. 

Th e clock int er rupt signal is counted down to yield 

an in t errupt every one second (11-!z) for the present studies. 

The period between interrupts is not p r ogram selectable, and 

must be preselected by a hard-wired modifica tion. 

The A/ D converter system enables the user to sample analog 

da t a and to s t ore the equivalen t d i gita l value in the memory 

of the PDP/S for subsequent processing . For the PDP/8F system, 

the A/D converter is the ADS-EA, a 10-bit success ive approxi­

mation converte r with sample and hold circuits, conversion 

circuits, an inpu t buffer and control logic , It is used with 

the AMS - EA multip l exer boards to perform conversions on up to 

8 channe l s and permittin g ful l- sca l e inputs of ±1 volt [21] . 

The di gita l-to-analog (n /A) converters that exis t at the 

output l ine have the task of converting computer determined 

set points to electrical analog signals and maintaining the 

signal while the computer performs other computations. 

Two D/A channels have been used. On e channel provided 

the activation signal for the system under control, while the 

other provided an analog output of th e measured system 

response. Bo th these channels were displayed on a National 

two pen recor der. 

A block diagram of the system ' s genera l organization is 

i llustrated in figure 3 . 2, 

3.2 The Web System . 

The pilot plant for the web process has been designed 

an d constructed in t he IME laboratory a t Massey University . 

The unit is designed to show t he important aspects of web 
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processing especially in guiding techniques, This unit is 

illustrated in Pig 3,3, 

33. 

It is seven feet in he ight by twelve feet in l ength and 

consists of a basic fram e on which many attachments can be 

placed and moved at will to show any particular aspect of web 

handling. These components include unwind and rewind stands, 

idler rollers, adjustable roller, web guides , photo-electric 

sensors and an assortment of other electronic control ele­

ments. 

Web process es are used in the winding and /or unwinding 

of a plain web such as a sheet of paper, felt, any t ex tile or 

plastic - anythin g in sheet or web form, running over a curved 

roll. In this illustration (Fi g 3 . 3) the sheet is a towel.The 

ends of the towel are joined to form a continuous sheet . It 

is permanently stretched along the rollers. The equipment is 

used in the developm ent of an automatic guiding system to 

control the path of the web, compensating for the errors in 

the latera l position of the material as it passes over the 

rollers . 

Nowadays , guiding s~stems are sophisticated and have been 

designed mainl y for a utomatic control . This demand has resul­

ted because of faster machin e s p eeds, h igher quality require­

ments, increased material costs and high labour costs. 

A variety of guidin g techniques are avai l able, varying 

in reliabilit y and cos t. In mo s t guidin g systems, the web 

approaching a roller does so perpendicularly to the axis of 

the roller. The automatic guidin g system will thu s incorpor­

ate the followin g basic components: 

(a) A sensing device which det e ct s web edge position. 

(b) A controller which proc esses a n error si gnal, 

(c) Th e guiding equipment which i s moved by an actuating 

devic e . [14 .J 
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Pig, 3,3 

The photograph shows the pilot - plant web processing equipment . 

The web is an entire piece of towel , joined at the ends . The 

bottom left corner shows the second set of photo-electric 

sensors. Located at the same side along the top of the frame 

is the other set of sensors, 
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The perfromance and accuracy of the sys tem is directly 

dependent on the quality of measurement of the controlled 

process variables. All measuring and control instruments 

involve the transmission of signa ls which are electrical in 

this case, back to the controller . Digital filtering has been 

introduced to assist in avoiding excess ive noise distortion 

of the signal after it has been transported over a distance, 

The basic guidin g techniques involve the following: 

(a) Initially, the electronic sens in g device detects the 

web edge position. 

(b) This information is fed into the computer . The signals 

are conve rted from analog to digital form at the 

computer. A binary actuating signal is calculated by 

the computer, converted to a voltage by a digital-to­

analog (D/A) converter, and tran smitted to an actuator. 

(c) The actuator now drives the pneumatic guiding equipment 

which ·in turn adjusts the web position by turning the 

adjustable roller in the appropriate direction. 

The sensor detects th e position of the web as it travels 

through the processing lin e . The sensing head must be able to 

detect errors instantan eously and send the signal to the 

computer unit, The latter th en decides how to activate the 

system to compensate for any displacement error that has been 

detected. 

The particular sensor used in thi s system is the photo 

electric type. It is especial ly useful for edge guiding of 

opaque mat e rials. Two photo electr ic cells monitor the 

position of each edge of the roller and are excited by a 

controlled li gh t source. Their outputs are combined differ­

entially to provide a signal which changes as the towel moves 
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fr om one side to th e othe r, 

Any la teral movement of the towe l will result in 

action from the controller to ad just the moveab l e roller, 

shifting the towel and restoring the set point signal level, 

The sensing device must be accurate, se nsi tive and 

consistent because web processin?, is a high spe ed operation. 

A schema tic di agram of the web process system is illus­

trated in Fig 3,4 , As observed, the idler rollers fixed to 

the frame merely help to give the ten s ion cont rol to the web 

to provide a smoo t h running process, The unwind and rew ind 

stands are replaced by idler r ollers s ince the towe l is a 

single sheet joined at both ends to provide a continuous loop 

for the research demonstration . 

3,3 Real Time Computer Software Syst em. 

The computer system has been installed to provide Real­

time computin g facility in the research labo r a tory. This in­

volves on-line data acq uisition and the ana l ysis and display 

of process control nctivit ie s . The sys t em is a PDP/BF mini­

compu t er . The aim of the project is to develop a real-time 

operatin g system for the PDP/ SF wi th spec i a l emphasis on sim ­

plicity , efficiency and avoidance of s uperfluitie s . 

A typical process control software system consists of a 

number of programs which operate together to control s ome 

external process . The program which co-ordinates the execution 

of t hese pro grams is cal led the operating or executive sys tem 

[ 6 ] . 

A complete process control system is made up of many 

different programs, some of which are execute d at fixed 

i ntervals and some at the occu rrence o.f exte rn a l events as 

signalled to th e computer through its interrupt structure . 
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One useful way t o cons ider an operating system's role 

in a p r ocess control e nvironment is that the operatin g system 

is responsible .for the control of the computer itself, al l oca­

tin g tha t computer to the various pro grams necessary to control 

th e process. The operating system controls t he comput er while 

the computer controls the process . 

A real time computer system i s def ined as one which 

controls an environment by r eceiv ing data , processing them and 

taking action or returning r es ult s sufficiently q uickl y to 

affect the f unctionin g of the environP.1ent at that time [2 4] . 

Real time computing systems are o f major importance in 

automatic con t rol p r ocess applications , where a numbe r of 

rapidly changing var iables must be moni tared, analysed and 

controlled cont inuously to produce an optimum result. 

For this particu lar operating system the Execut ive is 

described as the Simple Hainline routine which is di rectly 

dependent on the co nsole switches . All routines r elinq uish 

control eit her di r ectly or indirectly to the switch e r, and the 

switcher in turn routes control to the c1ppropria t e routi ne . This 

procedure is based on the co ntinuous scanning of the switches 

to determine i f there are any c hanges that require t he initiation 

of different routi ne s . The problem is relative l y indepen dent of 

time . The various routines assigned to the individual console 

swi tches are listed in Appendix 1 .1. 

The operator activates p r ogram sequences by depressing 

the app ropri ate program select switch . Atypical sequence of 

events f ollowi n g a p r ogram request is as follows :-

(a) Main l ine Routine acknowledges the receipt of the req uest 

and initiat es the selected program . 

(b) The Program prompts the operator with a message , 

(c) Operator types a response which i s returned to the 
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requesting progra~, 

(d) Program proceed as directed. 

The entire procedure for entering the systems program ;i,s 

given in Append;i,x l, The starting address for this mainline or 

background routine is at location 1l200(octal), In addition to 

scanning the console switches, the background routine also 

checks for fault conditions. Error messages associated with the 

process are printed out if an "OVERRUN" condition does occur in 

the system, The key to the error messages is given in Appendix 

1. 2 and the " OVERRUN" conditions are defined in the same Appendix . 

The basic flowchart of the Mainline Routine is illus trated 

in Appendix 2 .1. 

Vittually all process control computers require a real 

time clock, The purpose of the clocking routine "CLSTAT" is to 

use the periodic interrupt of the hard,vare clock to control and 

initiate all operations which are time dependent . This includes 

updating a counter which is accessible to all tasks such as 

one which interrupts the A/D routine at a specified interval. 

Once the mainline routine is in progress, the clock start can 

be easily initiated by depressing console switch 3. Other 

routines that can be interrupted at specified intervals are 

illustrated in the flowchart of Appendix 2.2 . 

The operating system caters for both open an<l close loop 

control of the process. The computation of the arithmetic 

involved in the process is done using the s uppl i ed floating 

point package. This package occupies almost half the 4K of 

core store used with 1553 (decima l ) words. Neglecting page 

zero and final page which contains the bootstrap loader and 

binary loader programs, there are only 

14096 , (1553 + 128 + 128)) = 2287 (decimal) 

words left available for programming the operating system [5]. 
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Computation is performed in binary units and hence a 

conversion procedure that caters for the entry of decima l 

numbers from the keyboard is preferred . This involves 

programming the PDP/8f to allow for entry of the ASCII charac­

t e r s which are converted to digestible binary units. With the 

aid of the floating point arithmetic package , it is possible 

to convert these units to the appropriate decima l form for 

computation in the control algorithm. 

The r everse which convert s the decimal computed value 

to binary form is assisted by the same package . The entire 

procedure for the conversion and the subroutine involved is 

given in Appendix 3. 

In order to introduce the control function of the 

system, it is necessary to enter the control interval values 

for the appropriate i ntervals as illustrated in Appendix 3.5. 

Switch(/) has been assigned to this routine named "ININT". In 

response to the 111essage "VALUE?", the control interval is 

chosen as integer multipl es of the basic service interval and 

entered via the teletype. The procedure for entering these 

interval values is explained in Appendix 3,5 . 

To display the interval values at any time , the operator 

has to initiate the routine "PINT" via switch 11 . The 

print out of this message is illustrated in Appendix 3 . 5. 

Before designing the closed loop control algorithm for the 

process, it is necessary to obta in certain open loop 

characteristics of the system. To do thi s, it is necessary 

to interface the computer with the process , For this 

particular system, the web remains stationary and a step 

change in response is introduced into the sys tem. The output 

of the step change is recorded and the open loop gain and t:i:me 
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co nst ant estimated from t he r es ult, In order to t ntroduce 

the step r es pon se it is necessary to design the open loop 

control algorithm f or th e process. The e nt ire program 1s 

init i ated in th e normal way, Th en a step change is introduced 

into the system by enteri ng a new set point value via the 

routine 11 INDAC' 1 • 

The procedure is exp l ained in detai l i n Appendix 3 . 3. 

Once th e pro gem is init ia t ed via swi t ch 1, the operator can 

se lect the choice of entry to ei ther channel X or Y of the 

D/A converter. I n respons e to the question "VA LUE? ", the 

operator will e nter the desired step change value . 

Valid entries range from +511 to -5 11 (decimal). At any 

time , th e operator may initiate routine " PDAC " to print out 

al l the values associated with the two channe l s respectively. 

Switch 9 is al lo ca t ed to thi s routine and the entire 

procedure is f ound in Append ix 3 . 4 . 

In addition to the di g ital to ana lo g coverter, there is 

the analo g to digital convert er . The purpose of the A/D 

routin e is to control all data sampling performed with the 

A/D converter. The A/D r outin e is entered a t specified 

intervals according to the clockin g interrupt routine. An 

analo g scan routin e scans all th e eight channe l s periodical l y . 

The routin e is illustrated in Appendix 2. 

In order to keep track of the cu rrent values of all the 

8 channel s (0 to 7) of the ADC, it is necessary to ac tiva te 

the routine n amed "PADC", Thi s routine, once initiated will 

li s t th e appropriate values s tored in the channe l s at the 

requested time, The print out message can be ex am i ned 1n 

Appe ndi x 3 1 6, 



The open loop constants obtained from the system can 

then be used to design the closed loop control algorithm , 

As observed from the equations 13 and 14 the 
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parametric constants need to be entered via the teletype 

initially for Direct Di gital Control action, The routine 

"FLIN" caters for the entry facility and the explanation for 

the entire procedure ls found in Appendix 3 , 7 . The rout ine 

enables the operator to enter all integers in the form of 

an exponent E and mantissa >I. To this effect, the operator 

is required to type in any 4 digits with a decimal va l ue 

les s than 2047 in response to bot h letters E and M, which 

arc prompts from the computer. 

In addition to supplying these parametric constant 

values, the control interval values, se l ected filter 

constant, set point values and plotmark are to be s upplied 

initia l ly before introducing any control function . 

The filter constant value can be changed directly by 

initiating the routine "FLOUT" . The entire entry procedure 

is explained in Appendix 3 . 8 . In response to the query 

"VALUE?", the operator is limited to ent er value from 1 to 

8 for the filter constant. 

The same routine "FLOUT" also caters for the operator 

to enter set point values for both the controllers. In 

response to" %" the operator t ypes 1 if a set point relating 

to a value from the sensors nearer the guiding roller is 

to be entered, and 2 if the alternat e sensors are to be used. 

This is followed by entering the se t point value in re s ponse 

to the question ''VALUE?" 

In addition to these, "PLOUT" also caters for operator 
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selection 0£ the appropriate plotmark tQ display the 

desir edoutput response, Character 4 has to be typed in res­

ponse to~% '' followed by the appropriate number from 1 to 4 . 

The resulting display is described in Appendix 3.8 , When 

all these parametric constants have been entered through 

the ,appropr iate routines via the respective swi tches, the 

operator can now initiate the control function . 

It is necessary to operate switch 4 for the Primary 

Controller to activate process control . When t he system is 

performing satisfactorily , the Secondary Controller is 

introduced with the time delay case . This can be activated 

by operating switch 3. 

The routine named "lNBIT" allows the operator to en ter 

bit status for th e desired output register . The programmer 

may assign this output register as he wishes e . g . t h is 

function may be used for switching operations via the Digi t al 

Output interface . 

This routine has not been used in the system but has 

been included should any need for its use ar ise. The 

Append ix 3.1 describes this procedure in more detail . To 

inspect t he input/output bit register status, it is necessary 

to refer to the routine named "PIOS". This routine, when 

initiated will print out all bits of the status registers for 

both input and output at any time . Print out may be observed 

in Appendix 3 , 2 . 

If the operator needs to know which routine is associ­

ated with the appropriate console switch, he has only to 

activate the routine "SWITCH" by operating switch 7 . When 

initiited , the routine wi ll print out all the swi t ch numbers 

and the various routine names associated with them , A listing 



of this print out is illustrated in Appendix 3,9 1 

ThusJ with the capability of the operating system as 

described , the operator can now proceed to apply this 

program to the web system, 

~ooOoo ~ 
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CONTROL TO THE WEB 

~-IECIIANISM 

4 5 . 

This chapter describes the connection of the PDP/BF 

computer to the pilot web process. The design and 

implementation of control systems to position the moving web 

is discussed, Two control schemes are investigated. For the 

first , web position is monitore d by the photo cell which is 

mounted close to the adjus t a ble roller (sec Fig, 3.3). This 

controller proves to have a simple structure and the 

application is very effective. The second control scheme is 

more complex . Web position, in this case, is monitored by 

the photo cell which is mounted about four feet from the 

adjustable roller . The web has to pass across an intermediate 

roller before position is monitored (sec Fig . 3 . 3). A two 

level control system structure proves necessary in order 

to achieve s atisfactory control at this point . 

4.1 Fi lt e r i ng me as u r ements 

When the web is moving on the rollers, the signals 

recorded at the computer from the photoelectric devices are 

very noisy. This is because the edge of the web is not 

uniform and in certain patches rather jagged. To ob t ain a 

reasonable estimate of the average position of the edge of 

the web, it is necessary to incorporate the exponential 

filter of equation 11 . The degree of noise requires the 

selection of filter constant a of about 1 second, This 

va lue has been arrived at simply by observing the fi ltered 
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meas urements and choosing the smallest value of time constant 

which is effective in smoothing the original noisy s i gnal. 

4.2 Step Response of Process 

To design a control system , using the methods outlined 

in Chapter 2 , it is necessaTy to obtain an estimat e of the 

process ga in and time cons tant. Thi s has been ach i eved by 

injecting a step input into the process , i . e. s t ep adjusting 

the posi tion of the movable roller, and moni torin g the 

response o{ the web posi t ion . It is important, in s uch an 

~pcriment , tha t the fi ltered measurement i s inspec t ed so that 

the dynamics of the f ilter are accounted for i n the evalua-

t ion of the process characteristics, 

The firs t experime11t is concerned with the eva luation of 

web behaviour at the photocell close to the adjus tabl e roller 

(see Fig . 3.3). At thi s point, response is immedia t e follow­

ing an adjus t ment of roller position . The web, in thi s case 

may be maintained s t ationary on the rollers . Th i s avoids the 

d i fficulty that can r esult if the web drifts fr om side to 

s ide as it moves past the monitoring po int. Such drifts can 

make the step response characteristics difficult to interpr et . 

The photoce ll posi t ion is so c los e to the roller that the 

system r esponse i s identical whether or not the web is in 

motion, 

The computer provides a step change to the activation 

signal and tl1e res ultj ng respo nse is recorded . The sys t em is 

i dentified as a f i rst order sys tem from its step r es pon se . 

Fig. 4 . 1 il lustrates s uch a typ i cal step respon se . The 

figure disp l ays the step input variable and the controlled 

variab l e output of the sys t em with respect to a common time 

base, 
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fig. 4 .-1 Loop Characteristics -Identificatio n , 
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Fig. 4 . 2 Loop Characteristics Calculations . 
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Loop Characteristics Calculations 
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/\ tangent has been dTavm through the steepest point on 

the step response graph, \'✓here this cuts the line of the 

initial value of the response give s the approx i mate dead 

time T<l. In thjs case Td is ZL'ro s ince the non~tirne <lelay 

case is co nsidered. 

Th c t i nl e ::i t w h i ch 6 3 , 2 % o f t h c r i s e i s comp 1 et e g i v e s 

the process time constant T . The v :due of the gain as shown p 

in Fi fl . 4.2 is given ns gain K = 6C/~V. The tracings from 

F:i:g 4,2 and Fig 4,3 enable the calculation of the open loop 

gain and time constant s for the system to be made. From the 

experimental data, the average values are selected as 

follows:-

Dead Time, T = 0 second 
d 

Gain, K - 12 ( 0 . 8 8 + 0 , 9 6 ) 

0 . 9 2 

Process Time Constant, T = !2 ( 1 . 0 0 + 1 . 3 3) p 

-· 1.16 seconds 

4.3 Control of Process without time delay 

The data obtained from the ope n loop characteristics 

experiment (section 4.2) on the web processing system are now 

utilized to design the controller 1·1i t hout time de 1 ay . The 

equation 9 (Chapter 2) requires the selection of the five 

appropriate p,n-amctric values nam1.;ly gain K, control interval 

T, process deat time Td, proces s time constant Tp, and 

response time Tr, These values will assist in deriving the 

constants/\, Band C to be entered via. the teletype into 

the controller algorithm of the {or~ (overl eaf) 



Equation .12 

as derived from the controller equation 9 of Chap t er 2 . 

The values arrived at by keeping Td = 0, K = 0.92 and 

Tp = 1.16 constant while varying T and Tr before they are 

selected, 

51. 

From experimental observations an<l taking into account 

the speed at wl1ich the computer is processing the controller, 

the control interval has been se l ected as T = 0 . 5 second . 

As suggested in [9] that, a set point change to a 

controller, for which Tr= Tp shoul'.i. be accomp l ished by one 

cha nge in controller output, However, in this experiment, 

= T is introduced, the system does not respond as 
r 

sugges ted. Ins tead, instability appears to set in endlessly 

with a set-point change to the system . This is depicted by 

the random oscil l ating output responses . Si nce Tr= Tp does 

not give adequate set-point response, se l ect ing a nothe r 

suitab l e value of Tr is necess ary . 

Tr has been progressively manipulated until s ati sfactory 

operat ion is achieved . The fina l value arrived at is being 

reduced to Tr= 0 . 5 (compare with Tp = 1 . 16 initially) . 

Smaller values of Tr eventuall y tend to cause instability as 

depicted in the earlier experiment with T = T . r p 

It is essential to determine the working range for 

set-point changes . Hence , the saturation limit for the 

adjustable rollers to deflect right or left has to be 

predetermined. This can be performed by injecting step­

responses to the stationary sys t em with no controller and 

recording the data as in Appendix 5. Reference to these 

exper imental values show that appropriate set -point ranges 



arc best selected around DAC valu~s of O ~ 200 tu pe r mit 

satisfactory results fo r a l inea r system . 

52 . 

The r esponse in f-i g . 4 . 4 i s the best obto. i ned after a 

large number o f obsc r v~t ions . The contro l ler is ab l e to 

r espond very rapidly t o any set~point ch:rnges and main t a in 

the .system in ::i satisf.:1ctory m:111ner. 

The t ypica l. v :1lur~s sclcctc\l for the sys t 0 m a r e K = 0 . 92 , 

T = 1 1 6 T = 0 . 5 , T = 0 . S an ,l T I == 0 . Us i 11 g t h c s c d a t a , t he 
p . ' r ( 

controller algo rithm .:1s designed from equ:Jt ion 9 yields the 

contro ll e r o f the form : 

.6U = O. 73Y - 1.96'/ + J.23Y 1 sp o ~ 
E:quat i on 13 

the calcuL1tion of h'hjch is iound ia Appendix 4.1 and t he 

computer algorithm fo r th i s co11trol1e1· i.s in Appe,ndix 4 . 

The t y p i c a 1 o u t put re s po n s c t L) a s e t - po i n t ch a n g e i s 

depicted in Fi g . 4 . <i. lt is clc:t rly observable from the 

r espon se that the r e :.i r e variation:, about the set point. The 

variation s ::ire <listriuutc<l fairly evu n ly wi.th a de fined upper 

and lower bo und limit . 

The re is hoh·ever, the except i on of a prominent 

disturbance :is ind ica t ed , This is c1usccl by the poor joint 

of the t owel (S<.'C Appendix 6) , '!he cnJs of the towel are 

joined so th<!t it f o rms a continuous loop fo r the purpose 

of the l abonitory experiment. 

The prominent Jisturb:rncc feature nppeors at every cycle 

of the loop ,rnd hns to be tolerated by the sys tem. 

Noise, which has been filtered as Jcscribcd e a r lie r 

i n s e c t i o ll 2 . 3 i s s t i l J .:1 c1 i s t u r b ,111 c c- c on t r i b u t i n g fa c t o r , , . 

a 1 tho ugh t o a 1 e :; s c r cl e g rec , 

Other fact o r s that can account for the variations 
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are described below. 

The towel being not uniform in width has jagged edges 

(see Appendix 6) , The towel has to be located as centrally as 

possible to allow for efficient edge guiding, Any deviation, 

caused by jagged edges, deflection of towel to one side, and 

other errors will activate the controller to cause the nece ss­

ary corrective action . 

Tension control is fairly important altho ugh not 

attended to in this respec t. It must be emphasized that 

without tens i on, the web will be limp and cause slipping. 

Slipping is accompanied by a sideway sliding on the extremely 

smooth surfaces of the rollers when the process is operating 

at a fast speed. Some rollers may rotate faster than others 

and will help to intensify s lippage. Eve n a s li ght gust of 

wind on the limp towel will add to the slippage effect thus 

causing disturbance. 

The improvement of these factors have to be considered 

if a much better response is required. For the purpose of 

this exercise, the system 1s performing satisfactorily and 

it is appreciated that the digital controller is responding 

rapidly enough for corrective action. 

4 .4 Two Level Control System 

A system incorporating time delay is introduced in the 

second control scheme. In this case, the web position is 

monitored by the photo cell further away from the adjustable 

roller (see fig. 3.3). 

For the purpose of the laboratory experiment, the web 

is made to traverse from the first cell to the second cell 

via an intermediate roller in a period of a second. The 

s ystem time delay is then es timated as described and can be 



SET PT . r 

FIGURE 4. 6 

SET PT 

i SECONDARY I A =--Al\ 
FONTROLLER Bi ~ 

\ 
; 

._____ ____ _J 

POSITION 
OF A 

-----
POSITION OF B 

I 

' 

PRIMARY 
CONTROLLER 

A 

.----

PROCESS 
'-

---A 
I PR:CESS I----~-=;;--

u, 

°' 



5 7 . 

introduced later i nt o the cont rol l er design. 

When using the single leve l control a l gorithm and 

incorporating time delay as proposed utilising the s econd 

photo cells a s gu i de sensors , di{ficulty was experienced in 

trying to achieve a satisfactory control . This i s observed 

by the random endless oscillations with the process never 

catch i n g up t o the actual desired set point of the system. 

This 1s probably due to the nature of the process . 

An approach which avojds th i s p r ob l em uses a more 

complex two-level control system . The ar1proach is developed 

fr om the cascade control concept. It will be shown that the 

scheme improves the basic performance of the loop. It is 

r ea lly a feedback loop wi thin a loop as s hown in the block 

dj agram (Fig . 4. 6) . 

The real advantage of this system be comes evident when 

the disturbances arc considered . Dis tu r bances ent e r both the 

i nner and ou t e r l oops . The application of digital filtering 

ha s assisted in the compensation of the disturbances 

entering both loops . While n1ajor dist urbances entering the 

primary controller have been filtered, the compensation of 

disturbances ente rin g the secondary cont roller i s greatly 

improved in the case of the two-level control scheme . 

For the web process design, the cascade control has a 

single primary contro ller . The se t- point of the pr imary 

control l er i s adj usted by a secondary controller . The value 

is compared with the desired set - po int and the error is fed 

back to the primary control l er . The proce ss output f rom thi s 

inner loop sends the signal output to the t r ansducer which 

in turn sends a s i gnal back t o the secondary controll e r. 

The fo llowin g sections will describe the procedure for 
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the controller design , 

4 . 4,1 Step Response 

In this case, the primary loop controller is designed 

using the photo-cell nearest the adjustable rollers as gui de 

sensors . The parameters already obtained in Sect i on 4 . 3 a r e 

re - used for the primary controller design . The sys t em apply­

ing the primary controller is allowed to run until it set t les 

with a satisfactory response , Then a s t ep to the set-point 

of the primary controller is introduced into the system. The 

output response s on both sets of photo-cells are r ecorded 

simultaneously as shown in Fig . 4.7 . 

By careful tracings depicted on Fig 4 . 8, that is, 

superimposing one grap h on to the other, it is possible to 

determine the time delay constant Ta of the sys t em . From t he 

calculations , the time delay is found to be Td = 2.0 seconds 

(see Fig . 4,8). 

As observed from Fi g . 4 . 7 , the gain and process time 

constants are not readily measured. They have to be estima­

ted in order to establish the controller algorithm from 

equation 8 for the time del ay case . It is appropriate t o 

examine the est imation of such parametric constants. 

4 . 4 . 2 ControZ Process 

The design procedure for this two level system 

requires that the primary controller maintains satisfactory 

response initially with the aid of the first set of photo­

cells as guide sensors. Then the seconJary controller is 

introduced and the various parameters pertaining to the 

secondary controller estimated to determine the best val ues 

for satisfactory performance, 
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In section 4.4.1, the value of the time delay has been 

estimated to be Td = 2 . 0 seconds . The other parametric 

constants namely gain K, response t j rne Tr, process time Tp 

and sampling time interval T, are estimated as follows : -

For the cascade control system to function properly and 

effective ly, the inner loop is to cycle much faster than the 

outer loop especially when major disturbances alter the 

inner loop first ( 27 ]. Hence the sampling time interval for 

the secondary controller for the system is longer than for 

the primary controller, If this rapid cycling condition for 

the primary controller is not met , it is generally not 

possible to satisfactorily tune the secondary controller (27] . 

By considering the capability of the PDP/BF and 

observing the estimates of the various sampling time interval 

actions , the value arrived at for the secondary system is 

T = 2.0 seconds while the primary loop uses a sampling time 

interval of T = 0 . 5 seconds. 

Initially the gain value for the secondary contro ller 

was varied while maintaining the other parameters constant. 

It was observed that no satisfactory control resulted . The 

values of the gain and process time constants have to be 

varied simultaneously (i . e. vary Kand Tp). The final 

outcome resulted with the gain as K = 2 . 9 and Tp = 3 . 1 seconds , 

contrasting with values of 0.9 and 1 . 1 for the primary 

controller. 

Keeping these parameters constant, the final value of 

the response time Tr was estimated. As r ecommended in [9) 

the case where T = T 1-.ras examined but with unsatisfactory r P 

r esults. It was found that satisfactory contro l can be 



Fig, 4,9 Set-.point Change unde r Casca de Control, 

Cf) . 

b 
0.4 ....:i __J _ _ _ 

C ---- ! 

> -- I 

....,. -- ~--,,_ 
0 .3 H i ! 

E--< ~~ 
______ ! __ , 

:::i _ -I _~ - - ;--/ I 
p... 

0.2 
I I 

E--< I 

:::i 
,_ 

I 
0 - I ---

' i::::: -"-Q--
0 0. 1 -- ---1--: CJ') 

z ·-0-J 7 
~ ~--1 : oi-- . en I I 

I 
1 
i 

--f--+----i----t---1--+---t----_-_-.J-+-_-_-_-...J+ ...... - _-_-_i_f-_-_-_-
4
+ _-_-_-_i_f-_-_-_-+---ll---t-----l-_ -_ -_ -_rt--_-_-_ T+ -_ -_ -_ '--4 -_ -_ -_ --rl--_ -_ -_ '+ -_ -_ -_ ---1-f--_ -_ -_ '+ -_ -_ -_ -,-l---_ -_ -_ rl--_ -_ -__-=r--i----.----r-- -r---.---r--....--- -...---. 

I --j----j--i--+---+--+---1====.t===.1====t===1===~c===.:t===~c===•l-- -'----I--- ·---1---+- - ~- -1----1- - --1---+--1---+---l---t--1---+---1---+----+--J.-- +---1 I 
I __J l·J '-J 

:~ ...... -~ j __ ~ -- ----l---l- -+---l----'-----l•--1--- 1----l-- -----.--r - I -
-· -· -r,'-- -- . -- _\~:,:=_-_ .1 __ ··=-~=-j!-1:'·-_~-=\·,-\_-+_=-~~--~,~:::'-~---+,~--11--=-=---=--=--_-=-_+::_-=-~-=-~-=-~-=:ti:__~-:::_~-:::_~-:::_4:_~-:::..~-=-~-=-~1t:.~-=-~-=-~-=-4t~-=-~-=--=---=----··L7"----__ -.~~"'--" __ 1...,, __ = __ ""?"---____ -4 __ 1--+,_-_ _____r~-...,---.-+-,, --........r-=-.:i: ' _; ~ -t · ~- , -1 - _..... -; --·1 -~-I ~rt=· · · -~: "'\---·I -'----l- ,--t-----!---1---1-----+--l-----l----l 

' -

~ _ _,____.....__, I I --:-- -I - -- ·-- i~l;,--\n--- ' - '.------ I I':>, I _L\-..__ 
~--•---, I - -- - - -- - ~::J;:-;:.--e-~-- --:·, '1, J'\ .-r,_ ,,-:;;, , ,. 1- -~-- - ', - - I -- I , -~ I .r-+-1 /1 f ~--,..;--· -- ~- -r v- r,;;,-·-,-1'"\--,,-; ._ ... - JL'. .- - ' r ~ I 1·---. I ~ ---I~""'° I- -- -~i\~f-:::P...~v , J"\"~. 

-----1-- ! --- - --1-~-V--- 1==-11~- ~ - - 1---1---'" , , • .. It ...... I ·--·1----1---1 --- ', -- - - r -F't- \ -:,------•:--~-w -,-4 ~---,_-_-_~.....;'=== j==-~ : 1---i i~ :· ~ II ~ L 'i-----~'-.- -·------~---- y i ~ ! 
I ,--i- -l - ,' c,- L __ ,__ _ _ , _ _ __,_ _ _ , __ ___, __ 1----+--1---- +---I----I----'- ' 

f ~rCr-j I _ __...__ _ _ __,__ ----+---<--4--1-----,..- - ; 

,____.,___ l---+---1--•-L.__ I \ I l ___ ll---t------1---+---1--+----1----+---1 
I -~ [ I I 

TIME (SPEED 6CM/MIN) 
RESPONSE SIGNAL 

....:i 
<C 
z 0.3 
C) 
H 
c.n 

(/) 

0 . 2 :z: E--< 

~ ->--- --~:--•----...... -------1-1 ------+t -------Ji_----- --+r -------ti_- -- ---i-t--------+t _...:. _-_--i-r ------+t -------11--------+t -------1i_-------+t---_-_--1t ---------1-t---_-_-t-1·===~t===t====t===~~===i====i====t===i====t===i===~~===f====f====r===1===3E===t===3====E===i - ....., I 

o....:i 
HO 
E--< > 
<c: o. 1 >Z 
HH 
f-! 
u 
<C 

TIME ( SPEED 6CM/MIN )- ACTIVATION SIGNAL 



63. 

achieved only £or values 0£ Tr greater than Tp• If Tr is made 

too small, the system will oscillate randomly, not returning 

to the desired set point. 

By careful obse rvations, the final estimate of the 

response time was obtained as Tr= 8,0 seconds which 

permitted satisfactory set -point change responses, The 

estimates for secondary controller parameters giving a satis­

factory response can be s ummarized as 

Time de l ay, Td = 2,0 seconds 

Sampling time interval, T = 2.0 seconds 

Process time constant, Tp = 3,1 seconds 

Gain, K = 2 .9 

Response Time, TT = 8,0 seconds 

Substituting these values into the equation 8 gives 

following equation for the secondary controller: 

Equation 14 

The calculat ion is shown in Appendix 4.3 and the 

computer algorithm for this controller is included in 

Appendix 4.2. 

The typical step response for this two level control 

scheme is depicted in Fig. 4.9. 

4.5 Discussion o f ResuZts 

the 

There is satisfactory control using the two level 

control scheme for the time delay system. This may be seen 

from the response of the sys t em to a se t point change shown 

in Fig. 4.10. 

As observed from the diagram, the r esponse to a step 

change is more s luggi sh for the two l e vel control scheme when 
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compared with the single level system . !lowevcr~ this two­

level scheme has providcJ ;1 s ati s factory response 

performance. 
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In sp ite of careful digital fi. Jtcrjn r, , noise <li s turban-, 

ces arc still apparent .i.n the pJot . llowevcr , for <li sturbances 

that enter the system , t he secondary controller starts 

corrective action before the process output shows any 

deviation. l3y using the same filter constant in both cases, 

it is observe d that these noi se disturbance errors for cas­

cade control arc sm;:ilJcr than ivith a sing.le controller . 

The diagram of Fig. 4.10 s hows that the error variations 

apparent when usin g a single controller are more distinct 

than when using the cascade cont.rol l er . The reasons for the 

causes in both cases have been discussed earlier . The 

prominent disturbance caused by t!1c poor joint of the towel 

is still evident in both case s . 

This research has demonstrated that by carefully 

designing the primary controller a11J then experimentally 

selecting values for the secondary loop parameters, a good 

response to a set point change 111;:iy he obtained even \vhen the 

system has a time delay. 

The t\vO level control resulted in a process time 

constant for the secondary controller of T = 3.10 seconds p 

in co 111 par i s on \vi th th a t o f the pr i m n r y cont r o 11 er T = 1 . i 6 p 

seconds. 

The sampling time interval for the scconclary controller 

has been increa sed to 2 . 0 seconds so that the primary 

controller co.n cycle HtpiJly using T =: 0,5 seconds. 

If the value of the secondary loop gain is lower than 
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the prirnaxy gain value, it tends to upset the system response 

and actually result in instability, Leaving both primary and 

secondary loop gains at the same values will not help to 

improve the system, Increasin g the primary gain while 

secondary gain remains constant has little effect in 

satisfactory performance. Therefore it is clearly an advan~ 

tage to have a high secondary controller gain. The 

estimated value for the primary controller is K = 0.92 and 

for the secondary controller is K = 2,9 . 

It has been suggested by the DSIR report [9] that Tr 

must be less than Tp to achieve good performance. This is 

possible for the primary controller, but not so for the 

secondary controller when a two level control scheme is 

used. Experimenting with different values showed that this 

controller required Tr larger th an Tp to give satisfacory 

response performance . 

The time response Tr selected for the secondary 

controller is 8.0 seconds in comparison with 0.5 for the 

primary controller in the development of the two level 

control system. The longer rise time resulting from 

increased response time implies a slower overall response. 

However, lower values of r esponse time for the secondary 

controller will cause more offsets, instability and 

increased noise disturbances and hence system upsets. Higher 

values than 8.0 seconds for the ~econdary controller will 

cause more overshoot and instability. 

Once the parameters have been correctly chosen, the 

two level scheme gives encouraging results , The scheme is 

suitable for implementing on a mini-computer or micror 
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processor 0£ limited capacity and avoids the need for very 

expensive i nstrumen tation, 

~ooOoo ~ 



5. CONCLUSIO N 

As illustrated i n thi s research project, relatively 

recent advanc e s in control theory, coupled with the 

flexibility o f di gital c ontrol have made it de s irable to 

replace some ex istin g ana lo g systems wi th di gi tal 

68. 

cmnro·llerswhich can be use d in a wid e va riety of situations. 

Control comput e rs find the i r app lic a t i on where relatively 

simple op e ration s must be performed, requiring reliability 

and repeatabilit y , rapidity (often because of a multiplicity 

of loops) and accuracy . 

Th e increasin g complex i t y and s ophistica tion of modern 

industrial plant may lead to growin R requirements for better 

system control, In this si tuation, the di gi tal computer is 

an essential tool for use by modern n gineers in achieving 

rovanced control obje ctives , 

A lot of DDC eq uipment is programmed to implement the 

classical ideas o f the three mode cont rol theory. Wi th DDC 

systems, the di gital computer along witl1 pne umati c measuring 

instrument s and control valves are use d to implement some 

desired control policy. 

Satisfactory controllers have bee n de signed and applied 

to the web processing sys t e m. Realis tic models of industrial 

control systems involve complica t ed non-linear relationships 

which mak e a straight forward app l icati on o f modern control 

the ory difficult, Usua lly , some simplifying assumptions are 

made to reduc e the cost of th e syst em design and 

implementation. 
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The Dahlin/Higham methods used for the controller design 

have been found to be suitable for the process under study. 

It is shown that sampled-data control may be simplified by 

the use of the Zrtransform. Two control schemes using this 

method have been investi ga ted, 

The first controller design monitors the web position 

with the photo-cell nearest the aJjustable roller. Thi s 

controller proves to have a simple structure and the 

result is very effective. As observeJ in Fig. 4 . 4 the 

controller is able to respond very rapidly to any set-point 

changes and maintain the system at the set point in a 

satisfactory manner . 

The second control scheme is introduced with the time 

delay design and is more complex. The web position is 

monitored by the photo-cell f urther from the adjustable 

roller (see Fig. 3 . 3). It is necessary to implement a two 

level control scheme in order to achieve satisfactory 

control. This scheme is developed from the cascade control 

concept involving both primary and se condary controllers. 

Section 4.4 describes the control scheme in more details. 

However, for both sch emes, it is essential to select 

appropriately the various parametric constants namely 

process and response times, gai ns, time interval and delay 

in order to acheive the desir e d responses. 

The single controller parametric constants have been 

estimated to be 

= 

0,50 seconds 

1 , 16 seconds 
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= 0,50 seconds 

0 seconds 

= 0,92 

These values are used for the primary controller in the 

two level scheme while the secondary controller parametric 

constants are estimated as 

8,00 seconds 

= 3.00 seconds 

2,00 seconds 

2.00 seconds 

2,90 

From the dynamic estimation point of view, the web 

process piesents a difficult problem because 

a, compared with some processes, response times are fast, 

hence a high sampling rate must be used. The PDP/SF has 

a limited capacity, which is heavily utilized in 

thi s problem . 

b. Inherent noise levels are high for the process and 

digital filtering has been introduced to reduce this 

noise 

c. The jagged e dges resulting from the non-uniform width 

of the towel have produced endless variations about 

the set~point as observed from the system output 

response, The prominent peak of these variations caused 

by the poor joint is also distinct, and has to be 

tolerated by the controller. 
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d . Tension control cause s additional problems, As observed, 

without tension, the web will be limp and slippage may 

easily occur, 

An improvement to th e response may be possible if 

additional secondary controllers are developed for the 

present system. These may involve inves ti gating the 

following fields [14] : -

Web Tension Control 

As mentioned earlier, t ension control is necessary to 

prevent the limp web from slipping and rolling durin g the 

process, Tension control may assist in providing a more 

uniform control, less slippage and less variations in the 

set point. 

Registration Control 

This is to ensure that a certain position on the towel 

face remains in th2 same position each time the sensor is 

activated. Instead of detecting the jagged edges of the web 

with the photo cell, the re gis tration control method can be 

introduced . It can be done by sensing the special indicators 

of narrow stripes drawn on the inside o f the web edges. This 

will ensure correct positioning of the web with uniformity 

in the control system . The endless va riations along the set­

point may hopefully be minimized because the re gistration 

control now ensures that the photo-cell is sensing the 

same width of the towel along th e two uniform stripes 

instead of the jagged non-uniform edges. 
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Guiding Techniques 

The present system uses a sensor to detect web 

position and control it by the use of a steering guide . 

However, other possible methods of guiding may be examined. 

These may include displacement guides, bar guiding, crown 

roller guiding, roll flange guiding and centre guiding . 

A less important fie ld of interest may include control 

of static electricity caused by the rapid process of the 

system, It is also of importance to observe the uniformity 

of the motor speed in order to provide a uniform control. 

However, the object of the laboratory research project 

is to present an investi ga tion of modern digital computer 

control, Hence the above factors have not been investigated, 

with the exception of the web - guiding control that has been 

described. 

In su~mary, direct digital control offers an opportunity 

to apply the largely theoretical solutions of control 

problems to affect major improvements in industrial process 

control. Improvements can be measured not only in net t 

return from hi gher control performance, but also in making 

possible the design of lower cost plants which can be 

erected more rapidly and which require less maintenance and 

are safer to operate than conventional plants [25,26]. 

An engineering evaluation of the true reliability 

requirements for each application and good system design 

will permit direct digital control with most on-line 

digital computers, These requirements, combi ned with those 

for any other computer applications in the same plant, will 

then determine the most economical machine configuration 

to satisfy the total system requirements [10,20]. 
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Thus, w~th the advent of digital computers and their 

ability to handle large quantities of information, 

engineering horizons have been dramatically extended [11,26]. 

-ooOoo" 
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APPENDIX 1 

The procedure for lo a din g the Program is as follows:-

1. Set Switch Register (SR) to 0000 and press EXTD ADDR 

LOAD, 

2, Set SR to 7777 and press ADDR LOAD . 

3. Press CLEAR first and then press CONT on the computer 

console. 

4 . Set SIT to 0002 and press ADDR LOAD. 

Make sure that BIN is 1n CORE, that is when the tape 

stops , the console SR should read 7402. 

If it does not, reload BIN and s t art over as 1n Step 1 

above . 

5. Then set SR to 0003 and press ADDR LOAD to load 1n the 

Executive Program. 

6 . When tape stops with SR reading 7402, check to see if 

accumulator (AC) equals zero. If it does not, reload 

all over as at Step 1 above, 

else 

7 . Set SR to 0200(Starting address of Executive) and 

press ADDR LOAD, then press CLEAR, CONT and the whole 

Executive is in progress. 

-ooOoo-
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APPENDIX 1 ,1 

Routine Names 

The routines assigned to the various console 

switches are listed as follows:-

Switch Number Routine Name Task to Perform 

0 ININT Input to Interval Values 

1 INDJ\C Input t o DAC Values 

2 INBIT Input to Bit Status 

3 CLS TAT Clock St a rt 

4 CHANGE Program Start 

5 FLIN Input Cons tants 

6 FLOUT Input Filte r Constant s 

Se t pt & plot mark. 

7 SW ITCH Output Swi tch List 

8 PIOS Out put Bi t Status 

9 PDAC Output DAC Values 

10 PADC Output ADC Values 

11 PINT Output Interval Va lues 

-00000 -



APPENDIX 1,2 

Overrun Messages 

The alarm messages that are associated with the 

process can be printed out as:-

"OVERRUN l" 

This implies that input/output is updating too fast 

"OVERRUN 2" 

The ADC is updat i ng too fast 

"OVERRUN 3" 

Primary calculation is cycling too fast 

"OVERRUN 4" 

Secondary calculation 1s cycling too fast 

-00000-
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APPENDIX 2 

The A/D routine is entered at specified intervals 

according to the clockin g interrupt routine. Initially, 

th e routine "IADIN" is a ctivat e d. The routine merely sets 

storage locations for accepting th e values from channels 

0 to 7. It will then enable the ADC inter r upt register 

flag and initiate subroutine "IADC" which se lects the 

appropr·iate channel for conversions: 

IADC, 0 

CLA CLL 

TAD I IR3 
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6531 I select channel and load multiplexer 

6532 I start convers ion 

JMP I IADC 

These routines can be examined in the program listing. 

When servicing the int errupt, the accumulator, link, 

flags and return address are saved. Then the interrupt is 

turned back on and the A/D values from the eight channels _ 

are read in and stored in the appropriate locations. On 

completion, the reverse proc edure returns the CPU to the 

interrupted routin e . 



SAVE ACCUMULATOR, 
LINK, FLAGS AND 

RETURN 
ADDRESS 

' , 

TURN 

ON 
INTERRUPT 
~ 

' II 

LOAD ADC VALUES 
INTO ACCUMULATOR 
AND STORE THEM 
APPROPRIATE 

LOCATIONS 

8 VALUES 

YET? 

YES 

IN 

CLEAR ADC FLAG 
AND RETURN ADDRESS 

FOR RESUMING 
PROGRAM 

INSTRUCTIONS 

NO 
' 

RETURN 
FOR 

NEXT 
CONVERSION 
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APPENDIX 2,1 

Mainl i ne Routine 

The basic flowchart of the Mainline Routine 1s 

START EXECUTIVE 
PROGRAM 

TURN ON INTERRUPT 

\II 

READ - SWITCHES 
AND RECORD THE 
VALUE, SET UP 

SWITCH LIST 

GO TO ALARM 
ROUTINE TO 

DETECT ANY 
ALARM MESSAGES 

CLEAR 
OVERRUN 

LOCATION 

READ 
SWITCHES 

,___ N_O-----.--1 ---< TO FIND IF THERE ___ Y...;.,E_S ___ _ 

ARE ANY 
HANGES 

/ ~ 

CHECK THE 
APPROPRIATE 

ROUTINE ASSOCIATED 
AND INITIATE IT 
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RESTORE * 

AND EXIT 

OUTPUT 

NO 

DAC VALUES YE;j 
FROM STORAGE 

ENTRY (CLOCK INTERRUPT) 80. 

SAVE REGIS 
TERS AND 
RETURN * 

' I S 
SERVICE 
REQUIRED? 

I S 

DAC O/P 
REQUIRED? 

ADC 
INPUT 

REQUIRED? 

HAS 
PREVIOUS 

ADC SCAN 
INISHED? 

NO 

PRINT 
OVERRUN 2 

t 
IGO TO 2/A I 

,,.r"', 
/'/ '-

/ IS 
YES <DATA I/O 

-------- SECTI ON BUSY? 

'"' 
YES 

PRINT 
OVERRUN l 

ENTER 
DATA I/O 
SECTION 

RESAVE 
REGISTERS & 

RETURN 
..:----------------j *-+ 

NO 

YES 

p 0 

0 

INITIATE ADC SCAN 

8 VALUES--STORAGE 

NO 
IS 

PRIMARY CALn 
REQ UIRED? 

DIGITAL 
I/O 

REQUI RED? 

N YES 

READ/WRITE 
DIGITAL I/O 
DATA TO/FRO 
STORAGE 



NO 

IS 
ECONDARY 

CALCULATION 
REQUIRED? 

YES 

IS 
PRIMARY 

CALCULATION 
. BUSY?' 

IS 
SECONDARY 

CALCULATI ON 
. ~USY?: 

NO 

RE SAVE 
REGISTERS 
AND RETURN 
+ -- # 

DATA I/O 

COMPLETE 

ACTIVATE 
SECONDARY 
CALCULATION 

SECONDARY 
CALCULATION 

COMPLETE 

RESTORE # 
AND EXIT 
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YES GO TO 2/A 

YES p::-7 
OVE~ 

S/A 



B 

JYES 
/ 

,,. rs 
~ PRIMARY 

I ~ ALCULATION 

E
l - ~~Y? 

ISTERS 
RETURN 

? 

DATA I/O COMPLETE 
ACTIVATE PRIMARY 

CALCULATION 

f ·, 

YES 
;, ~RRUN j 

L . I, -
- 1 -1 

!RESTORE 1 
I AND 

EXIT 
i 
I 

.J =-~f --7 

DATA I/0 j 
COMPLETE 

- EX~TJ 

2/A 

' _,./ IS ' "-. /'/ SECONDARY 
, SECONDAR~'- YES , CALCULATION RESAVE 

NO ➔- REGISTERS & CALCULATION BUSY? 
REQUIRED? 

RESTORE? 

PRIMARY 
CALCULATIO 

COMPLETE 

OVERRUN 
4 

L_ __ 

? 

RETURN 

---# 

·-
!PRIMARY 
JCALCULATION 

~ 
GOTO] 

L_ 
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APPENDIX 3 

Computation is performed in binary units and hence 

a conversion procedure is required if decimal input is 

preferred . The usual procedure allowing input of ASf.I~ 

characters is followed . These are converted to digestible 

binary units for further conversions. The process involved 

is as follows:-

Assuming the digit read in is in the range of Oto 9. 

Multiply it by ten and add on to the next incoming digit 

until the maximum of four digits are read. Then store the 

converted decimal number, The programming is illustrated 

in the subroutines names "INPUT" an<l "PACK" in the listing. 

The reverse is true when the printing of the number 

has to be in decimal form. In this case, the number is 

divided initially by 1000 and the dividend is printed first . 

It is followed by the division of 100 and 10, thus giving 

a four digit decimal number output . The program is assemble d 

as the subroutine named " OUTPUT" in the listing . 

-o oOoo-



APPEND IX 3,1 

_NI NB IT " Ro u t in e 

INBIT is the name assigne d to switch 2, It can be 

entered by depressin g switch 2 to initiate the routine. 

Once the routine has bee n effect ed , the program queries 

the operator with a message : 

PQ/P BIT NO?" 

In respons e to thi s question, the operator may type 

the desired output bit status number from Oto 11. The 

program will immediately reply with another question 

"VALUE?" 

The operator must the n typ e the status value o f 0 

or 1 followed by a carriage return . 

'" ooOoo-

84. 
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APPENDIX 3.2 

''P IOS" Routine 

"PIOS" is the routine name as signed to switch 8. 

It can be initiated by depres s ing sw itch 8 to effect t he 

routine . The program will print out all bit status numbers 

with the respec tive Input/Output status value associated 

with it as follows : -

s 

I 

0 

0 

0 

0 

1 

0 

0 

2 

1 

0 

3 

0 

0 

4 

0 

0 

5 

1 

0 

6 

0 

0 

7 

0 

0 

8 

0 

0 

9 

0 

0 

10 

1 

0 

11 

0 

0 

I - This register is determined by bit input by the 

operator to the CPU. It is associated with an 

output operation from the CPU . 

0 This register is determined ~)Ya read operation by 

the CPU from some external device (e.g . digi t al i nput 

from on/off sensors) . 

-ooOoo-
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APPENDIX 3,3 

,,INDAC" Routine 

Switch 1 has been allocated to routine INDAC which 

allows the operator to enter DAC values, As soon as the rou­

tine is initiated, it will request: 

"DAC CHANNEL ( X OR Y ) ?" 

The operator can se l ect either channel by typing 

the appropriate response 1.e. X or Y. This will be fo llowed 

by another question : 

"VALUE?" 

The operator will typ e the desired decimal value 

ranging from - 511 to +511 followed by the usual carriage 

return. 

-ooOoo -
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APPENDIX 3,4 

11PDAC 11 Routin e 

PDAC routine is associated with switch 9, This 

routine is easily initiated by manipulating switch 9 at any 

desired time, The routine will print out the values of both 

channels as follows:-

DAC VALUES 

X y 

+0165 -0007 

-ooOoo-
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APPENDIX 3,5 

"ININT" Routine 

Switch 0 is assigned to the input routine ININT which 

allows the operator to allocate the various interval values, 

When it is initiated, the program queries with 

"INTERVAL VALUE (0 to 6)?" 

to which one can respond by typing the appropriate 

interval value. 

The numbers associated with the routine numbers are as 

follows:-

1. Basic Interrupt service interval 

2 . Int erval for DAC update 

3. Interval for ADC update 

4. Interval for digital 1/0 update 

5. Interval for Primary calculation 

6. Interval for Secondary calculation 

Interval values from 2 to 6 arc multiples of the 

basic service interval . In response to the question 

"VALUE?" 

the operator can type in any desired decimal value associated 

to the intervals . 

·As socia ted with this is the print out routine "PINT". 
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Switch 11 is assigned to start the print out messages~ Once 

initiated, the print out will follow as: ~ 

INTERVAL VALUES 

1 2 3 4 5 6 

+0Q0S +0002 +0001 +0001 +0Q0l +0001 

-00000.,-



APPENDIX 3,6 

1'PA DC" Routine 

"PADC" is associated with the listing of the ADC 

va lues of a l l the 8 channels of the multiplexer. This can 

be activated by depressing switch 10. The routine , once 

in.itiat"ed., will print out the following message: e . g. 

ADC VALUES 

0 1 2 3 4 5 6 

90 . 

7 

+0201 -0004 -0004 +0257 -0003 ~0004 -0004 +0000 

- oolJoo-
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APPENDIX 3,7 

Routin e 1'FLIN" 

"FLXN" is the routine as s igned to switch 5. This 

routine, when initiated, will permit the operator to enter 

the values of the constants required for the control algorithm 

of the system , The program will ask the operator for the 

value of the constants. In response to the mantissa letter 

M, the operator will type any 4 integer number less than 

2047 (decimal). This will be followed by the exponent E, 

to which the operator responds with an exponent value less 

than 2047 (decimal). 

-00000-



APPENDIX 3 , 8 

Routine 1''FLOUT 11 

Switch 6 1s allocated to the routine "FLOUT" . This 

routine allows the operator to enter the required filter 

constant value, It also caters for one to select the 

appropriate plotmark to plot the set point or measured 

values o'f either of the 1 ight sensors. When the routine 1s 

initiated, it responds with 

% 

92. 

The operator must type any integer from 1 to 4 

appropriately . The numbers associated with the functions are 

as follows:-

1. To enter the set point for the light source nearest 

the guiding roller (A) . 

2 . To enter the set point for the light source further 

from the guiding roller (B). 

3 . Filter constant . 

4. Plotmark to decide whether to plot 

(i) set point for li ght sensor A 

(i i) set point for li ght sensor B 

(iii) measured value of li ght s ensor A 

(iv) measured value of light sensor B 

Thus, if the operator decides to enter the filter 

constint 1 he will have to type 3 following the query %. In 

response to this another query 
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"VALUE?" 

will appear, and the operator 1v j 11 type in the appropriate 

value of the filter constant, Value 8 will imply no filte ring , 

while 1 imp l ies maximum filtering . 

A similar procedure may be (allowed for the other 

options . 

-ooOoo-



APPENDIX 3,9 

11 Sv/ITCH 11 Routine 

"SWITCH" is allocated to the switch number 7 When 

initiated, it will print out all the s witch numbers and the 

various routines associated with them, 

SWITCH 

0 1 2 3 4 5 

INTV/IN DAC/ IN BIT 0/ P CLOCK/INT PROG/START SET/PT 

6 7 8 9 10 11 

FILTER/NO Slv/ INSTR I/0 BIT DAC/OUT ADC/ OUT INTV/ OUT 

-ooOoo-
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APPENDIX 4 

The primary Controller ls established using algorithm 

described in Section 2.2.2 . 1. 

The program accepts the filtered ADC value from 

channel 0, which is compared with the set point. The error 

is then inserted into the algorithm . Any deviation from the 

desired set point value has to be remedied immediately by the 

output signal . The program is listed within the routine 

"RDOSEC" where "PRIGO" is the actual Primary Controller 

section . Reference is made to the listing. 

-ooOoo-
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APPENDIX 4.1 

The results obtained from the characteristics of the 

open loop experiment on th e web processing sys tem can be used 

to design the primary controller. From the experimental data, 

it is better to select an average of the time and ga in canst ~ 

ants as follows:-

Take 

Choose 

T p 

K 

T 

The controller 

Q 

e -1 

Q 

L 

= 1 + 1.33 

2 

= 1.16 seconds 

= 
0,88 + 0.96 

2 

= 0.92 

0.5 second 

= 0.5 second 

design as from [ 9] 

= 1 e-Tp/Tr 

1 -1 = e 

= 0.37 

= 1- 0 . 37 

= 0.63 

gives 

= 1 e-0,5/1,16 

= 1 0 . 65 

0.35 



::: 

::: 

Control entries 

0 • 63 [E - 0,6SE
1

] 
0,92 X 0.35 O 

0.73Y sp 

The algorithm for this primary controller is thus 

designed as 

t1U ::: A y 
sp BY

0 
+ CY1 

where A, Band Care entered via the teletype. 

~ooOoo-
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APPENDIX 4, 2 

A secondary controller is incorporated in the routine 

to form the cascade control system. The algorithm is derived 

with the inclusion of the time-de lay element. 

The secondary controll er is programmed as an extension 

of the Primary Controller , The routine "SEGGO" in the listing 

is associated with the Secondary Controller. 

-00000-
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APPENDIX 4.3 

The parametric constants as derived from section 4 . 4 . 2 

are 

Tp = 3 .1 seconds 

Tr = 8.0 seconds 

Td = 2.0 seconds 

T = 2,0 seconds 

K = 2.9 

The following calculations utilizing these parametric 

constants lead to the secondary controller algori thm as 

follows:-

N = Td/T = 2/2 

Q = 1 

= 1 

= 1 

= 0.22 

L = 1 

= 1 

= 1 

= 0 . 48 

MASS.'.!Y U~JIV£RS1Tt 
Lli3RAR'( 

(-T /T ) e r 

e( -2/8) 

0 . 78 

(-T/T 
C p 

) 

C 
( - 2/3,1) 

0 . 52 

= 1 



D( Z) 

= 

100 . 

- 1 
O [ 1 - (1 - L) Z ] 

L.K 1 - (l-Q)Z-1 - qz-2 

0 . 22 

0 . 48x2 . 9 

0 . 158 [ 

1-o.s2z- 1 
[-------] 
1 - o . ?Bz- 1 - o.22z- 2 

1 - o . szz - 1 J 
1 - o . ?Bz- 1 - o . 22z - 2 

From this the algorithm 1s therefore 

= 

The algorithm for this cont r ol ler is depicted in the 

routin e "SECGO". This can be reviewed in the listing . 
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APPENDIX 5 

It is essential to determine the working range for the 

set - point changes, This can be determined by injecting step 

responses to the stationary system with no controller . The 

saturation limit s for the adjustable roller to deflect left 

or right are recorded and the most suitable range of values 

selected from the following plot s, Reference to these 

experimental values show that the most appropriate DAC 

values of O - 200 will permit sa tisfactory results 
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EXPERI.MENTAL VALUES OBTAINED 
FOR DAC/ADC VAJ,UES 

DAC ADC 
FORWARD REVERSE 

-300 -188 -180 -190 -191 

~zoo -193 -180 -191 -172 

-100 -188 -168 -183 -170 

- so ~192 -172 - 189 -178 

0 -131 -154 -1 71 -121 

+ so - 27 - 25 - 61 - 60 

+100 + 27 + 39 + 58 - 60 

+200 +189 +201 +236 +239 

+300 +318 +323 +324 + 310 

+400 +317 +325 +335 +3 21 



ADC VALUES 

300 

-300 -200 -100 0 

-100 

-200 

-300 

-400 

200 300 400 500 
DAC VALUES 

_____ FORWARD 

_______ .. REVERSE 

1--' 
0 
v-1 



ADC VALUES 

300 ..l 

200 I 

100 .l I, 
I; 

7 

I I 
-160 -~o lo 15/400 - 300 - 200 

-------------v----r-:;_200 

- 300 

I 

" I I 
I 

,.,,,,J 
I 

I 

,J 

20b 

, ,r: 
, 

' ' ' 

:•: I 300 4do 
DAC VALUES 

FORWARD 

REVERSE 

I-' 
0 
+>, 



APPENDIX 6 

Towel edges are jagge d 

to a certain extent 

Both ends of the towel are poorly 

joined. 

I 

poor joint with 

uneven width of 

the towel 
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