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Thermoplastics injection molding involves plastica~i~n 

followed by -the injeètion of the melt into a cç:>ld cavity. 

packing is employed ta compensate for shrinka9~ due to 

cooling. Ultimately, the solidifie~ part is ejected' from 

the mold without damag~. The successful op'eration of an 

inj eètion mOlding machine requires control of the prfJcess 
" 

variables during each of the consecutive s~ages in addition 

to correctly identifying th,e points of transition from one 

stage ta the next. \ 

Pressure and its variation during the injection molding 

cycle play an important role with regard to pr~ductivity, 

product quality, and product reproducibility. From the 

practical point of view, it is~ssary to consider 

simultaneously hydraulic pressure, nozzle pressure, and the 

distribution of pressure in the cavi ty. Control of each 

phase of the injection molding process is best ~chieved by 

controlling one or a combination of the above pressure 

parameters. The present work descr ibes a COrr!!rehens ive 
study of the dynamics and control of pressure dring each 

stage of the injection~olding cycle. 

Deterministic models were obtained for ca ity gate 

pressure during the filling and packing stages. Dynamic 

mode~ predictions were in good agreement with experimental 

data. The response of cavity gate pressure exhibited 

nonlinear behavior which was investigated and rectified by 

a gain scheduling control strategy. Stochastic models were 

obtained for cavity gate pressure response in the filling 

stage 1 for the purpose~f comparison and future design of 

more advanced control algorithms. 

The dynamic models were employed to design and evaluate 

control schemes for the injection molding cycle. Nozzle and 

cavity pressures were 'used in conjunction with PI, PlO and 

Oahlin controllers. The hydraulic system of the injection 
~Î 
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molding machine was redesigned ~incorporate two 

ii 

servova,l;­

pressure- • ves in order to achieve control over the cavi ty 

time profile during the packing stage as weIl ~s over peak 

cavity and hold pressures. The control loops were designed 

through a simulation study which also gave good indications 
'-; 

of system limitations. 

o. 

On the basis of this study, very good and reliable 

'integrated control over the fillinq, packing, and holding 

stages was achieved by a general control scheme which 

allows the transfer of control from one variable to another 

during the various stages ~f the process. 
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Le moulage par injectiè~ des thermoplastiques comprend 

la plastification de la mati~re d'un état solide, suivi de 
• 

l' injectl.o~ du polymère fondu dans la cavité froide du 

moule. Le ,compactage' est utilisé pour compenser ~e retrait 

dÜ au refroidissement. A la fin du cycle, presque toute la 

pièèe est solidifiée,' permettant ainsi son éjection avant 

le prochain cycle. La conduite satisfaisante de la machine 

à injection réclame le contrôle des variables du procédé 

pendant chacune des étapes consécutives, en plus d' iden­

tifier correctement les points de transition d'un stage à 

l'autre. 
# 

La valeur de la pression d'injection et ses variations 

iii 

au cours. du cycle joue un rôle important vis à vis de la 

productivi~é et de la ~alité du produit fini. Du point de 

vue pratique, i~~n~cessaire de consiQé;~r en même ~emps 
les pressions ,~drahlique et en' buse e\ également la 

distribution .d~s 'pressions dan's le moule. \e contrôle de 

chaeune des _phâses du procédé est mie é écuté par le 

cont:rôle {;~e ou ~'une combin'aison de plusieurs .,de ces 

pressions. Cette thèse présente un étude -globale de la' 

dynamique et du contrôle de la pression pendant chaque 

étape d~ cycle d'injection. 

Des modéles déterministiques ont été obtenus pour 

des pressions au seuil de la cavité durant les phases de --­

remplissage et de compactage. Les prédictions du modéle 

dy~ique montre un bon recoupage avec les, données éx­

pé~entales. Une stratégie de contrôle prédeterminé du 

gain a permit de rectifier, après investigation, le compor­

tement non-linéaire de la réponse en pression au seuil du 

moule. Des modéles stochastiques ont été obtenus pour la 

réponse en pression au seuil lors de la phase de remplis­

sage, dans le but d'être utilisés comme moyen de com­

paraison et de verification. 
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Les modéles dynamiques ont été utilisés afin d'évaluer des 

schémas de contrôle pour le cycle d'injec~ion. Le système 

• hydraulique de la machine a été modifié en vue dt obtenir un 

contrôle du profil de pression de la cavité au cours du 

temps pendant le compactage, ainsi qu'un contrôle de sa 
,> 

pression maximale et de maintien. 

Un schéma de contrôle général a permit. de réaliser, 

sur la base' de cette étude, un contrôle intégré per,formant 

/ et' sar pour les phases de remplissage, de compactage et de 
, 

maintien, ce qui permet de passer du contrôle d'une 

variable à celui d'Une autre au cours des différentes 

phases.du procédé. 
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INTRopmttloN 

1 

Injection molding is' a pr cess whereby; a solid poly-

meric material is heated 
1 

fluidity; it is ~hen transfer 

into a closed s:pace (mold ca 

it reaches a state of 

pressure (injected) 

and thenlcooled in the 

mold until it solidifies, co forming in shape and dimen-
1 

sions to the mold cavity. 

Injection molding is accomplished in an injection 

molding machine which bas~cally consists of two components: 
~ 

the inj ection unit 'and the clamping unit. The inj ection 
1 

unit serves tO heat the raw material to a molten state and 
1 

to transfer lit under pressure into the closed mold which is 

held by t~~ clamping unit. Melting is achieved with the 
1 1 

help of external heaters and by-mechanical heating produced 

when the JranUlar raw matefial is compressed and worked. 
• 1 

Over 'the past two decades, injection molding has 
. 

played a 'major role in the fabrication of plastic parts for 
• , 

both thermoplastic and thermosetting materials. Its 

outstanding versatility and ability to produce parts with 

intricate shapes to extremely tight specifications have 

been the key rea~ons for i ts wide spread use. Inj ection 

molding is also highly co st effective, especially in large 

volume operations. The chief drawback of injection molding 

l 
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is the inherent difficulty of controlling the ul1::imate 

properties of the molded parts to high degrees of precisi-

on. Because of the spatial nonuniformity of the temperature 

and pressure fields, the complete thermo- mechanical 

history is unevenly distributed in the cavity, leadirig to 

structural inhomogene~ ty of molded parts. Al though not 

necessarily a major concern in conventional molding, this 

could cause serious problems in the molding of high 

precision parts, as for example integrated circuit boards, 
o ~ 

lenses, and fiber-optic connectors. Thus the production of 

intricate parts with extremely high tolerances and quality 

finish imposes stringent manufacturing and process control 

requirements. 

The injection molding process is cyclic with a short 

cycle _ time, typically of the order of a minute or less. 

Therefore, to ensure good quality and consistency of the 

product from cycle to cycle, efficient and reliable control 

is necessary. Ideally, control of any aspect of the process 

must be based on understanding of the ph~nomena involved. 

The sequence of events taking place in the cavity can 

be depicted in terms of the variation of the cavity 

pressure with time, as shown in Figure 1.1. It includes the 

following consecutive stages: filling, packing, hdlding an~ 

cooling. 

2 
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OUring the filli~g' stage, the pressure in the mold 

cavity rises slowly, as the molten, non-Newtonian, polymer 
;!' • 

spreads to fi11 the empty co1d c,avity. After the fi1ling 

stage is completed, more materia1 has to be pack~d into the 

mold cavity to compensat~ for the ,shrinkage of the 

. materi~l. In this stage, ,the pressure in the cavity rises 

sharply within a short time to reach ïts peak. Sometimes, 

the pressure is maintained at" a high' leve! or allowed to 

decrease on1y slowly at the holding stage, subsequent to 

the packing stage. Co01ing, however, ~hrough heat exchange 

with the sol id walls of the cold mold, causes the molding 

to solidify. Thus, in the cooling stage, a continuous 

decrease in cavity p,ressure is observed. No flow should 
.' 

take ~laç~ in this stage, but the rate of cool~g plays a 

major role in determining sorne of the final properties of 

the molded article. :r 

The successful operation of an injection molding 
~- . 

machine requires control of the process variables during 

each of the consecutive phases in addition to correctly 

identifying the points of transition from one phase to the 

next. 

In recent years, improvements in injection molding. 
. . 

control have reiied on refinements in equipment and the use 

of computers. Develo~nts in equipment such as hydraulic 

components have led ta êbnsiderable improvements in the 
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perf9rmance artd reliability of injection molding machines 

[1,2]. Application of computer control to the injection 

molding process has been addressed by many authors [3-14]. 

Even wi th the best equipment and computer hardware, i t is 

the control strategies and the quality of the dynamic 

models describing the process that determine the quality of 

'process control. Dependable control ,and dynamic model~ing. 

schemes should therefore be emploged to fully exploit the 

advantages offered by the improved equipment. 

This research concentra tes on the study of the dynamics 

of the injection molding process during the filling and 

packing stages as weIl as the dynamic behavior of the peak 

.cavity pressur~. The dynamic models obtained are employed 

• 1 
in controlling the injection mold1ng cycle. 
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scan AND OBJECTIVES 

The present work represents a part of a ,general 
• . 

research program in the field of inj ection molding, which 

has been in progress for the last two decades in the 

Chemicar Engineering Depart~t at McGill University. 
'" .r 

Recently, a significant part of this effort has been in the 

area of injection molding proc~ss control. 
,> , 

The effective control of the injfction molding process 

isclosely associated with controlling cavity pressure [15-

20]. The importance of cavity pressure arises due to its 

close interactions with most ~f the process variables and 

its influence on important microstructural and final 

product characteristics, such as or i'enta t ion, 

crystall~nity, surface properties, sink marks, and mechani­

cal properties [18-20]. This role of cavity pressure 

fumishes the incentive for the present ~tudy. 

l '3 lA .... h"J ~'§j 

6 

The obj ecti ve of the present study was ta obtain ,.':' 

dynamic models and achieve control over cavity pressure>~'~ 

cavity pressure gradient, and peak cavity pressure. The 

work involves phenomenological analysis and takes note of 

theoreti cal model.s and considerations. 
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The specifie objectives of the present work were 

(1) To develop dynamic models for, cavity gate_pressure and 

cavity pressure gr~dient during the flllinq stage 

through the analysis of dynamlc experimental data. 

(2) To develop a dynamic model for cavity gate pressure 

during the packing stage and to study the dynamics of 

peak cavity pressure. 

, 
(3) To design control schemes utilizing the dynamic mpdels' 

( 

obtained in (1) and (2) above and ~o evaluate·different 

dontro~lers through simulation studies. 
1 

1 

(4) To evaluate different strategies for switching trom 

stage to the next in the injection ~Olding cyc~e. 
one 

(5) To modify the injection molding machine 'so as to 

perform the appropriate dynamic and control 

experiments. 
. . 

(6) To employ the chosen controllers and the modified 

\ 

hydraulic system to experimentally control the 

consecutive stages of the injection molding cycle. 

7 



The present work incorpora tes the resul ts of a large 

number of experiments. Although an e~ort will he made, in 
\ 

this work, to explain some of the observed phenomena, it 

should be emphasized that a complete quantitative 

explanation is possible only by the application of detailed 

mathematical models of the ipjection molding process and 

related phenomena. The main aim of the present work is 

,.. presented in the context of obtaining detailed e~erime~tal 
data relating to the dynamics of sorne parameters of the 

injection molding process and achieving control over these 

parameters. The explanation of these data on the basis of 

an analysis of th~ complex flow and thermo-mechanical 

phenomena is not attempted. The latter task awaits the 

results of work currently in progress in this laboratory . . 
The text is divided' into nine chapters. Chapter 1 

introduces thé injection molding process and the need for 

process control. This chapter contains the scope and 

objectives of the present study. Chapter 3 presents a 

general background of the .study. It includes a description 

of different methods of process identification and the 

application of process ~odelling to the injection molding 
1 

process. The chapter ends with a discussi\on of different 

strategies for the switching from ~ne stage to the next ir 

the injection molding cycle,' èhapter 4 describes the 

injection molding machine and the cxperimental set-up. 

Chapter 5 presents the dyn~mic modelling of cavity gate 

8 
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pressure and .. cavity pressure gradient during the filling 

stage using both deterministic and stochastic~exne1iments. 
(

.j' ~ , 

Chapter 6 demonstrates the control 

using different process variables 
• 

various controllers. Chapters 7 

ot 

in 

and 

- \ 1:1 

the fi~in~ stage 

conj une ioin with 
\ 

8 deal witlp. the 

dynamics and control of the packing stage. Chapter 9 

summarises the conclusions and the original contributions ~ 

of this work and offe~ so;me 

work. 
,/ 

- ; 

recommendations for future 

\. 

• 

, 
\ 

\ 
\ 

.. 

\ 

\ 
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CHAPTER 3 

GENERAL BACKGROUND 

3.1 Introduction 

The studies concerned with the injection mOlding 

process can be divided into the following major categories: 

(1) Mathematical modelling of the various stages of the 

injection molding cycle, 

(2) Functional description of the interactions between 

the process parameters, 

(3) Dynamic modelling and control of the injection 

molding,cycle, 

(4) Temperature control in the injection molding 
" 

process, 

(5) Characterizatipn ôf the injection molded product, 
t1. 

(6) optimization and management through the application 

(7) 

(8) 

of computers, .. 
Mold design optimization, 

Machinery development. 

in the light of the objectives of the present research 

10 
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study, the bulk of this chapter deals with a detailed 

review of the dynamic modelling and control studies 

relating to the injection molding process. A brief review 

of the mathematical modelling and functional studies is 

presented. Before discussing the modelling of the injection 

'IIlolding process, it is worthwhile to address the various 

approaches to process modelling. 

3.2 Prûcess Modelling and Identification 

The goal of an autamatic control system is to force 

selected process variables to follow a specified pattern or 

profile and/or ta compensate for disturbances in the 

process. The rational design of a control system therefore, 

requires an accu~ate dynamic model(s) of the process 

variable(s) ta be controlled. These models can be obtained 

by either theoretical analysis or experimentation. A 

detailed discussion of the principles of model building and 

of the pra'ctiéal aspects encountered in this process is 

presented by Fasol and Jorgl (21] and Isermann [22]. The 

following sections briefly describe the theoretical and 

experimental approaches for proc.ss modeling 

.. 
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3.2.1 Theoretical Modelling 

Theoretical process models are obtained by solving the 

relevant momentum, energy, and mass balance equations. 

Solutions of the coupled ordinary / partial differential 

equations usually involve considerable computatiopal 

,f.fort. Theoretical models are thus not: weIl suited for 

real-time control applications. The advantage of 

theoretical models is that they can be develôped for a 

process or a plant that is not yet built or available for 

experimentation. Moreover, .. they can be used via simulation 

to evaluate different control strategies before applying 

them to the real process. In many ca?es, essential 

knowledge gained from theoretical models, especially in 

~. relation to critical aspects of the proce!5s, prevents 
• 

costly failures in the operation of the plant. 

3.2.2 Experimental Modelling 

Experimental modeling avoids many of the difficulties 

and hypotheses necessary in theoretical modeling, at the 

expense of performing experiments. It involves selection of 

sorne of the process variables and observing the 

response of the process output to changes 

,', 

tranpient 

in ~hese 
\ 
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variables. The ~xperimental determ:!-nation of the dynamic . 
behavior of a process from input-output signaIs 1s referred 

to as system identification. Techniques for system iden-

tification have been extensively studied in recent years. 

Relevant reviews have been plLblished by Astrom and Eykhoff 

[23], Nieman et.al.[24) and Gustavsson et.al. (25). 

The techniques used for identification depend on the final 

goal of the .process model. In general, this may be one or 

more of the following : verification of theoretical models, 

controiler parameter tuning, computer-aided design of 

digital control algorithms, self-tuning control, and 

process failure de~ection. The identification procedure 

involves several steps such as : the selection of a model 

to describe the process, specifying the input signal, and 

cri teria ta test the a:dequacy of the model. Detailed 

identification procedures are given by Isermann [22] and 

Franklin and Powell [26]. 

Idèntification'methods can be classified using a nurnber 

of criteria. The classification into deterministic or 

stochastic me~hods is used in the following sections. 

1 
! , 
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3.2.2.1 oeterministic Identification Methods 

Class ical identification methods are b~sed on 

deterministic perturbations of the ~nput sign~l such as 

step, pulse and sinusoidal changes [27,28]. Tl'le step 

function is used most widely since it is easy to generate 

and the process response c~n be ~escribed by simple models, 

using relatively few parameters. The response of a process 

to a step input often has a S-shape for a wide range of 

processes. A first-order plus delay or a .second-order 

system plus delay is assumed and the time constants, the 

'" time delay and the process ste.ady-state gain are estimated 

graphically or by a non-linear regression fitting of the 

model to the data. The amplitude of the step input must be 

chosen with sorne care. It should be sufficiently large 50 

that the output data are distinguished from the process 

noise but small enough to keep the system in the l?-near 

range. Several positive and negàtive step changes of 

different ampl i tude are generally performed to check the 

linearity of the system. 

A disadvantage of the deterministic tests is that they 
1 

are use fuI only when the system has small amounts of noise. 

Moreover, i t is difficul t to discriminate between system 
~ 

models of second and third or high,r arder. Thus, in 

practice, some features of the process may not be 

adequately described. 

- , 
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3.2.2.2 stQÇhastic Identification Methods 

Variables 

dis"turbances 

in Most processes are subject to random 

(noise) which cannot be described by 

deterministic modeling. Stochastic identification methods 

provide a noise model in addition to the process model by 

applying the theory of stochastic processes. Therefore, the 

estimates of the process model parameters are more reli­

able. 

The system is assumed ta be described by a linear 

difference equation of the fo~ [29]: 

Yu(k) + al Yu(k-l) + •.. + am Yu(k-m) ; 

bl U{k-d-l) + ... + bn U(k-d-n) (3.1 ) 

Where: U(k) and Yu(k) are respectively the deviations of 

the input and undisturbed output signals from their steady­

state v~lues, 

k the sarnpling instant 

d the discrete deadtirne 

m & n the process order 

ai, bi are the model coefficients 

The z-transformation of equation (3.1) gives (29) 

15 
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Yu{Z) 
GpCZ) = ... 

U(Z) 

= 

/ 
/ 

B{Z-l.'-
Z-d 

A(Z-l) 

b l Z-l + ... + bm Z-m 

1 + al Z-l + •.• + an Z-n 

. ~ 
' .. 

(3.2) 

where Gp is the process discrete transfer function. The 

m~asured output Yu(k) , as shown in?~l, is assumed 

to be contaminated by noise n(k) to give : 

Y(k) = Yu(k) + N(k) (3.3) 

The disturbance signal N(k) is assumed ta be statianary and 

describ~ by an Autaregressive Moving Average signal 
-~ 

_____ - -----P'rô;ess (ARMA) (29 J : 

N(k) + cl N(k-l) + ...... + cp N(k-p) = 
v(k) + dl v(k-1) + .... +dq v(k-q) (3.4) 

where ci and di are the madel coefficients. v(k) is a 

nanmeasurable, normally distributed, discrete white noise 

[30] with : 

E { v (k) } = 0 

E { v(k) v(k+t) } II: av &(T) 

where av ts the variance and &(r) is the Kroneckar delta 

.. 
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Figure 3.1 Process and Noise Mod~l 
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function and E is the expectation operator. The z-transfer 
, 

function of the noise filter is : 

Gv(Z) .. 
N (Z) 

VeZ) 
(3.5) 

The combination of equations (3.2) and (3.5) yields the 

combined general (Box-Jenkins) process and noise model: 

Y(Z) = Z-d U(Z) + VeZ) (3.6) 

The objective of parameter estimation is then to estima~j( 

the process parameters in the polynomials A(Z-l) and B(Z-l) 

and noise parameters in C(Z-l) and D(Z_l), from the 

measured signaIs U (k) and Y (k). It is often assumed that 

the model orders m, n, p and q are'known apriori. The noise 

n (k) is assumed to he stationary, i. e. the roots of the 

polynomial C(Z-l) lie within the unit circle in the 

Z-plane. 

The parameter estimation methods descri~ed in the 

following section differ in the assumptions regarding the 

structure of the noise filter, which must be made for 

convergent parameter estimates. The general model described 

by equation (3.6) is often limited to two subclasses of 

18 
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modela [30]: 

( 1) The Least-Squares '( LS) ~ or ARX model : 

Z-d U (Z) VeZ) (3.7) 

(2) The Maximum Likelihood (ML) model, also called ARMAX 

BCZ-1 ) 
Y(z) - --­

ACZ-1 ) 
Z-d U(z) + ---­

ACZ-1 ) 
VeZ) 
• 

C 3.8) 

Stochastic identification methods may also be .-
classified as "off-lineR or "on-lineR. The on-line 

recursive identification forms an integral part of the 

adaptive control techniques which is beyond the objectives 

of this study. However, the next subsections describe very 

briefly both identification methods. 

'"'\ 3.2.2.2.1 Off-Line IdentilicatiQD Methods 

A modelling technique that is widely used has been . , 
developed by Box and Jenk~ns [30] • It combines the 

computations of the weights of the impulse response 

function with statistical tests and the maximum likelihood 

19 
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technique to estimate the process and noise parameters and 

. 
structure. It is well suited to determine model order (or 

number of parameters), the time delay and parameter values 

for an unknown process. The iterative procedure consists of 

three main steps : 

(1) tentative identification of the order of the process 

transfer' function and noise model, 

(2) estimation of the model parameter values, and 

(3) diagnostic verification of the model and repetition of 

the process if the model is not statistically 

acceptable. 

o 

3.2.2.2.2 On-Line Identification Methods 

A . number of steps are usually involved in th4l 

development of a control system using the off-line 
~ 

id~ntification methods. These steps involve 
"", 

(i) . experimentation to collect data on the system, 

(ii) identification of a suitable dynamic model, and 

(iii) design of the controller using this model. 

Often, one of the main benefits from performing such an 

exercise cames from improved understandinq gained about the 

20 
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behavior of the process and ~âtrire of the disturbances. 

However, as a procedure for developing a controller the 

- above steps can be time consuming and demand a level of 

expertise sometimes not available in indu$try. Furthermore, 

if the process changes wi th time (for example, due to 

production rate changes, raw material propert.i"es, et~.) 

then the process model parameters must be periodically 

reestimated and the control 1er parameter:s readj usted. The 

attempt to overcome the above difficult:ies leads to the 

idea of on-line identification and adaptive control 

schemes. Extensive work has been reported in the literature 
( 

on the use and evaluation of on-line recursive 

identification methods (31 - 35]. 

., 

" 
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3.3 Application of Process Màdelling to the 

Injection Holding Process 

The study of the inj ection molding of thermoplastics 

has received considerable attention in rece~ years. A 

number of studies have been concerned with the 

phenomenological modelling of the various phases of the 

injection molding process. The following sections summarize 

the theoretical and experimental modelling studies on the 

injection molding of thermoplastic~. 

3,.3.1 Mathematical Modelling of Injection Molding 

3.3.1.1 Modelling of the Plastication stage 

Mathematical models of the plastication phase of the 

injection mOlding cycle is of great value to determine-the 

effect of the machine and processing parameters such asi 

dimensions and shape of the screw, tempe rature of barrel 

surface, screw rpm and back pressure on the melting 

performance, the melt temperature and the pressure profile 

ir.. the barrel. Mel t temperature and" residence time are of 

primary consideration in the plasticating analysis. A 

proper choice of plasticating parameters can significantly 

• 
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improve melt mixing without greatly increasing the melt 

temperature. A fair amount of work has been done to study 

the conversion of solid polymer granules to polymer melt by 

the combined effect of external heating of the barrel and 

the mechanical work done by the rotation of the screw [36-
- .. 

45].A brief review of these studies is given in Appendix A. 

3.3.1.2 Modelling of the Filling and Packing stages 

These studies usually deal with the flow and cooling of 

the polymer, rnainly in cavities having simple geornetry such 

as round disks and rectangular cavities. Mold fi].ling has 

been studied as an independent operation without 

considering the interaction between mold cavity filling and 

other operations occurring simultaneously or prior to 

filling. Different models, of varying complexity, depending 

on the sirnpIifying assurnptions and the nature of the 

rheological constitutive equations and other relationships, 

have been proposed [46-88]. 'fhe models can be treated in 

two respects : firstly, wi th regard to the potentiai to 

predict the thermornechanical history, particularly flow and 

thermal conditions during the process and, secondly, the 

potential to predict sorne of the microstructure proper~ies 

of the molded article. A review of these modeling studi~s 

i5 given in Appendix A. 
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The theoreticai modeis for the various stages of the 

injection molding cycle represent attempts to predict the 
fil 

distributions of polymer pressure, temperature, and 

velocity in the cavity and the barrel and their dependence 

on resin properties, cavity shape, screw design and 

processing cohditions. Sorne of these modeis can also yield 

information regarding the relationships between resin 

properties, molding cdnditions, the thermomechanicai 

history of the resin and the microstructure and ul timate 
~ 

properties of the molded article. Due to the complexity of 

the resulting equations, numerical solutions are usually 

required with considerable computational éffort. 

On the other hand, madeis for control purposes must be 

simple, 50 that the necessary calculations can be ... 
accomplished quickly using a small computer. Such models 

should reflect the âynamic nature of the process by 

providing relations betweeri the time-varying distributions 

of process and product parameters and the relevant machine 

and material variables. The following sections summarize 
• 

the available relationships and dynamic models developed 

for the injection molding process. 
/ 

1 
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3.3.2 lnteractions aetween the Process Parameters 

The inj ection molding process invol ves, as previously 

described, a number of phases with interaction between the 

process variables. The nature of the interactions between 

the variables is cornplex, hence, for a detailed study of 

the process, i t is convenient to di v ide the variables into 

smaller groups. The injection mOlding process at any time 

can be defined by combinations of: 

(1) Variables pertaining to the material being processed at . 
every point within the machine such as thermal proper-

ties, composition, rheological behavior, density and 

molecular weight. 

(2) VarL\bles pertaining to the" machine such as hydraulic 

pressure, back pressure (hydraulic pressure during 

plastication phase), screw veloci ty, screw rotational 

speed (RPM), barrel temperature, and mold temJerature. 

(J) Variables pertaining to the material being proce'3sed 

(process variables) such as mel t pressure at the 

nozzle, melt temperature at the nozzle, cavity pres-

sure, cavity pressure gradient, and melt temperature in 

the mold cavi ty . 

25 

1 



o 26 

(4) Variables pertaining to the microstructure development 

and the final product properties such as orientation, 

crystallinity (degree of crystallinity and 

distribution), density, dimensions, t~nsile strength, 

impact strength, optical properties, and surface 

cjuality. 

(5) Disturbances such as pumpjvalve leakage, voltage 

fluctuations, electrical noise, change in ambient 

conditions, ... etc. 

The above system characteristic's are illustrated in 

Figure 3.2. They suggest the following options for . 

injection molding control : 

Control of Material Variables 

Control of Machine Variables 

Control of Process Variables 

Control of Microstructure and Final Product 

Properties • 
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KATERIAL VARIABLES 

~eoloqical Behavior 
Thermal Properties - 1 

'tomposition 
Density . ..... 

Molecular Weight 

, 

Process Variables Final Product 
Properties 

~ Nozzle Melt 
Pressure Orientation 

MACHINE VARIABLES Nozzle Melt Crystallinity 
Temperature Density 

Hydraulic Pressure Dimensions 
Back Pressure ... ...... 
Screw Veloci ty " cavity Melt Tensile ... 
Screw RPM Pressure strength 
Barrel Temperature cavity Melt 
Mold Temperature Temperature Impact' 

strength 
Cavity Pressure , 

~ Gradient optical 
:,J , 

Properties 

DISTURBANCES Surface 
Quality 

PumpjVûlve Leakage 
Voltage Fluctuations 
Electrical Noise 1--

Change in Ambient 
1 

Conditions '( 

. . . etc . 

Figure 3.2 Relationships of the Injection Molding Variables 
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The ul timate goal of inj ection molding control is to 

optimize the quantity and the quality of the product, i.e. 

the option shown in Figure 3.3. C. Such a control loop is 

difficult to achieve since it requires on-line measurements 

or estimates of the microstructure characteristics or final 

product properties. Practical and dependable sensors for 

such measurements are yet not developed, and the 

relationships, G3' between the process variables and the 

product properties are very complexe Only qualitative and, 

in most insta~ces, steady state studies have been reported 

on this issue [reviewed in Appendix A). Control of material 

variables or properties lJ.pstream might present a useful 

option. H~ever, these properties are somewhat remote from 

the product. Moreover, upstream material properties are 

generally influenced by process variables. They are also 

difficult to measure within the short cycle time available. 

Therefore, upstream material variables do not represent a 

suitable basis for injection molding process control. 

The second alternative is to control the machine 

variables (Figure 3.3.A). The drawback of this method is 

that the machine variables are too remote from the product. 

Moreover, the relations between machine variables and 

product quality are not easily established and are inter-

rupted by the process variables. 

· . 
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In view of the above arguments, the control of the 

_ ,.--pfc)cess variables represents a plausible approach to ---- injection molding process control (Figure 3.3.B). 

Several workers have attempted to develop descriptive 

(functional) relationships between the various groups of 

injection molding variables [89-103]. A review of these 

studies and others'- has been given in reference [104]. The 

reported relationships, al though useful in examining the 

interactions between these variables, are generally static 

in nature and 1 do not reflect the dynamic effects that 

resul t when the variables are changing in response to a 

time - variable forcing function. Dynamic models are thus 

required to furnish the basic information needed to develop 

dependable control strategies for the injection molding 

process. 

The remaining part of this chapter presents a review of 
"-

the work relating to application of process dynamic 

modelling to the injection molding process. 

1 
1 

/ 
1 
/ 
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3.3.3 ovnamic Model.s and Control Applications to the 

Injection Molding Pl::ocess r-~'~-

Process identification techniques have been applied to 
/1 

the injection molding process to develop dynamic models for 

the various parameters of the process. 

Davis [105) combined a typical servovalve transfer 

function given by Thayer [l06J with a force balance on the 

injection ram to propose traJSfer function rnodels for 

injection velocity and hydraulic pressure control. 

compressibility of the oil and viscous friction of the 

polymerie material were considered. His results, using 

closed loop control, showed an irnprovement in repeatability 

over the open loop experiments. 

Wang et.al. [107] combined the transfer functions 

proposed by Davis (105) and Thayer [106] for the injection 

velocity and the servovalve (Figure 3.4) to derive a model 

for the injection ram velocity. The model is written in the 

transfer f'lnction forro as : 

G(S) --

OR 

C (S) 

M(S) 

2.144 X 10~1 
= 

(S+125) (S+1138) «S+383)2+(1135)2) 
(3.9) 
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C(S) 1 ---. 
(3.10) 

.. 
Where 

" 
C(S) - the change in ram velocity 

~(S) - the ctiange in the control v~_(pening 

The ram velocity calculated from the co~tin~s and the 
-

discrete forms ~:i: Equation (3.10) is shawn in Figure 3.5. 
t .. ' " 
No experimental data were reported ta test the adequacy of 

~ 

the derived model. The simulation results apparently fit a 

first arder plus time delay response. Therefore, the 

calculated data were fitted (in this study) wj:.:.h a first 
! 

order model of the. form : ,. 

C(t) = K (1 - exp(-(t-td)jr» (3.11) 
fT ' 

-
or in a -transfer function form 

C(S) 
------ = ---------- (3.12) 

M(S) T S + 1 

Where : 

K = the process gain = 1.067 inims. % 

T = the process time constànt = 8.759 ms 

td ~ the time delay = 1.885 ms 
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Figure 3.6 shows a good agreement between the ram velocity 

calculated by Equation (3.10) and the fitted -first order 

model (Equation 3.11). The discrete form of Equation (3.10) 

was used in conjunction with a recursive parameter 

estimation technique for on-line identification of the 

process parameters, but no results were published. 

" Pandelidis and Agrawal (108] used the transfer function 

proposed by Wang et.al [107] to design a self-tuning 

regulator for thè- ram velocity. Their simulation results 

demonstrated the feasibility of su ch a control scheme for 

injection velocity control. 

1 

Kamal et.al. [109] utilized the transfer function 

approach to develop dynamic moclels relating the variations 

in the hydraulic pressure and nozzle'pressure to changes in 

the opening of the servovalve which controls the flow of 

oil to the injection cylinder. Determ~nistic and stochastic 

models were obtained by employing step and pseudo-random 

binary sequence (PRBS) input functions to the manipulated 

s~rvovalve opening. The hydraulic pressure response was . 
best modelled by a delayed first order plU's oscillatory 

compone nt , as given by : 
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PH(t) = K1 (1 - e-(t-D)/T) 

+ K2 [ 1 e-çt/T1 sint (1 _ ç2) 1/2 -----=--1 
[(1 - ç2)1/2Tl f1J 

where 

PH = hydraulic pressure, Pa 

KIl Kl == process gains, Pa/% change in valve opening 

T, 'Tl = time constants, sec. 

0 = time delay, sec. 

ç = damping factor, dimensionless 

The first term of Equation ~.13) accounts for the delayed 

first order of the response while the second term is an 

oscillatory, servoval ve- induced component. A f irst arder 
1 

plus time delay model and an overdamped second order model 

were fitted to the nozzle pressure response. The fits for 

both models were equally good and justified the use of the 

simpler first order model to represent the nozzle pressure 

respons~ as: _ 

P~(t) == K (1 - e-(t-D)/'T) (3.14 ) 

where PN is nozzle pressure, Pa. 

stochastic trahsfer function-noise models were also 
. ~ 

obtained for the nozzle pre~sure and ram veloc~ty (104,109] 

1 
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of the form 

1 
U(k-2) + a(k) (J.15) 

V(k) = Wo U(k-1) + (1 - a B) a(K) (3.16) . 

where: a(k) = random noise value at sample time, k 

B = backwards difference operator defined as 

U(k-l) = B U(k) 

, 
The best parameters for the fitted equations (3.13 - 3.16) 

are given in references [104,109]. The model predictions 

were in good agr;eement with the experimental data. The 

linearity assumption implied by the transfer function 

approach was verified for the hydraulic pressure, nozzle 

pressure and ram veloci ty models [104]. The stochastic 

models were compared to the corresponding deterministic 

mOdels, and satisfactory agreement was obtained. The above 

resul ts showed that the responses of the three variables 

were rapid and were thus good candiùates for controlling 

th~ injection phase of the injection molding cycle. 

c,mley [110] obtained deterministic and stochastic 

models relating the responses of cavity gate pressure and 

38 
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the pressure gradient in the cavity to changes in the 

servovalve opening. Both responses were best fit with d 

delayed fi..rst order model superimposed on a eonstantly 
1 

increasing component. The ramping eomponent was due to the 

natural rise of cavity gate pressure with time. The ramping 

component in the pressure gradient model did not seem to 

correspond to expeetations based on a physical analysis of 

the problem, sinee the pressure gradÏE::nt was expected to 

reach a constant steady state level. The cavi ty pressure 

response exhibited significant nonlinear behavior which was 

not explained. 

A time series model for cavity pressure has been 

identified by Sanschagrin (111) as : 

where 

(3.17) 

PC(k) = cavity pressure at the kth instant, 

Ph(k) = hydraulic pressure at the kth instant. 

No validation tests of the model or comparison with 

experimental data were reported. Haber and Kamal [112] 

identified a similar time series mo~l for peak cavity 

pressure. Their model suggested that peak cavity pressure 

during given cycle could be statistically related to the 

peak cavity pressure in the previous cycles. They concluded 

that improved repeatability, of peak cavity pressure could 
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be achieved by improving the design of the hydraulic system 

of the injection molding machine. 

The above two studies [111,112] provide ~antitative 

relationships for cavity pressure and peak cavity pressure 
, 

from cycle to cycle. However, they do not furnish the basls 

for the design of a control system for the injection 

molding cycle. 

Shankar and Paul [113) combined singl~ analytical 

models for the dynamics of individual machine elements in a 

simulation of overall machine dynamics for a convent\jhal 

molding machine ..... i th manually adjustable flow control 

valves. They employed the equations of conservation of 

mass, momentum and energy for the oil in the hydrau}ic 

injection cylinder, the polymer melt in the bar:el and the 

polymer 0 in the mold cavi ty. Their maj or assumptions were 

that the mold cavi ty couid be represented by a single 

Iumped parameter model and the filling and packing stages 

were isothermai. A comparison between the experimental ram 

position and the simulation results is shown in Figure 3.7. 

The experimentai and predicted vaIues·agree at the start of 

the injection then the cavity fill predicted by the model 

is more rapid than the experimental data. This ls belleved 

to be due to the isothermal assumption -in the filling 

sté:.ge, while in reality 1 the coollng of polymer d1dring 

fill ing increases the resistance ta flow. r;r.q.e effect of 
i "1 

this assumption is aiso observed in the mold cavity 
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pressure profile given in Figure 3.8, which compares the 
v 

experimental and calculated cavity pressure values. Since 

the pressure transducer was not located at the gate, 

polymer cooling resulted in a lower experimental pressur~ 

readings. Setter agreement between the model and 

experimental data can be obtained by including the effect 

of cooling of the polymer during the filling stage. This 

requires a large computational effort to solve a complex 

set of nonlinear partial differential equations. 

Wang et. al. [114] in a recent study used an approach 

similar to that of Shankar and Paul [113] in a simulation 

study of inj ection ram veloci ty. They simulated air shots 

to eliminate the effects of mold geometry and flow 

phenomena in the mold in an effort to identify the 

important machine parameters. Furthermore, the flow in the 

nozzle area was assumed to be steady-state, incompressible 

and isothermal. They wrote differential equations to 

describe the pump flow rate, pressure in the hydraulic line 

between the pump and the servovalve, servovalve flow rate, 

pressure in the injection cylinder, r~m velocity, and 

nozzle pressure. Simple Couette flow was used for 

determining the viscous shear force between the screw and 

the barrel. This assumption agrees wi th the resul ts of 

Kama~ et.al (103] for the relation between hydraulic and 

nozzle pressure. Figure 3.9 shows a comparison between 

Wangs' experimental data and the simulated ram velocity, 
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using the derived set of equations in conjuncticn with an _/ 

integral controller. The resul ts show a fast response of 

the ram speed to reach the set point. The si~ulation and 

the experimental responses exhibit similar trends. The 

results show that the calculated velocity response leads 

the experimental response. This difference might be due to 

some initially significant static friction between the ram 

and the fixed machine parts which was neglected in the 

derivation of the model. The graduaI overshoot after 

approximately 80 ms was attributed to the relatively slow 

response of the variable displacement hydraulic..:: pump to 

changes in the flow demand. An accumulator in the line 

between the pump and the servo'valve would minimize this 

probl~m, but a high-pressure accumulator usually requires 

additional safety and cost considerations. In this 

simulation, numerous parameters. mqst be known, and sorne of 

these can only be determined exp~rimentally. The simulation 

could be simplified by an analysis of the sensitivity of 

the dynamic behavior of the process to parameter 

variations. Such -analysis would allow Many of the 

parameters to be fixed or sorne dynamic elements to be 

omitted, if they have no significant effect on the overall 

system behavior. Selective simplification is necessary if 

injection molding machine dynamics are to be generalized to 

a practical degree. A study is currently in progress in 

this laboratory to obtain detailed understanding of the 
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'eharacteristies of, thè hydraulie system ot the inj ection 

mOldinq machine and of the relationships between hydraulie 

pressure and the flow phenomena of the polymer in the 

barrel and nozzle [115]. 

A recent review of studies relating to the control of 

the injection molding proeess is given in referenee (116]. 

The successful operation of an injection molding 

machine requires control of the process variables during 

the different consecutive phases. Moreover, it is necessary 

to correctly identify the points of transition from one 

phase ta the next. The followinq sections diseuss different 

:41 
strateg~es empl~yed for sequential control in the injection 

molding cycle. 

.. 
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3.4 seguential control 

Sequential control is the heart ~f an au~omated cyclic 

process and is essential ta the operation df injection 

moldinq machines. The fillinq ta packing and packing ta 

holdinq phase transitions should take p13ce at appropriate 

times reflecting the complet ion of filling and packing 

stages. The transition to the hold pressure Ls rather 

critical. oelaying this transition results Ln over-· 

packing, which causes flash and/or difficulties in ejection 
" 

of the "part. On the other hand, early transition results in 

under-packed parts. 

It is possible ta achi~~e open loop control of the 

transitional sequential actions. Such actions are typically 
( 

triqqered by limit switches to detect the position of 

different machine parts together wi th electromechanical 

relays which determine the various phases of the injection 
'-

operation and timeEs which control the phase duration. This 
_f 

method does not explicitly take into account the 

compression of the melt or its viscosity. It also ignores 

variations in the hydraul ie pressure which can resul t in 

changes of the serew position and,.,.--SJOnsequently of the 
" 

corresponding strokes (plastication stroke, injection 

stroke). The result is a large variability of part" quality, 

partic~larly in its weight and the dimensions of the molded 
fII''- . 
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part. For these reasons, a time-dep~ndent s~itching 

.strategy is not desireable. 
.\ 

Recently, different closed loop strategies have been 

suggested and evaluated to determi,ne the transition points 
, 

[117,118]. The following parameters have been employed in 
'" 
these strategies: 

3.4.1 

(i) ram position and velocity 

(ii) hydraulic pressure 

(ii) cavity pressure 

(iv) mold separation 

G 

Switching BaSed on Bam and Velocity )" 

The use of ram position at the end of filling and 

packing tends to be an unreliable mèthod of triggeri~g the 

transition to holding, unless no cushion is used [119) The 

use of a cushion, by its nature., implies that the ram 

position at the end of the filling and packing phases will 

vary from shot to shot: .. This variation makes ram position 

unsuitable for determining the point of switching to 

holding pressure. The use of zero cushion risks under-pack 

or .aven short shots and is generally avoided by most 

.m01ders. 
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3.4.2 SWitcbing Based on Hydraulic Pressure 

The use of hydraulic pressure for swi tch-over control 

can be iÎlisleading sinee large pressure peaks can oceur 

early in the filling phase, particularly when profiled ram 

velocity control is employed. Moreover 1 t~e relationship 

between the hydraulic pressure 'and the pressure in the mold 

cavity is too remote to be precisely correlated [120]. The 

hydraulic pressure is most suitable for transition 

detection when it rises steadily as the mold is filled and 

p~ked. Obviously, this condition does not hold for aIl 

, moldings unless relatively long (hence uneconomic) filJ,ing 

times are used. 

A eombination of ram position and hydraulit: pressure 

has been suggested as a working strategy [119]. This .. 
requires that the hydraulic pressure is ignored until the 

ram has almost cOlipleted the filling process. The transi-

tion is then triggered by the hydraulic pressure. Large 

pressure peaks early in the filli~g phase, due to ram 

velocity- profiling, do not cause premature transition to 

the packing or holding phase. , 
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3.4.3 Switchina Based on Cavity Pressure 

In recent years, cavi ty pressure-dependent swi tch-over 
\-

has been successfully used [120J. A number of studies have 

shown that pressure transfer based on peak cavity pressure 
\ 
lmproves the repeatability of the injection molding process 

(15-20]. The switch-over is actuated when cavity pressure 

at a given location reaches a preset value. Although there 

is no clear location for melt pressure sensor placement," 
f 
, 

sensors pla~ed in the cavity near the ga~e have been shown 

to be the most effective [121,122]. The influence of the 

screw stroke is eliminated. The use of cavity pressure to 

trj"gger the transition works well when the pressure 

transducer is correctly placed in the cavity wall. 

\ 

3. 4 .4 Swi tching Based on Mold Separation 

The packing phase is accompanied by high cavi ty 

pressure which causes the mold to open slightly because of 

the compliance of its clamping mechanism. The sepa~ation 'of 

the mold halves ls small «100 jJ.m), but measurable. The 

mr4asurement of mold separat i.on is, in effect, an indirect 

measure of the cavity pressure and can be used to determine 

the transition to the holding phase (19]. The transducer is 

mounted' externa11y on the mo1d and is 
, 
a 1ess costly 

-' 
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alternative to modifying the cavity to accept a pressure 

transducer. Although this method requires the installation 

of an additional transducer (compared to the other three 

strategies) it offers the possibility of manipulating the 

holding/cooling phase and appears to be the preferable 

strategy for a fully instrumented and controlled machine 

when the i~tallation of a cavity pressure transducer is 

impossible of impractIcal [19]. 

Investigation of the ~ifferent switch-over techniques 

has shown that significant differences in molded part 

weight repeatability are observed when the different 

techniques are employed [122J. It appears that strategies 

based on cavity pressure are the most effective. 

The present study has investigated the feasibility of a 

new switch-over technique based on the change in the slope 
1 

of cavity gate pressure-time profile. This technique 

repr~sents a general method which is not restricted to any 
, 

,specified equipment geometry or limited by the processing 

condi tions. 

51 

L 



'~ \ 
\ 

\ 

\ 

CHAPTER 4 

4.1 Eauipment 

4.1.1 Injection Kolding Machine 

The experimental work was ""carried out on a Danson-

Metalmec rp~iprocating screw injection molding machine, 

/Figure 4.1. Detailed machine specifications are given in 

/Table 4.1. The machine can be operated either in the manual 

or !lemi-automatic mode. The original machine sequencing 

control uses timers" limit switches and relays. The 

injection, holding and cooling times are set by the 

corresponding timers an the machine. The limit switches are 

used to determine when certain machine mavements, such as 

• mold closing, carriage advancement, plastication, and mold 

opening are complete. The screw, rotation speed ii set 

manually by adjusting a hand wheel on the screw speed 
l ,,~ 

valve. The barrel is equipped with two electric heating 
J, 

bands the front zone (near the nazzle) and the rear zone 

(near the happer). The analag control af barrel 

temperatures is accomplished by GuI ton model JPC on-off 

controllers. The mold is cooled with tap water. 
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Table 4.1 

Injection Holding Mochine Specifications 

~ 

Machine Model ~ 

Capacity 

Screw Diameter 

Screw L/D Ratio 

Screw RPM 

Clamping Force 

Hyaraulic Pump 

Pump Capacity 

Electric Motor 

Se~ovalve 

Danson Metalmec 60-SR 

2 1/3 oz (66.1 g) 

1.375 in (0.035 m) 

15/1 

40-150 

60 T ( 53386 KN) 

Sperry-Vickers Vane Pump 

8 gpm (1.82 cu.~/hr) flowat 

2000 psi (13.8 MPa) Pressure 

20 hp (14.92 KW), 3 phase, 50 Hz 

. 
Moog A076-103, ~O.gpm (2.28 cu.m/hr) 

flow at 1000 psi (6.9 MPa) 
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The hydraul ic ,system of the machine was redesigned to 

include an! electrically controlled servovalve [123]. The 

elecro-hydraulic servovalve installed is a Moog type A076-, 

103, with a 10 U.S. gallon (37.85 L) per minute capacity at 

a rated pressure drop of 1000 psi (6.2 MPa). It is located 

in the line which feeds ail ta the back of the injection 

rame Fiqur~ 4.2 f.Picts the modified hydraulic system of 

the machine. A implified version of the full schematic 
". 

showing the campo ents essential to this work is shown 1n 

Figure 7.2. 

4.1.2 Instrumentation 

Nine Dynisco pressure transducers wer~ used in this 

study. Two pressure transducers were mounted in the 

hydraullc system. The first transducer was mounted on the 

output of the pump while the- second transducer was 

installed just before the servovalve. A third was mounted 

on the injection cyllnder ta measure the hydraulic 

pressure. One was located ip the nOZZ1~èasure 

nozzle' pressure. Four transducers were instal)ed in 

the 

the 

mold cavity 1 as depicted in Figure 4.3, to measure the 

pressure and pressure gradient(s) in the mold cavity. The 

nin!h pressure transducer was located on the clamping 

cylinder to measure the hydraulic clamplng pressure. 
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A linear displacement transducer, manufactured by 

Harkite (Model 4709) was used ta measure the ram displace-

ment as a function of time during the injection molding-

cycle. A linear velo~ity transducer, TRANS-TEK (Model 112-

001), was installed to measure the screw linear velocity. 

AlI the transducers were calibrated·prior to installa-

tion to verify their gauge factors and linearity. The model 

numbers and calibration equations are given in Table 4.2. 

The calibration data and descriptions of the calibration 

procedures are given in Appendix a. 
A grounded junction thermocouple (3 mm diameter) 

projecting into the polymer mel t (about 7 mm immersion) 

from the screw tip and positioned at the centre of the 

screw, parallel to the flow direction, was installed for 

melt temperature measurement [124]. The front and tear zone 

barrel temperatures were measured by means of two type J 

thermocouples, installed at approximately the mid-plane of 

each zone. The mold temperature was measured by four 

thermocouples flush mounted in the mold cavity, at the 

pqsitions shown in Fiqure 4.3. 

4.1.3 Mîcrocomputer System 

The injection mOldlng machine has been interface~ with 
'- , 

a microcomputer 'Iystem to achieve the fOUOWi,ng tasks i 
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TABLE 4.2 

Calibration Equations for the Transducers used 

on the Injection Holding Haèhine 

Transducer Equation 

. 

Hydraulic Pressure P = 43.24 X (mV) - 27.15 psi 

Nozzle Pressure P = 462.92 X (mV) + 51.2 psi 
. 

Cavity Pressure (1) P = 284.33 X (mV) - 133.24 psi 
~ , 

Cavity Pressure (2) P "" 424 . 34 X (mV) - 208.04 psi 
-

Clamping Pre~sure P = 28.51 X (mV) - 59.50 psi 

System Pressure (1 )' P = 149.56 X (mV) - 189.37 psi . 
System Pressure (2) P = 146.98 X (mV) - 121. 39 psi 

Linear Displacement L = 0.6147 X (mV) - 1. 2265 cm 
r' 

Linear Velocity' V = O. ~09 X (my) - 0.004 mm/s 

1 Pa = 1.45 x 1p-4 psi 

\ 

, 

... 
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(1) Data,acquisition 
'i' 

( 2) Maphine sequencinq, control 
\ 

(3) c~tro~ of the differ\nt stages of the injectiop cycle 

. \ 

"The' heart of the microcomputer system is a Z-80 based 

Cromemco single card computer with a resident Monitor and 

Control BASIC Interpreter. The computer has availabJe 13 K 

(k=1024 bytes) of random access memory (RAM) and 12 K of , 
read only memory (ROM). There are seven 8 bil: paraI leI 

input-output ports,oand four seriaI ports. The peripherals 

connected to the system are 

(1) A CRT term~nal (TeleVideo Model 912, Cl, • 
(2) A Burr-Brown "12 bit, 8 channel, qnaloq t.Q digital 

converter (A/O) (SDM-856), ., 
)' ~ 

(3) A Burr-Brown amprifier, a sample and hold an6 an 8-

channel multiplexer circuit ~ith the A/D conve~ter, . \ .. 
(4) An 8 bit diqital to analog converter (DIA) with 

amplifier interfaced to the serv~yalve, 

(5) a-channel, optically isolated, digital input/output 

• modules (Opta 22). These modules interface the computer .. 
to the, machine limit switches and solenoid valves,. 

, -
"The micro<:omputer system lacked sufficient " random access 

c 
memory (RAM) and a permanent mass storage facility. It wa~ 

, \ 
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ther~for~ connected to a VAX-780 computer available in the 
\ .. " 

department to store t.ne data and< for further data 

processing. A schematic of the machtne, instrumentation, 

and co~puter interface is shown in Figure 4.4. 

4.2 bterial -
An injection molding grade high density polye~hylene 

>1 resin, designated as EX2 and supplied by DuPont of Canada, 

was used in this study. This resin has been employed in a 

l~rge number of inj ection molding studies carried out ,in 

the Department of Chemt~l Engineering, McGill University 
"'-

[125,126J. A substantial amount o~ data ts SVailabl 
tif 

regarding the fundamental properties and m ding 

characteristics of this resin. Sorne of these prpperties are 
/ 

9üven in Table 4.3. 

4.3 ~~edure 

1 
The experimen~a\ .... proc~dure is ou~~ined at the start of 

each specific experimental section'. The general operating 

conditions which were kept constant for aIl experiments 
... , 

are: , 

\ 
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Tab1e 4.3 

PhYS!Ci' Properties of the Resin Used in this Study [125] 

Type of Resin 

MW (KgjKmole) 

MN 

MW/MN 

Dens i ty ( Kg/m3 ) 

Melt Index (g/10 min) 

M~lting Range, K 

Average specifie Heat 

(JjKg.K) 

Average ThermalLConductivity 

fi 
(J/m. s.K) 

\ 

Rheo1ogical Characterization 

Power Law Index 1 n 

E/R, (K) 

A (Kg.s(n-2) lm) 

. . 

E-X 2 (HDPE) 

74500 

22300 

3.33 

962 

7.4 

386-419 P 2543 (solid) 

2459 (melt) 

0.35 (solid) 

0.26 (melt) 

:°11 = A exp E/RT) (1 ) (n-l) 

O. 8~2 

21.67.4 

1.3.99 

.. ~ 
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(1) Barrel temp~ratures were maint~ined at 465 ± 3 K and 

430 ± 3 K for the front and rear zones respectively. 

(2) The machine was operated without a check valve\on the 

injection screw. , 

(3) The data sampling interval for the static and dynamic 
11--<' 

experiments was 0.01 sec. 

, 

, 1 

\. 
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PYNAKIC MODELLING OF THE FIT.T.TNG STAGE 

\ 
5.1 Machine Operation and Characteri~~tiQn 

This section will examine the behavior of the various 

. process variables during the injection mOldirp cycle. The 

purpose of this investigation is to determine'\he physical 
~ 

limitatfons of the machine and to establish working regions 

for the various dynamic t~sts. Quantitative relationships 

between the variables will be obtained from experiment·s. 

Figure 5.1"shows the pressure - time profiles, during a 

typical injection molding cycle, for cavity gate pressure 

(PC)' nozzle pi~ure (PN) and hydraulic pressure (PH). It 

shows qlearly the consecutive stages of the cycle 
\ 

filling" packing and holding, and cooling. The following 

discussion furnishes a detailetl presentation of the 

behavior of the machine and process variables 

consecutive stages of the cycle. 1 
1 

in the 
\. 
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o 5.1.1 Injection Start-up ~tage : 

Figure 5.2 shows the pressure-time profiles. for, 

hydraulic, nozzle and cavity gate pressure during the early 

stages of the f{i).ling step. Hydraulic 'and nozzle pressure 

profiles in this stage reflect the dynamic behavior of the 

hydraulic system of the machine including the pump and the 

servovalve (These dynamics will' be discussed and modelled 

later). The figure shows that hydraulic and nozzle 
, 

pressures build up significantly t\efore the pressure at t~l~ 

cavity gate starts to increase) This peri?d of time 

corresponds to the filling of the delivery system. It aiso 

indicates that cavi ty gate pressure cannot be used as a 
" , 

control variable during this period. 

5.1.2 Filling stage 

The three pressure profiles (PU' PN' PC) in the filling~ 

stage are depicted in Figure 5.3~ It can be seen that After 

... ' 
the start-up period, hydraulic and nozzle pr~ssures follow 

the same trend and that there is a linear relationship 

between them with a constant PN/P~ ratio, as shown in 

Figure 5.4. The linear PN-PH relationship is expected 

because of the direct pressure transmission between the 

injection piston and the tip of the screw. 
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Figure 5.5 shows a nonlinear relationship' between nozzle 

pressurè and cavity gate pressure. The nonlinearity is 

introduced by the varying resistance to the pol ymer flow in 

the cavity. This resistance is a function of tl1e polymer 

rheological behavior, its tempe rature , amount of polymer in 
lfJ' 

the cavity, and the geometric shape of the delivery system 

and the cavity. Two regions can be distinguished in Figure 

5.5 (A) with different values for the slope of the Pc - PN 

curve This can be related to the corresponding flow 

regions in the mold cavity as shown in Figure 5.6. The 

slope of Pc -PN curve starts to increase :ln region 2 

because the melt reaches the side walls of the cavity and, 

~ - hence contributes an increase in the shear force [127]. 

The increase in PC/PN ratio with injection time, as 

shown in Figure 5.5 (B), can be explained as follows : 

(5.1) 

Where: PN = nozzle pressure, 

Pc = cavity gate pressure, 

Pu = pressure drop between the nozzle and the gate 

1 
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Eqqation (5.1) can be written as : . ., . 
Pc 

= 
Pc + PD 

OR 

1 
= 

1 + Po/PC 

(5.2) 

(5.3) 

For a constant flow rate between the nozzle and the 

qate, Po =: constant, <Land hence, Po/PC deereases 

increases. Therefore, Pc/PN ratio inereases and this 

c 

wi th the exper imental res~l ts shown in F iqure 5. 5 ( B). For 

long fillinq times the rate of decrease of Po/PC decre,ases l ' 

and the rat,io Pc/PN approaches a limiting value of 1. '6 for 
Q 

very lar4e eavities. This trend is observed in the-fatter 

staqe of f~ling (second region). 

5.1.3 
\. 

Fi11inq to Packing Transition : 

The hydraul ie, 

profiles during the 

nozzle, .., and cavity gate ptessure 

transition p'riod from . filling to 

packing are shown in Figure 5.7. The t~ansit1on is 

refl:ected by the s,iroui taneous sudden increase in the three 

pressures: <t!:p>re ,. 8 shows that the relationship between 

/ 
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v"nozzle and hydraulic -pressure remains linear with almost 

, ' 

the same PN/PH ratio as in ,the fil~ng ,stage. The ratio 

between' cavity gate pressure and nOZil~-Ptessure exhibits a 

step chànge during the transition fr~he filling to 

,packing as can be seen from Figure 5.9. This ratio 

inc~eases rapidly initially, and the rate of increase 

decreases substantially after a fraction of a second. It 

should be'noted that PC/PN is not equal to 1.0 during the 

packing stage. In fact, i t i,s in the range of 0.5 during 

, most of the'packing stage. 

5.1.4 Packing stage 

• Figure 5.10 shows that hydraulic, nozzle, and cavity 

gate pressure follow sirnilar trends during the packing 

stage. Again a linear relationship is observed between' 

nozzle and hydraulic pressure as shown in Figure 5.11. 

Thus, the PN-PH relationship is linear throughout the 

inj ection cyc'J::.e. However, the relationship between cavity 

gate pressure and nozzle pressure '(PC/PN), as shown in 

Figure 5.12, continues to be nifnlinear. 
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5.1.5 snmgarv' . 
" 

The fOllowing con'clusions can he drawn . . 
~ 

!'» .. 

, 
1- The relation~hip between nozzle and hydraulic pressur,e 

. 
'is linear thro~ghout the'injéction cycle. 

2- The relationship~ between cavity gate pressure" and 

nozzle pressure is not linear Juring the filling' and 

packing stages. 
'. 

/ 

3- ratio exhibits a step chanqe during the 

. transition" from fillinq to ,packing.· 

4- cavity gate pressure cannot be used as the cbntrolled 
.. l ' " 

\ 

variable at the start of the filling stage. 

. . ~ 

) 
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This section presents the experimental development- of 

the dyna ic models for cavity gat:.e pressure during the 

fiiling stage. Two experimental modelling techniques were, 

employed 

,y tests. 

determini'stic' (step) and stochastic (PRBS) 

\ 
\ 

\ 

5.2.1 ~terministic Cst§pl Tests 

.. 

Step ,tests of magnitudes ±IO, ±15 and ±20 percent 
, 

change in the servoval ve _ opening . (0% closed, 100% fully 

open) were pe~formed during the filling stage of the 
~.., 

injection molding cycle. The steps were introduced at 

different times during the filling stage to investigate the 
, 

linearity of the developed models and the behavior of the 

model parameters as a function of the filling time or the 

filled fraction of the cavity. steps were also introduced 
r', 

within different ranges of the valve opening (20 - 60%). 

Cavity pressure at the gate, ,cavity pressure at the second 

~ransducer location (Figure 4.3), nozzle pressure, 
~ 

hydraulic pressure, ram velocity, ram,linear displacem~nt, 
.;rI' _ \ • 

melt temperature at the nozzle, and mold temperature were 

recorded. 

/ 
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The res onse of gate pressure to various step 

changes in ~he servovalve o~ening is shbwn in Figures 5.13 
\ 

- 5.15. Examination of the indicates that there is 
\ 

,,' a delay in the response of about two sampling intervals 

(sampling interval = 0.01 sec). The delay in the ~~sponse 
, 

could be attributed to the distance between the position at 

84' 

which the step is întroduced (the servovalve and the ~~ 

location of the cavity 'lpressure transducer. After the 

tral1sient period, the response has a steady 'slope equal 1;0 

that observeq for an unperturbed equivalent valve opening. 
\ 

The response -of cavity gate pressure to step changes in ~ 

the servovalve opening was modeled by a f;irst-order plus 

time delay model $uperimposed on a constantly ±ncreasing 

(ramp) pressure component of the form 

PcCt ) = Kl t + K2 Cl-e-Ct-D)/T) (5.4) 

Where Pc = cavity gate pressure, psi 

Ki = ramping slope, psi/sec 

K2 = proce~s gain, psi/% change in valve opening 

time constant, .r 
T = process sec 

0 = time delay, sec 

.. 

\ 

\ 
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Model fittinq was done using~,the NONLINWOOD [128] 

computer program. An overdamped second-order ~with time 

delay model plus a ramp component ~as also fitted to the 

data. The fits for both the first and second order 'models 

appeared to be equally good, but comparison of the two 

models using the sum of squares of the residuals (SQR) 

indicated that the second-order model was a slightly better 

fit. The impravement in SQR was not large'J and tne simpler 

first-order model was thus preferred. FigUres 5. 3r6 and 

5. 17 show' the agreement between the ~mental resul ts ~ 
end the first-arder model predictions. The parameters for 

Equation (5.4) are given in T:ble 5.1. As it can be séen 

from Table 5.1, the process gafn indicates that cavity gate 

pressure has a naplinear response to f changes in the 

serv9valve openinq. 

The results show that the change in the process gain 

for ~ifferent step magnitudes (40 - 50% and 40 - 55%) is 

less than i ts change ta the same step magnitude wi th 

different initial valve openings before the step (30 - 40% 
r .. 

and JO - 45%) • This is attributed to the effect of the 

amount àf polymer present in t1le 'cavity at the time' of the 

step change. Figure 5.18 and the corresponding Table 5.2 

show that the process gain increases .fram 28.96 to 58.07 by 

increasing the ini~ial valve opening from JO to 40 percent. 

'\ 
Î 

.. 

1 i .~ .- .• ' Ç", .<-~~ 
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TABLE 5.1 

Values of the Parameters for the c~vity Pressure 

Model : First Order Plus Ramp 

. 
Change Ramp Slope Process Gain Time Constant Time Delay 

in Valve KI' KPa/sec. % K2' KPa/% T, sec D, sec 
Opening, % 

30 - 40 79.38 ± 5.37 36.34 ± 1.17 0.122 ± 0.05 0.022 ± 0.008 
, . 

40 - 50 194 • 5 ± 2.62 54.62 ± 5.J:0 0.135 ± 0.11 0.016 ± 0.009 

, 

40 - 55 72.76 ± 2.68 62.20 ± 5.38 0.162 ± 0.11 0.016 ± 0.007 -, -

\ 

• / 
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Paraaeters for the Cavity Prè~~dre Model 
\ 

Obtained from Tests Perforaed at 1.2 sec 

After the start of Inj ection 

Change in % Volume of Process Gaio 
Valve Opening Cavity Filled K21 KPa/% 

% 

\ 
\,30 -

40 -

40 38.89 

-

, 
50 60.17 

. 

V2/V1 = 60.17/38.89 = 1.~ 
K2/K1 = 58.07/~8.96 = 2.0 

/ 

28.96 

58.07 

, 

\ 

/ ' 

" 

\ 
\ 
\ , 

... 
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\ 
\ 
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\ 
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~ r 

The v'olu,me of' polymer in the cavity 

the measured ram 

'l, 

Whèr,e 
,\ 

... 

') dV' 

dt 

V """ 

vi = 
A = 

".:., '" 
linear velocity,- by 

= A ( ) 
dt 

. 
volume of polymer in 

injection ram linear 

cross-sectional area 

-" 

. 
was cal~ulated, using 

the equation 

(5.5) 

the cavity 

velocity " 

of the barrel 

\ T~e effect of degree of filling on the process gain ias 

\then ~nvestigated by performing step changes with the sa~e 
step rnagni tude and the sarne ini ti,al valve opening but at 

different tirnes after the injection started. The respanse~ 
\ 

'of cavity gate pressure to 30 - 40% step change introduced 

'at different times after the injection started are shown in 

Figure 5.19. The process gain, as given in Table 5.3 shows 

the sarne nonlinear behavior as in the case of different 

step rnagni tudes • 

1 Figure 5.20 presents a cross validation of the above 

results. Different initial valve openings were used with 

the step introduced at diffe,l="ent tirnes but at the sarne 

percent of the cavity filled. The resul ts yield, the sarne 

'value for the process gain as shown in Tabl~ 5.4. 

l 
\ 
\ 
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TABLE 5.3 

Parameters for the Cavity Pressure Model 

Obtained from Tests Performed at Different 

Times After the start of Injection 

.- .... --"f~·~-I;,·· ·~r:r-~..:~ 

" 

96 

Change in Time of '% Volume of Process Gain 
Valve Opening Change 

% sec 

30 - 40 1.6' 
, 

30 - 40 2.0 
/ 

~ 

-' 

, : 

Cavity Filled . 
• 

, 

38 

59 
, 

• 

~ 
\ 

V (2) 59 
= = 

V(1.6) 38 

K2(2) 62.83 
= = 

K2 (1. 6) 25.03 

K2t KPa/% 

25.03 

, 

62.83 
"-

1.5 

2.5 

0 

\ 

/ 
/ 
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'l'ABLE 5.4 

, 
'.'0 

Parameters for the Cavity Pressure Model 

Obta~ned from step Tests Performed at the Same 

Percent of Cavity Filled 

98 

Change in Time of % Volume of Process Gain 
Valve Opening chang~ 

% sec' 

30 - 40 2.0 

30 - '40 1.2 

. 
h" .. 

'. 

Cavity , 
1 

59 

58 

Filled 

~ 

K2 ' KPa/% 

62.83 

58.07 

, , 
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5.2.2 St~cli~tic 'Modelling ".- , 
"­
~ 

The objectives of the stochastic experiments were 

(1) To develop a stochastic model for cavity gate pressur.e 

which could be used in designing controllers for the 

injection molding process. 

(2) To obtain intermediate dynamic re~ationships between 

cavity pressure, nozzle pressure, and hydraulic 

pressure to imprave the understanding of the interac­
~ 

tians between the process variables. 
( 

The stochastic experiments were performed by applying a 

pseudo-random binary sequencê signal' (PRBS) to the ser-

vavalve apening. The sequence length was 63 intervals with 
". "'fi ~ f-

a sampling peri ad of 10 ms and servovalve change amplitudes 
• 

of ± ~, ± 10, and ± 15% were examined. Three sequences were 

applied to caver the filling and paÈ::king stages. cavity 

qate pressure, nozzle pressure, hydraulic pressure, screw 

linear velocity and linear displacement were recorded alang 

with the melt temperature at the nozzle and the· mold 

temperature. 

il, 
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5.2~2.1 Results and Disçqpsion 

The analysis of the stochastic. experimental data wâs " 
, 

performed using the identification procedure outlined by 
~ 

Ljung [129] and utilizing the. PC-MATLAB identification 

package [ 130] • Figure 5 • 21 sho~s the response 0 f cav i ty 

qate pressure to the PRBS input signal during the filling 

stage. -The response 

constant in time) 

is no~at: onary (i ts mean is not 

because thk cavity gate pressure [30] 

constantly increàses as the filling progresses. The 
~ , 

nonstationarity was removeÇl, by a first order differencing 

[30]. Figure 5.22' shows the PRBS input signal and the 

~ differenced cavity ~ressure response in deviation forme 
1 

l 

The spectral analysis of the data is shown il} Figure 

5.23. The high frequency asymptote of the amplitude has a 

slope of about -1, indicating a first order system, and the 

phase shift suggests a time delay [129]. 

An ARX model was first used to estimate the time delay , 

in the response. The model equation is : 

WheJ::.e: 

A(q) y(t) = B(q) UCt-nk) + e(t) (5.5) 

ACq) 

BCq) = 
q-1 

• •• + a q-na na 

bl q-1 + ••• + bnb q-nb . \ \ 

= backwards difference qperator defined as 
U(~-I) = q-l Ù(k). [Same operator as B in 
Equation 3.16] \ 
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The values of the parameter estimates and their standard 

deviations as weIl as the Akaike' s (AIC) values are given 

in Table 5.5. From the Table, i t is clear that the mOQ,el 

ARX [1 1 1] gives the best values for the parameteij 
1 

estimates, on the basis of the standard deviations and the 

lowest AIC value. Therefore, a time delay of one sampling 

interval was considered for further model identification. 

The more general ARMAX model was investigated. This 
t 

model (5~6) includes a noise terro, C(q). 

A(q) y(t) = B(q) U(t-nk) + C(q) e(t) (5.6) 

Giff~rent 
~stimates 

orders of the model were examined. The parameter 
, 

and the AIC values are given in Table 5.6. The 

standard deviations of the parameters ~nd the 'values of the 

AIC indicated that models [1111], [1121] and [1131] were 

the best candidates f~ further investigation. 

The auto-correlation function of the residuals and the 

cross correlation function between the residuals and the 

input_, were examined. The results confirmed the choice of 

the above three ARMAX models. As i t can be seen from 

Figures 5. 24 5.26, the three models gave' no auto-

correlation between the residuals. Furthermùre, the three 

models gave identicai insignificant cross correlation 

between the resid~als ana the input. 
.. 

.. 1- -,l 
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TABLE 5.5 

Parameters of the ARX Model for C~vity Pressure Response 

where: na=order of "A" polynomial, nb=order of "B" pOlynonial 

nk=time delay 

\ , 
Run # Model ARX "A" Paramete~ & "B" Parameters & AIC 

[na,nb,nk] standard Deviations standard Deviations 
." , 

. 
[1 1 0] 1 ,-0.575 0.153'., 39.31 

0 0.094 0.074 
-

, 
l (1 1 1] 1 -0.498 0 0.301 33.19 

0 0.069 0 0.069 

(1 1 2] 1 -0.661 0 a - 0.167 39.29 
0 0.105 0 a 0.084 

----- ----------- ------------------- -------------------- ---,.---

(1 1 0] 1 -0.569 0.083 46.79 
0 0.096 0.081 

2 [1 1 1] 1 -0.549 0 0.378 33.79 . 0 0.082 0 - 0.068 

[1 1 2) 1 -0.635 0 0 - 0.132 46.57 
0 0.108 0 0 0.091 

. 
----- ----------- ------------------- -------------------- ------

" 

[1 1 0) 1 -0.608 0.178 36.34 
0 0.088 0.071 

3 [1 1 1] 1 -0.534 0 0.291 31. 67 
0 0.068 0 0.068 

[1 1 2J 1 -0.762 0 0 - 0.249 34,,87 
0 0.098 0 0 0.081 

-
\ 

' .... -

... 

1 
-( 
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TABLE 5.6 

'A. Parameters of the ARMAX Model for Cavity Press~re Response 

ARMAX [na,nb,nc,nk] 

,.. MODEL "A" "B" "e" AIC 
Parameters Parameters - p~ters 

-

[1111] 1.0 -0.28 0.0 0.31 ~ 1.0 -0 0 3) 22.11 
0.0 0.10 0.0 0.07 0.0 0.15 

1 

[1121] 1.0 -0.31 0.0 0.32 -- 1.0 O. ~ 0.15 21. 72 
0.0 0.08 0.0 0.05. 0.0 0.14 0.12 

[1131] 1.0 -0.30 0.0 0.33 1.0 0.41 0.18 0.74 21.99 
0.0 0.08 0.0 0.03 0.0 0.15 0.13 0.21' . 

" 

[1211] 1.0 -0.09 0.0 0.33 0.09 1.0 -0.21 22.11 
0.0 0.28 0.0 0.04 0.10 0.0 0.30 

[1221] LO -0.19 0.0 0.32 -0.05 1.0 -0.34 0.13> . 22.19 
0.0 0.25 0.0 0.04 0.09 0.,0 0.28 0.12 . 

[1231] LO -0.15 0.0 0.33 10 • 08 • 1. 0 -0.33 0.12 -0.14 22.06 , 
0.0 0.24 0.0 0.03 0.05 0.0 0.26 0.14 0.13 

, 
' .. 

. 
[1311] LO 0.17 0.0 0.33 0.17 0.04 1.0 0.05 22.56 

0.0 0.86 0.0 0.03 0.27 0.10 0.0 0.87 

-..-
[1321] LO -0.09 0.0 0.3~ 0.08 0.02 1.0 -0.22 0.11 22.88 

0.0 0.87 0.0 0.03 0.28 0.11 0.0 0.87 0.16 

[1331] LO -0.88 0.0 0.31 -0.17 -0.17 1.0 -1.25 0.32 0.27 19.31 
" 

0.0 0.11 0.0 0.03 0.06 0.03 0.0 0.16 0.18 0.13 
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The Bode plots of the three models were eompared to the 

spectral analysis estimates of the experimental results. 

As shown in Figure 5.27, the three models gave equally good 

results. Model [1121] was ehosen sinee it gave the lowest 

AIC value (Table 5.6). Figure 5.28 shows a good agreement 

between the simulation results using this model and a fresh 

set of experimental data. 

Based on the resul ts of the above investigations, the 

model ARMAX [1121] was ehosen te represent the relationship . 
between the eavi ty gate pressure response 'and the ser-

vovalve opening. This model ean be written as follows 

Where 

PC(t) = 
U(t} = 
q-l = 

0.32 
U(t-1) + 

1-0.31q-1 

1-0.44q-1+0.15q-2, 
e(t) 

1 - 0.31q-1 

(5.7) 

eavity gate pressure at sampling instant, t 

servovalve openlng at sampling instant, t 

backwards, difference operator defined as 

U (k-1) = q-l U (k) . 
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polynomials B, F, C and D. The par~meter estimates of the 

various models are shown in Table 5.7. An identification 

procedure identical to that followed in investigating tm:- - - ''''-
"-

ARMA}( models revealed that the most reasonable Box-Jenkins ) 

formula was the model BJ[ 11211J. The correlation function 

.Pltt for the model BJ(11211) is shown in Figure 5.29. us~ng 

th parameter estimates given in Table 5.7, the ~odel dm 
, 
\ 

bel wr"itten as follows \ 

e(t) (5.9) 

1 
As a conclusion, both the ARMAX :and Box-Jenkins models 

! 
• '1 1 

gave a sat1sfactory results. Th~ ARMAX 

slightly lower AIC value. 
/ 

Therefpre, the 
1 

model gave a 

simpler ARMAX 

model was chosen te qescribe the dynamic behavior of 'the 

cavity gate pressure respol)se t the change in the ser-

vevalve openinq. 

~-

! " 
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TABLE 5.7 
Parameters of Box-Jenkins Models for Cavity Gate pres1~e Response 

, 

MdDEL "B" "c" . " ott - " ~ .. AIC , 
Parameters Parameters . ParaI eters 

-
11111 0 0.32 1 0.78 1 0.89 1 -0.28 21. 72 

0 0.03 0 0.22 0 0.01 0 0.09 

11121 0 0.31 1 0.78 \ 1 0.87 1 -0.42 0.15 21.67 
0 0.03 0 0.26 \ 0 0.20 0 0.11 0.10 , 

1 
\ 

11131 0 0.32 1 • 0.72 1 1 0.83 1 -0.35 0.06 0.22 20.97 
0 0.03 0 0.31 

'1 

0 0.24 0 0.11 0.13 0 •. 10 -

11211 0 0.32 ), 0.77 1 0.82 -0.06 1 -0.28 22.33 
0 0.03 0 0.26 0 0.29 0.15 0 0.09 

- -
11221 0 0.31 1 0.79 1 0.88 0.01 1 -0.42 0.15 22.28 

0 0.03 0 0.31 0 0.34 0.15 {) 0.10 0.10 

11231 0 0.32 1 0.77 1 0.92 0.05 1 -0.37 -0.02 0.21 21.40 
0 0.03 0 0.39 0 0.42 0.18 0 0.11 0.13 0.10 . 

11311 0 0.33 1 -0.48 1 -0.37 -0.16 -0.09 1 -0.29 22.62 
0 0.03 0 0.59 0 0.60 0.14 0.15 0 0.09 

11321 0 0.31 1 -0.47 1 -0.26 -0.09 -0.22 1 -0.53 0.27 21. 70 
0 0.03 0 0.46 1 0.45 0.14 0.12 1 0.09 - 0.09 

11331 0 0.33 1 -0.48 1 -0.24 -0.17 -0.19 1 -<{.38 0.06 0.19 21.03 
0 0.03 0 0.39 0 0.39 0.14 0.13 0 0.12 0.14 0.10 

12111 0 0.32 1 0.84 0.06 1 0.89 1 -0.29 22.34 
0 0.03 0 0.21 0.14 0 0.18 0 0.09 

~ , 

12121 0 0.31 1 0.79 0.01 1 0.87 1 -0.42 o.~ 22.30 
0 0.03 0 0.28 0.14 0 0.15 -' 0 0.11 0.1 ~ 

" , 
~. 

12131 0 0.32 1 -1. OS '0.52 1 -0.67 1 -0.35 -0.05 0.],9 20.05 
0 0.03 0 0.13'. '0.11 0 0.13 0 0.11 0.14' 0.09 

13111 0 0.30 1 0.94 0.03 -0.22 1 0.84 1 -0.28 23.07 
0 0.03 0 0.16 0.17 0.13 a 0.12 0 0.10 

-
13121 0 0.32 1 -1.16 0.21""-0.05 1 -0.99 1 -0.43 0.14 23.20 

0 0.03 0 0.38 0.2'0 0.12 0 0.36 0 0.11 0.10 , 
j 1 • 

13131 0 0.32 1 -1.03 0~31 0.21 1 -0.71 1 -0.36 0.07 0.19 19.85 
0 o 0.03 0 0.18 0.~9 0.15 0 0.15 0 0.11 0.14 0.09 
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5.2.2.2 Comparison Between the D!terministic and , 

the Stochastic Kodels 

The ramp part of the response (Equat~on 5.4) is shown 

in the differencing operator (l-q-l) in both Equations 

( 5 . i) and ( 5 • 9) • 

The f irst order response part (Equa t ion 5. 4) is an 

average over the increasing and decreasing steps in the 
~ _~ _l,.~ 

PRBS. Hence it was not possible to compare between the 

parameters of the stochastic and deterministic models. 

5. 2 • 3 Snmmary 

(1) cavity gate pressure response was best modelled by a 

first-order plus time delay superimposed on a 

constantly increasing (ramp) pressure component. 
\ 

........ 

(2) Good, agreement was obtained between ~he experimentai 

data and the fitted model. 

"y 

(3) The response exhibited nonlinear behavior in terms of 

the process gain. The nonlinearity was related to the 

fraction of the cavity filled' at the time of-·step. The 

" process time constant and the time delay showed very 

little change. 

'1-

... 



(4) The proeess qain increased with the amount of polymer 

injected into the cavity at the time that the step i5 

made. 

117 

(5) Stochastic ARMAX and Box-Jenkins models were obtained 

for cavity qate pressure response. The models were in 

qeneral aqreement with ~ deterministic~OdelS. 1 
\ 
\ 

\ 

-' 

/ " ,.. .... J 

\ 
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o 

5.3 Dynamics of Cavity Pressure Gradient 

. step tests with various changes in the servovalve 
[a 

opening were performed to obtain a dynamic model for the 

~ressure gradient in the cavity. The pressure gradient was 

calculated as the difference between the signals from the .. 
pressure transducer mounted at the cavity gate and that at 

the second position, as shown in Figure 4.3. The response 

of the pressure ,gradient in the cavity for bath positive 

and negative step changes in the servovalve opening is 

shown in Figure 5.30. The response was best fi tted by a 
\ 

first order model of the form : 
1 

(5.10 ) 

where PG is the pressure gradient in the cavity. The fitted 

parameters of the model are g i ven in Table 5. 8 . The 

response of the pressure gradient reaches a constant steady 

state after the step change which agrees wi th the resul ts 

of a static experiment as shown in Figure 5.31. Good 

agreement, as shown in Figure 5.32, was, obtained between 

the experimental data and the model predictions,. The noise 
1 

encountered wi th the pressure gradient response is due to 

the subtraction of the two pressure signals. 
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TABLE 5.8 

Parameters for the cavity Pressure Gradient Model 

Equation (5.10) 
1 

Change in Process Gain Time constant 
Valve opening K (KPa/% ) f (sec) 

% - , 

40 - 50 18.55 ± 1..45 0.097 ± 0.028 
. , 

40 - 55 15.10 ± 1. 65 0.092 ± 0.040 
" 

35 - 50 14.41 ± 2.41 0.084 ± 0.044 

35 - 55 14.83 ± 2.34 0.094 ± 0.036 

50 - 40 13.79 ± 1.72 0.074 ± 0.049 

50 - 35 11.03 ± 0.90 0.1.03 ± 0.040 , 

55 - 40 10.34 ± 0.60 0.060 ± 0.020 
, . 

55 - 35 10.34 ± 0.48 0.088 ± 0.020 , 

'''',' 

.' . 

" 
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CHAPTER 6 

CONTROL OF THE FILLING STAGE 

THE INJECTION KOLDING CYCLE 

The process control problem consists of two parts: 

first, a mathematical model of the process is identified, 

,then a control strategy is designed based~on the knowledge 

obtained from the modeling stage. The previous chapt-èr 

presented the modeling of the filling stage of the 

injection mOlding aycle. This chapter gives' a short 
.J 

description of some widely used classical sampled-data 

control algorithms and their design procedure followed by 

a simulation of filling stage control. The last section 

covers the experimental application of the different 

controllers ta the injection molding process during the 

filling stage. 

:.~sçrete-Tlme Cont~oI Algorithms 

In \recent years significant progress has b~en made in 

discrete-data and digital control systems. These systems 

have gained importance in aIl industries due to advances 

made in djgital computers, and more recently in 

\ 
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microcomputers. Also, there are advantages associated with 

the use of digital signaIs. Oiscrete-data and digital 

control systems differ from the continuous-data or analog 

systems in that the signaIs in one or more parts of the 

1 former systems are in the form of either a pulse train or a 

numerical code. The basiC control loop in digital control 

systems is illustrated in Fi~re 6.1. Following is a short 

description of the control algorithms used in this study. 

6.1.1 PID Control 1er 

,( 

The most commonly used control algorithm.in industry i 

the three-mode proportional-integral-derivative (PI 

controller. Its general analog form is given by t 

equation : 

M = Kc e + (Kc/fI) !e dt + Kcfo (de/dt) + C (6.1) 

, 
Where: M = the controller output or the manipulated 

variable 

Kc = the controller gain 

\ 
\ 

e = the error = (set-point) - (measured va~~able) 

11- = the integral or reset time constant 

rD = the rate time or derivative time constant 
y 

C = a constant signal to drive the actuator when 
the error is zero. 

124 
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Discrete eqUival1t forms of the continuoùs 

are used in digital computer process control. 

PlO controller can be obtained by approximati the 

integral in equation (6.1) by the backwards rect ngular 

integration rule and the derivative by a first order finite 

difference [131]: 
1 • 

M(k) = Kc [e(k)+(Tj1I)te(k)+(101T){e(k)-e(k-1)}]+C (6.2) 

Where : T is the sam~linq period. Equation (6.2) is known 
1 

as the position form lOf the PlO algorithm, because at each 

sampling instant it calculates the actual value 
l 

(absolute) 

of the controller output signal. An al ternati ve form for , 

the PlO control alqorithm is the 50 called velocitY form. 

It calculates the incremental change of the controller-

output signal with respect to its previous va~ue. Writinq 

equation (6.2) for the kth and the (k-1)th samplinq 

instants and obtaininq the difference gives the velocity 

form of the controller as follows : 

M (k) = Kc [{ e ( k) - e (k -1)} + (T j rI) e (k) + 

(rD/T) teCk) - 2e(k-1) + e(k-2)}] + M(k-l) (6.3) 

, The velocity form of the algorithrn is preferred because 

it has the following advantages over the position form 

r; [134]: 

! 
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(i) The veloc,ity alqorithm unli~e, the position fom, 

does not; rlequire the stea4Y state value of the 
1 

l , 

actuatorjposition (see equation (6.3». 
j , ' 

(ii) The positio~ form with H:s Icontinuous summation of 

the erro~s produces "integtal windup" and special 
• 1 

1 

attention ls required. The, velocity ~form, on the 

other'hand, is protected.ag~inst Integral windup for 

the fOllowinq ~ reason: The (control action changes 

continuously until it becomes saturated. But as soon 

t~e error chanqes sign, the control action can 

return within \ the control range in one sampling 

period [134]. 
1 
1 

\ 
1 

1 

The discrete trans~er function for the PlO controller 

can be written after ~-tranSf0fmation of equation (6.3) as 

follows t132]: 

Where 

M(Z} 

E(Z) 
= O(Z) = 

\ 

l - z-l 
(6.4) 

aO = Kc(1 + (~/TI) i+ (ToiT)] 

al = -Kc [1 + 2(To/1)] 
1 ~ 

a

2

i 

~ KdToI~) / .. i "~-
A mod f1ed vers~on oflequat~on (6.4) us ng the trapezo~dal 

rule la qiven by Iserryann (132). 

1 
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6.1.2 Dablin Control 1er 

"' 
1 ""'t'" 
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Oahlin [133] proposed that the feedback control 1er 

s~ould be designed so that the closed loop response has-a 

first order plus, deadtime transfer function. For the 
1 

continuous loop, the response to a step change in set point 

-would be: 

C(s) 

R(s) 
= 

À s + 1 
(6.7) 

Where 0 is the dead-time and À is the closed-Ioop tuning 

parameter. 

[132]: 

C(Z) 

ReZ) 

'l'he 

= 

discrete form of equation-- (6.7) 

(' 

[1 - exp(~T/À)] Z-N-1 

l - exp(-T/À) Z-1 

is 'given by 
1. , 

;,~ 

(6. 8~ 

, <1.,,,, 
>". 

; ,' .. -
Where N = OIT (the nearest integer number of sampling' :t~~es 

in D). Considering the control loop block diagr~m in Fi~~'e 

6.2, the dbntroller equation can be written as : 

C(Z)/R(Z) 
neZ) = ~-----­

1 C(Z)/R(Z) 

1 

___ HG (z) 

• ~ 1Pt~ 

(6.9) 

---' 
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Where HG(z) is the pulse transfer 

'\ 

function)-

equation (6.8) into equation (6.9) gives 

1 - exp(-T/>J Z-N-1-, 

Substi tutinq 

1 
D(Z) = 

1 - exp(-T/}..) Z-1 - [1 - exp (-T/À) ] z-N-1 HG(Z) 

(6.10) 

The closed loop deadtime, D, should be at least as long as 

130 

the' actual deadtime [133]. If it is less, the controller 

will be physically -unrealizable because it will contain a 
, 

time advance terme The Oahlin algorithm, in qeneral, 

provides reasonable control action and avoids undesirable . ' , 
overshoots or highly oscillatory closed loop response . 

... 

6.2· Discrete Dynamic Models 

The discrete forms of the dynamic moders for injection 

hydraulic pressure, nozzle pressure, ànd cavity pressure 

were derived from the corresponding continuous models 

utilizing the z-transform method. The full derivatian -of 

the discrete models is presented in Appendices 0 - F. Two 

methods were 

the models : 

\l,.~ to deal with the -time delay involved in 

the f{~st method approximates the dead time 

( 
as 

'j , 



'. 

,', 

a multiple integer of the sampling interval, while in the 

second. method, a first ord~ Pade approximation was used 
~ 

[134J. comparison between the two approximations will be 

presented. The fOllowing subsections present the main , 

equations for the injection hydraulic pressure, nozzle 

pressure and cavity gate pressure. 

'c, 

~ 6. 2 .1 Hydri'ul ie Pressure Model 

The injection hydraulic pressure response was modelled 

by a delayed first order plus _ oscillatory cornponent as 

given by [135} 

PH(t) = K1 [1-e-(t-D)/ff 

+k2 r 1 _ e-Çt/f1 sin{ (1':ç2) 1/2 ~}l (6.11) 
[(1-ç2) 1/2 f 1 - fI J 

Where 

PH = inlection hydraulic pressùre, pa 

KI' K2 = process gains, Pa/% change in valve opening 

, f, f 1 = time constants, sec 

o = time delay, sec 

ç = damping factor, dimensionless 

',Pi nA '}!~ 
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Let a = Ç/'I'l 
. 

1 
C == 

(1-ç2) 1/2 Tl 

(1-ç2) 1/2 
w = 

Tl 

Equation (6.11) can be written in a transfer function form 

for a step change in the manipulated valve opening, M, as 

follows [134]: 

K2 C w s 
+ ---------------

C'I' S + 1) (s + a)2 + w2 
(6.12 ) G(s) = = 

M(s) 

When a zero-order hold is'used, Equation (6.12) becomes 

s 
(6.13 ) HG (s) = ( + --------

( T S + 1) . (s + a) 2 + w2 

where T is the sampl inq tAme~For D = nT, where n is an 
• 

inte~er, the discrete transfer function wil~ be as follows 
, 

[see Appendix Dl: 

. 
HG(Z) = = 

blZ-1 + b2Z-2 + b3Z-3 + b4 Z- 4 

1 - alz-i + a2Z-2 - a3z-3 
(6.14) 
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Where 
-~ 

al = exp(-çT/rl) [2 cos'---1 + sin wT] 

a2 = exp(-çT/rl)[2 exp (TIr) cos wT + exp(- T/rl) ] 

~3 = exp{(T/r)-2çT/r1} 

bl = K2 (1_ç2)1/2 rl exp(-çT/rl) sin wT 

','" b2 = Kl(l-exp(T/r)] - bl - bl. exp (Tir) 

b3 = 2K1 [l-exp (TIr) ] exp (-çTj 11) cos W'l' 

- bl exp(Tjr> 

b4 '= K1~l-exp(T/1) ) exp (-2çTj 11) 

Thus, the discrete response of the injec hydraulic 

press~re in the time domain can be expressed s : 

1 
PH(k) "" al PH(k-l) - a2 PH (k:"2) + a3 PH (k-3) bl M(k-1) 

+ b2 M(k-2) - b3 M(k-3) + b4 M(k-4) (6.15) 

Wnere: 

PaCk) =- injection hydraulic pressure at sampI ng instant-k, 

M(k) = valve opening at sampling instant k, and ai and bi 

are th'e- model parameters in terms of proce s gain, time 
\ 

constant, dead time and sampling tirne. 
li 

-. ' 
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6.2.2 Rozzle Pressure Model 

Nozzle pressure response to a step change in the valve 

opening was best fit with a first order plus time delay 

model as in the following equation [135] : 

l1i (t) = Kp [l-e- (t-D) /T}, (6.16) 

Where . . 
PN = no z-z.le pr.essure, Pa 

Kp = process gain, Pa/% change 
7 

i-n 
" 

valve opening 

f = time constant, sec ( 
0 = dead time, sec 

Equation (6.16) can be· written in the transfer function 

form using the two methods mentioned above for dead time 

approximation as follows : 

Ci) o = n T, where n = integer, and T = sampling time 

~ 

PN(s) Kp -Os e 
G(s) = = (6.17) 

M(s) f s +~1 

The discrete pulse transfèr function between nozzle 

pressure and the val ve opening is [see Appendix E for 

derivation] : 
., 
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Kp (l-a) Z-2 / 

HG (Z) = = --=------
1 - a Z-l 

(6.18 ) 
M(Z) 

where a = exp(-T/r}. Therefore, the nozzle pressure 

d'iscrete model in the time domain is of the form : 

(6.19) 

(ii) Pade Approximation 

Using a first order Pade approximation', the exponential 

term in Equation (6.17) can be approximated as 

(6.20) 
(0/2)s 

e-Ds = ---------------
1 

1 + (0/2) S 

è 

Substituting into Equation (6.17) and with Dl = 0/2, th 

transfer function between nozzle pressure response and the 

valve opening becomes 

,G(s) = 
Kp (1 - OlS) 

------- = ----~---------------- (6.21) 
M (s) (r s + 1) (Dl S + 1) 
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\ 
The discrete pulse transfer function with a zero-order hold 

as derived in Ap~endix E is 

\ ê. 
blZ-l - b2Z-2 

HG(Z) = = -------------------
l - a1z-1 + a2z-2 

(6.22) 

This transfer function gives the follow.ing discrete model 

in the time domain: 

PN(k) = al PN(k-l) - a2 PN(k-2) 
+ b l M(k-l) + b2 M(k-2) '( 6.23) 

Where . . . 
al = exp (-T/r) + exp (-T/Ol) 

a2 = exp (-T/r) * exp (-T/Ol) 

b l = K(r+Dl} (l-exp(-T/r»/(r-Dl) 

+2KDl (l-exp (-'1'/01) ) / (Ol-r) 

b2 = 2KOl exp(-T/r) (l-exp(-T/Ol)/(Dl-r)+ 

136 
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6.2.3 Cavity Pressure Model 

As presented in Equation (4.1), the response of cavity 
, 

gate pressure was modeled hy a tirst order plus time delay 
- , 

superimposed on a constantly increasing pressure component 

of the torm : 

Pc(t) = K1 t + K2 [1 - exp{-(t-O)jr)}) (6.24) 

The transfer function forro of this equation is 

G(s) ::1 = + ------ (6.25) 
s (1' S + 1) 

The discrete transfer function, using a zero-order hold, 

can be obtained as follows [see Appendix F), 

(i) 0 = nT, where n is an integer, T is the Sampling Time 

HG(Z) = 

Where : 

Pc(Z) 

M(Z) 
= 

al = 1 + exp(-Tjr) 

a2 = exp(-T/r) 

hl Z-l - b2 Z-2 - b3 Z-3 

1 - al z-l + a2 Z-2 
(6.26) 

137 
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b1 = K1 T 

b2- = K1fT exp(-T/r) -' K2 [1 - expC-T/r)] 

b3 = K2 [1 - expC-T/~)] 

Fro~ Equation (6.26), the discrete response of'cayity,gate 
, 

pressure in the time domain can be ~ritten as 

PcCk) = al Pc (k-1) - a2 Pc Ck-2) 
+ b1 M(k-1) - b2 M(k-2) - b3 M(k-j) (6.27) 

(ii) Pade Approximation for the Dead Time 

Using a first order Pade approximation apd letting 

01=0/2, Equation (6.25) bècomes 

G(s) = (6.28) 
s (1 S + 1) (Dl s + 1) 

138 

If a zero-order hold is used, the discrete transfer, 

functi~~ can be obtained [derivation is found in Appendix 

F] : 

~ 

HG(Z) = 
Pc(Z) f 1Z-1 - f2Z-2 + f3 Z- 3 

= 
M(Z) 1 - h1Z-1 + h2Z-2 - h3Z..,.3 

(6.29) 
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, 
and the responsé of cavity gate pressure in the time domain 

becomes 

Where : 

.. 

hl = 1 + C + d 

h2 = C + d + C d 

h3 = c d 

fl = Kl T + A(l-c) +'B(l-d) 

f2 = Kl T + A(l-c) (l+d~ + B(l-d) (l+c) 

f3 = Kl T c d + A d (l-c) + B c (l-d). 

A = K2 (T+D1)/(T-01) 

B = 2 K2 0l/(Ol-T) 

c = ,eXp(-T/T) 

d = exp(-T/Ol) 

(6.30) 

1 

/' 
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6.3 Control Loop Design 

6.3.1 Controller Tuning 

A critical step in t~e imPlêmeJtation of any control~er 
ls the determination of the values of the relevant 

parameters. lt is also necessary to specify the sampling 

periode The objective of the tuning process is the 

selection of a combination of controller parameters that 

give a satisfactory response according to appropriate 

criteria. The criteria used to ,select the best response 

vary, depending on the application and on the process. A 

number of tuning procedures and formulae have been intro­
"'\ 

duèed to tune controllers for various response criteria 
'\ / 

[136-146]. The commonly used criteria can be classif1.ed'\ / / 

in11 two 

(i) 

categories : 

simple criteria single based on response a 

c~aracteristic, 

(ii) more exact criteria based on the entire 

-, response. 

An example of t'he f irst is the 1/4 decay ratio [136] while 

an example of the second is the minimum error integral 

criteria (ElC) [138]. The latter approach has been used in 

this study. 

The error integral criteria include both the error 
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1 

magnitude and 

form of the 

time over which i t occurs. The qeneral 

1 

[138~ : 

jEIC s If(t,e(t» dt 

1 

(6.31) 

The t1110Wing _ ,formulas have been proposed for the function 

"t" i the int1~gral of Equation (6.3'1) (138]: 
1 
1 Integral pt the Square Error (ISE) 

! 
1 

./ 
! (6.32) 

" / 
Inteq~l of the Absolute value 0 

./ 
the Error (IAE) 

\Integral 
\ 

IAE = J le(t) 1 ~t 
1 
1 

. 
of Time multiplied by the 

(6.33) 

Error 

(ITAl) 
\ 

'", 

ITAE (6.34) = ft le(t) 1 dt 

The ISE is relatively ins~nsitiv:e;to s~all errors. 

Large errors, that usually occur at th' beqinning of the 

response, contribute heavily to the value of the integral. 

Consequently, using ISE as a criterion of ~erformance will 

result in a response with small overshoot but with a leng 

settling time. The IAE criterion is more sensitive to small 

errers but less sensitive to the initial large errers. The 

141 
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ITAE is insensitive to the initial and somewhat unavoidable 

errors, but it is strongly influenced by e~rors occurring 

late ~in time. Optimum responses defined by ITAE will 

consequently show shorter total response times and larqer 

overshoots than with either of the other criteria. 

The optimum set of controller parameter values is not 

only a function of which of the three integr~l definitions 

is selected, but also of the type.~ of the input (that is, 

disturbance or set point change) . and of its shape, fol: 

example, step change, ramp, or others. In terms of· the 

shape of the input, the step change is usually selected 

because it is the most disruptive type' that occurs i'n 

practice. The type of the inpu~ depends ,on the aim of the 

control loop, which could 

disturbance' rejection. 

be ~s\ a set 

The values 

point trackinq or< a 

of the control 1er 

parameters also depend on the dynamic characteristic of the 

process. If the process is nonlinear, its characteristics 

change from one operating condition to another. This means 

that a particu1ar srt ~f tuning parameters produces th" 

desired response a~ only one operating condition. For 
1 

operation in a rang; of conditions, an acceptable set of 

t~ng par~eters i necessarily a compromise. 

,Contro11ers in -this study have been tuned for a set 
\ 

point chant3'e usi g the ITAE criterion with the formulae 
\ -

,qiven\in Table 6/1 [147] . 

/ 
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J 
TABLE 6.1 

nimum Error Integral Tuning Formulae 

/ for set-Point Changés '[ 147 ] . 
K e-es 

Process Madel G (5) = 
T S + 1 , 

-

cftrOller 
1 Errer ,Integral 

Centroller Parameters 
1 

1 , 
IAE ITAE 1 , 

~c 
j 

1 ! 
, al : 

KC = -- (e/T)bl al 0.758 0.586 
K 

bl -0.861 -0.916 , 
PI {' 

1 a2 1. 020 1. 03 0 -
11 = 

a2 + b2 (9/T) b2 "-0.323 -0.165 
1 

al al 1. 086 0.965 
KC = -- (e/T)b1 

K bl -0.865 -0.855 

; 
a2 0.740 0.796 

PlO - ~/--
1 . 

b2 -0.130 -9. 147 11 = 
\ a2 + b2(9IT) '? 

/ 

a3 0.348 0.308 
/ 

, 

b3 0.9141 0.929 
10 == a3 f (9/T)b3 1 

.r ',,- ;1 
/ 

1 

c. 

\ 

\ 
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6.3 • 2 Samplinq Interval 

The choice of the sampling interval plays an important 

rd:be in discrete control algori thms. It influel'l;ces the 

time-<:ielays and the locations 'of the discrete system pol es 
'" 

and zeros and thereby the closed loop control performance. 

It is difficul t te formulate a general rule for choosing 

the optimal sampling time since it should reflect the 

process dynarnics, the external disturbance characteristics, 

and the desired control performance. In general, a long 

sampling tirne, relative to the dominant time constant of 

the process, impairs the overall control performance mainly 

due to the 10ss of system information. On the other hand, a 

short sampling time usua11y gives better performance at the 

expense of large excursions "of the manipulated variable. 

Sev&ral practical rules are suggested for selecting the 

samPuling period. When the dominant time ponstant of the 

process, T,; is kno~n, the following r:ange has been sug­

gested to ensure satisfactory performance [147]: 

1f20 < T 1:: 1'/10 (6.35) 
'T H' 

For processes wi th time delay, td, of the same order of 

magni,tude as the time constant, T, the sampling period can 
, 

be selected as equal to 0.11' or 0.1td, whichever is smaller 
--......' . 

(134). If t\ much smaUer than " the dead time can be 

o 
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neqlected and T = O.lr. Another criterion for an overdamped 

process with time delay, td' is given QY [132]: 

or in te~ of ~ettling time 

:1 t s t/12 < T < tst/6 

wherl tst is the 95% settling time. of 
., 

[13.2']. Another rule of thumb suggests 

(6.36) 

(6.37) 

the step response 
.. 

o.btaining 2 to 4 

s pIes per rise tirne of the closed loop system response ta 

step change [148]. 

When the sample tirne is of the above order'" of rnag-

nitude, its eff~ct can be taken into consideration in the 

tuning formulaé by adding one-hal f the sample t,ime to the 

proce~ d~ad time (142]. Therefore, the adjusted dead time 

used in the tuning formulae (Table 6.1) becomes: 

where 

• 

tdc = the adjusted dead tirne 

td = the dead tirne of the process 

T = the sampling time 

(6.38 ) 

As mentioned before, the control performance 
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deteriorates in case' or a lorig samplinq interval. Thus., 

when the control performance is of primary importance, the 

sampling time should be as small as possible. However, it 

cannot be arbitrarily small, because a small samplinq time 

relative to the dominant time constant of the process ma y" 

resul t in the overall 'System being very oscillatory. This 
\ ' 

mainly resul ts from the fact that the locations of the 

pales and zeros of a discrete transfer function are 

partially determined by the samplinq time. A smâll sampling 

interval produces small numerator coefficients in the 

transfer function and resul ts' in zeros close to the unit 

circle in the Z-plane, which is the stability limit. On the 

basis of _ the above considerations, sample intervals of S­

and 10 ms were selected fo~'€he~simulation study presented 

'\ iri"the next section. ~ 

/ 
1 
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6.4 Control Loon Simulation 

A computer simulation study of the control loop was 

carried out to achieve the following objectives: 

'(1) To refine the initial controller parameters obtained by 

, 

the ITAE tuning criterion. t 

(2) To evaluate the performance of the different 

controllers using the dynamic morels derived for 

hydraulic pressure, nozzle pressure, and cavity gate 

pressure as described in section 6.2. 

(3) To choose the most ,appropria~" and practical con­

trollers and set point profiles ta control the 

inj ection rnolding process. ' . 

)The controllers were evaluated according 'to their 

.~onse to different set point profiles. Five different 

criteria were used in the evaluation: peak overshoot, 

damping behavior, rise time, settling time and the integral 

per-formance indices. The, discrete control equations 

~resented. in section 6.1 for the Proportional, PI and PID 

controilers are listed below. 

L 

PI : 

m(k) = m(k-1) + a,a e(k) - al e{k-l) , 

PID : 

m(k) = m (k-l) +aO e (k) -al e (k-l) +a2 e (k-2)­

l 

(6.39) 

(6.40) 

147 
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Simulation results of hydraulic pressure, nozzle pressure, 

and cavity gate pressure control lbops are p~~~~n~ed in the 
i 

following subsections. Listings of the computer simulation 

programs are given in Appendix H. 

6.4.1 Hydraulic Pressure control,Loop 

-
The discrete model for the hydraulic pressure response 

was obtained in a preY ious section as : 

PH(Z) 

M(Z) 

b1 Z-1 + b2 Z-2 + b 3 Z-3 + b4 Z-4 
HG (Z)- = 

The model parameters a' l 

1 

as defined' in 

(6.41) 

section 

6.2.1, are functions of the process gain, time constant, 

• dead time and sampling time. The numerical values were 

calculated using combinations of the process para1leters 

given in reference [135] -, . and varl.OUS sampling times. The 

resulting model 1s presented in Table 6.2. The initial 

controller parameters for the PI, and PID CO~llers as 

by ITAE tuning, 
~ 

calculated are given in Table 6.3. 
• 
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Tésble 6.2 

.' 

Discrete Models for the HYQraulic Pressure Response 

(Equation 6.34) 

-Sampling Time Model ~ 

. (sec) 

- PH(Z) 3.77 Z-1-3 .92 Z-2-2 .39 Z-3+2 • 30 Z-4 
0.005 = 

M(Z) 1 - 2.68 z-1 + 2.32 Z-2 - 0.64 z-3 
-

, 
-

PH(Z) 3.19 Z-1+0 . 39 Z-2-6.22 Z-3+3 . '14 Z-4 
0.01 = p 

Z-1 + 1.65 Z-2 Z-3 M(Z) 1 - 2.23 - 0.41 

........... 

- \. J 

1 
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TABLE 6.3 

Initial C0~troller Parameter Values Calculated by lTAE 

for the Hydraulic Pressure Control Loop 

Controller J<c . rI 1D 
• 

PI 0.076 0.046 -
PlO /0.114 0.059 0.003 

~ 

Paramet,ers for Discre.te P, PI and PlD Controllers 

for the Hydraulic Pressure Control Loop 

Controllér Sampling aO '" al a2 
Time, sec 

. 1 

'" 
PI 0.005 0.084 -0.076 -

0.010 0.093 -0.076 -
--------------- ----- .... _----- ---------- --------- --------

PlO 0.005 0.215 -0.296 0.091 
0.010 0.179 -\"0.205 0.046 

" 

o 
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The response oof the controlled hydraulic pressure, 

using a PI control 1er , is shown in Figure 6.3. The ITAE 
~ 

tuning <?rit~rion gave reasonable initial values for the 

-----controller parameters, but the response was improved by 

adjusting the controller gain, Kc. 

The pro controller loop behavior is shown in Figure 6.4 

for the same situation. This controller is more sensitive 

to changes in the control 1er parameter values (compare with 

Figure 6. 3) . 

The optimum parameters for the PI and PlO controllers, 

based on "minimizing the ITAE criterion, were obtained by 

using the Nelder-Mead (N-M) optimization routine (149]. The 

actual process model {Equation 6.ll} was used rather than 

the approximated model useq in the formulae of Table'6.l. 

The optimum settings obtained were as follows 

PI control 1er : Re = 0.029, 11 = o. 044 ,,~ 

PlO controller: Re = 0.032, 11 = 0.046, 10 = 0.003' 

Figure 6.5 compares the hydraulic pressure response for the 

PI and PlO controllers with the (N-M) optimum settings. The 

PlO controller performs slightly better than the PI 

controller as shown in Figure 6.5. The PlO controller, 

however, is more sensitive to changes in the control 1er 

parameters (Figure 6.4). For this reason the PI controller 

was chosen to control the hydraulic .pressure . 

151 
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6.4.2 Rozzle Pres§ure Control LoOD . 

1 
The flew into the mold is more directly ,related te the 

nozzle pressure than to the hydraulic pressure. The control 

of the nozzle pressure directly (rather than via the 

hydraulic pressure) is of interest. The discrete models 

derived in a section 2.2.2 for nozzle pressure response 

using two approximations of the, dead time (Equations 6.18 

and 6.22) are rewritten below: 

(i) = 
Kp (l-a) Z-2 

1 - a Z-l 
(6.42) 

( ii) = (6.43) 

The model parameters a, ai and bi, as previously defined in 

section 6.2.2, are functions of the process gain, time 

constant, dead time and sampling tirne. The nurnerical values , 

155 

calculated using combinations of the 
~ 

process '" 

" pararneters given in (135] and various sarnpling tirnes. The 
o 

resul ting models are presente~ in Table 6.4. The initial 

controll~r parameters for t~e 
J 1 

. ~ontro~, calculated by )he 

/ 
/ 

proportional, PI, and PlO 

ITAE are given in Table 6.5 . 

o'IIl 
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( Discrete / 

Sampling Time 
(sec) 

0.005 , 

, 

0.01 " 

, 
, . . 

~. 
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TABLE 6.4 

Models fo~ the Nozzle Pressur~ Response 
/, 

1".' 
(EquaUorts 6.42 and 6.43)' 

,1 

Madel (1) Model (2) 
.~ 

, , , 

PN(Z) 20.09 Z-2 2.99 Z-l + 14.40 Z-'1 
= 

M(Z} 1 - 0.90 z-l 1 - 1.04 Z-l + 0.12 Z-2 
0 

, 
, , 

. 
PN(Z) 38.28 Z-2 20.51 Z-l + 17.11 Z-2 

= f 
M(Z} 1 - 0.90 Z-l 1 - 0.83 Z-l + 0.01 Z; .... 2 

1 

i ..... 
"..-, 

, 

... 
\ 

. " 

. , " , '. 
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TABLt: 6.5 

. ~ 

Initial Controller para~ter Values Calculated by ITAE 

for the Nozzle Pressure Control Loop 

, 

Controller Re TI TO « 

PIc 0.012 0.050 - ... 
, PlO 0.018 0.065 D.004 

0 

Parameters for Discrete PI and PID Controllers 1 
for the Nozzle Pressure Control Loop 

v 
{- fi 

Controiler Sampling 
ri' ~ 

aO al a2 
< Time, sec .. -

0 Il \ 

• 
PI \ 0.005 0.013 -0.012 -, 
, 0.010 0.015 -0.012 -

-------------- ------------- -------- --------- ----------

prD 0.005 0.034 -0.047 0.01$ 
c-

0.010 0.028 -0.033 0.007 , , 
" 

" 

\-.,. 
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The responses of nozzle~ pressure under the control of 

PI and PID controllers are shown in Figures 6.6 and 6.7. 
1 

, , ( 
The controller pararneters were optimised, based on the ITAE 

value, using the Nelder-Mead optimization rnethod (149] in 

conjunction with the, actual model for nozzle pressure. The 
/ 

optimum values of the controller pararneters were : 

PI controller: Kc = 0.005, fI = 0.048 

PlD controller: Ke,= 0.006, fI = 0.052, 1"D-= O.OQ6 

The' responses of the two controllers witl1 the (N-M) 1 

... 
optimum settings are g i ven <in. Figure 6.8. The advantages of' . ~ 

the P1t> controller over the PI ,controller are stronger than 

in the case of hydraulic pressure. 

Sorne responses to set-point pressure-tirne profiles were-
l ' 

investigated fpr the PI and PlO controllers. These are 

presented in Figdres 6.9, 6.1.0 and 6.11. Figure" 6.9 sh?ws a 

simple ramping of the nozzle. pressure to a plateau followed 
1 

by a decrease to the initial pressure.' Both the PI and PlO 

controllers pe'rforrn about equally weIl in this case.' The 

pro;ile of Figure 6.10 shows 'the" nozzle pr'essur~ increasing 
\ 

at the' beginning of injection~ At 0.2 seconds, the profile 
, - . 

is suddenly increased ih a step fashion to correspond to 
î 11. r,' > 

filling a larger mold cross-section. Both PI and PlO 

controllers handle the ramp part of the prof\le weIl, 

the PlO controller gives a better response' to tt,e step 
\f 

\ 

but 

,I\i,>~ 
~;. ~ ~ 

1 

.. 
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increase. The profile of Figure 6.11 shows a ramp to a 

plateau followed by a sud den decrease just prior to the 

packing phase. The prD controller again performs better 

than the PI controller, particuIarIy for the su~den 

changes. Both controilers were not capable of regulating 

the pressure during the packing stage. This is seen from 
~ 

the large error during this stage. Also it should be noted 

that the servovaive opening during packing, approa~hes 100% 

open. suc~ behavior is nqt due to a controiler defect but 

rather is sYmptomatic of demanding a performance of the 
, 

hydraulic system of the inj ection molding machine that i t 

is incapable of providing. Obviously, this is a situation 

to be avoided, but, unless' the machine is c~!rectly 

-
instrumented, it cannot be detected. 

• ' ' 0 

Dahlin' s method was applied to the direc't cçmtrol of 

nozzle pressure. The pulse 'transfer functions tor the 

nozzle pressure response obtained bY' Equations 6.18 and 

6.22 were substituted in the DahIi? controller given by 

Equation 6.10 to give the foilowing control laws: 

M (Z) b o--'D1 
z'-l 

( i) D(Z) = = r (6.44) 
E (Z) 1 - al Z-l - a2 Z-2 

\, 

M(Z) fl Z-1 - f2 Z-2 + f3 Z-3 
(ii) O(Z)- = (6.45) 

E(Z) hO - hl Z~l - h2 Z-2 + h3 Z-3 

&\ 

t"'-

/ 



o 
where air bi' hi and fi are the controller parameters in 

terms of the process model parameters, controller tuning 

parameter, Lambda (L), and the sampling time (T) as given 

in Table 6.6. The control equations 6.44 and 6.45 were 

written for different values of Lambda and sampling times. 
, 

The resulting control equations are given in Tables 6.7 and 

6.8. The controller was,made free of excessive oscillation 

166 

of the manipulated variable (ringing) by removing poles of 

magnitude -0.6 or greater [131]. The contro11er gain was, 

adj~sted by ihcorporating the following compensation factor 

in the a1gorithm [131] : 

1 

., lim (1 + P Z-l) 
Z-+l 

where P is a ringing pole. 

/ 

(6.46) 

• The simulation of nozzle pressure with the Dahlin 

control 1er for different values of the tuning parameter (L) 

with a sampl'ing interval of 5 ms is shown in Figure 6.12. A 

samp1ing interval close to the~tual process de ad time Mas 

chosen: The responses of curves 1, 2 and 3 exhibit 

overshoot because the value of L is mu ch smaller than the 

process ,time constant (0.05 s). Curve 1 shows the largest 

peak overshoot and the lowest damping, and curve 3 shows 

the sma1lest peak overshoot and the greatest damping. 



1 
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TABLE 6.6 

Parameters of the Oahlin Control 1er for 

Nozzle Pressu~e" (Equations 6.44 & 6.45) 

\. 

- Parameter Expression 
'-J 

bO 
b l - . 
al 
a2 
fI 
f2 
f3 
hO 
hl 
h2 
h3 
cl 
c2 
dl 
d 2 
A 
B 
c 
d 

• 

t 

(l-exp(-T/L»/K(l-exp(-Tjr» 
bO exp(-T/r) 
exp (-T/L)· 
1 - exp(-T/L) 
1 :;- al 
cl (1 - al) 
c2 (1 - al) 
dl 
al dl - d2 
dl (1 - aa.) - al d 2 
d 2 (1 - al) 
c + d 
c d 
A(l-c) + B(l-d) 
A d(l ... c) + B c(l-d) 
K(1+01)/(1-0 1) 
2'K 01/(°1-1) 
exp (-T/r) 
exp(-T/DI) -

\ 

0 

\ 
\ 

--

, 

,r" 
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Table 6.7 

Dahlin Cont~oller Equations for Nozzle Pressure Control 
Loop Using Equation 6.44 with Oifferent Sampling Time, 

T, and Different Tuning Parameter,L, Used in this study 

T L O(Z) 
(sec) . 

j 

0.03 - 0.02 Z-l 
0.005 0.006 

1-0.36 Z-l.,- 0.63 z-2 

0.03 - 0.02 Z-l 
0.008 0.006 

1-0.20 Z-l - 0.79 Z-2 

0.02 - 0.01 z-l 
0.010 0.006 

1-0.13 Z-l - 0.87 Z-2 

0.02 - 0.02 Z-l 
0.005 0.008 

1-0.35 Z-l - 0.46 z-2 

, 

~ 0.02 - 0.02 Z-l 
0.008 0.008 

1-0.63 Z-l - 0.37 Z-2 

""" 
0.02 - 0.02 Z-l 

0.010 0.008 , 
1-0.29 Z-l - 0.71 Z-2 

Z-l 
. 

0.02 - 0.02 
0.005 0.010 " 

1-0.61 Z-l - 0.39 Z-2 

" \ 

1 0.02 - 0.02 Z-l 
0.008 . 0.010 

1-0.45 Z-l - 0.55 Z-2 

0.02 - 0.01 Z-l 
0.010 0.010 

1-0.37 Z-l - 0.63 Z-2 
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Table 6.8 

~Jhlin Controller Equations for Nozzle Pressure Control~ 
Loop Using Equation 6.45 with Different Sampling Time 

T,and Different Tuning Parameter L, Used in this study 

T (s) 

0.005 

0.008 

0.010 

0.005 

0.008 

~ 

0.010 

0.005 

p.008 

0.010 

1 

L 

0.006 

0.006 

0,.006 

0.008 

0.008 

. 

0.008 

0.010 

0.010 

0.010 

/ 
1 

1 

D(Z) 
" , 

0'.63 Z-l.- 0.66 Z-2 + O. 08 Z-3 

0.09 + 14.37 Z-l - 14.47 Z-2 - 9.11 Z-3 
< 

1 
, 

/ 
0.80 Z-l - 0.71 Z-2 + p. 03 Z-3 

12.41 + 14.28 Z-l - 2606t-2 -13.40 Z-3 

0.86~ Z-1 - 0.72 z-2 0.01 Z-3 

20.22 + 14.38 Z-l - 34.f1 Z-:-2 - 14.80 Z-3 

0.46 Z-l - ~.4831z-2 + 0.07 Z-3 
, 

0.09 + 14.36 Z-l - 14.45 Z-2 - 6.69 Z-3 
! 

1 
1 

0.63 Z-l - 0.16 Z-2 + O. 02 Z-3 

12.41 + 12.22 Z-l/- 24.63 Z-2 - 10.61 Z-3 

/ . 
0.7l,. Z-l -LO' 59 Z-2 + 0.01 z-3 

/ 
20.22 + Il.32 t- 1 - 31.55 Z-2 - 12.21 Z-3 

'\ 

0.39 z-I- 0.41 z-2 + 0.05 Z-3 
L 1 

Z-T'\ 0.09 + 14.15 Z-l - 14.44 Z-2 - 5.67 
, 

1 

0.5,5 z-l - 0.492 Z-2 + 0.02 Z-3 

12.41 + 11. 21 Z-l - 23.62 Z-2 - 9.24 z-3 

0.632 Z-l - 0.53 z-2 + 0.01 Z-3 
c, 

20.22 + 9.68 Z-1 - 29.90 z-2 - 10.82 Z-3 

Il 
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The corresponding performance indices are given in Table 

6.9, which shows that the ISE and IAE decrease wi th 

increasing L. The ITAE shows a minimum for L = 0.01. 

Simulation runs were then performed with L = 0.01, for 

different sampI ing intervals. The resul ts are shown ln 

Figure 6.13. Curve 3 showed the highest peak overshoot and 

exhibited sorne ringlng. The ISE, IAE and lTAE, as shown in 

Table 6.10, increase with the increase ln sampling tlme for 

the range of sampllng tlmes used. Based on thes6! resui ts, 

the values for Land T were chosen as 0.01 and 0.005 sec., 

respecti vely. 

Figure 6.14 shows a comparlson of the nozzle pressure 

responses with Oahlin and PlO controllers. Both controllers 

give almost the same rise time, but the Dahlln controller 

;~,ives a larger overshoot. The typical response of Dahlln 
" 
controller as a flrst order plus delay response can be 

achieved by 
, 1 

lncreasing the tuning parameter L. However, 

this will cause a slower response. Hence, overshoot caused 

by a smaller L j s tolerated to ac~ ieve a fast response 

necessary for the control of nozzle pressure. 

As a conclusion, the followlng control 1er settings were 

chosen for nozzle pressure control 

\. 

PIO controller Dahlin controller: 

KC :::! 0.006 L = 0.01 
TI 0.0.52 T = 0.005 
TO = 0.007 
T = 0.OQ5 
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TABLE 6.9 

-Performance tndiltes of Nozzle Pressure Control simulation 

Using Dahlin Controller with Different Tuning Parameter, L 

and Sampling Interval, T = 0.005 sec 

;' 

L ISE IAE ITAE 

0.006 4.41 X 10 3 13 .17 0.268 

. 
%.008 4. ;18 X ,- 103 12.05 0.183 

0.010 4.47 X 10 3 Il. 76 0.159 

c 
" 
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TABLE 6.10 

Performance Indices of Nozzle Pressure Control Simulation 

Using Dahlin'controller with Different sampling Interval, T 

and Tuning Parameter, L = 0.01 

T (sec) 1 ISE 
'-~-'~r-----

IAE l'IAE 

-

0.005 4.47 X 10 3 11.76 0.159 

0.008 7.03 X 10 3 20.61 0.616 

0.010 9.19 X 10 3 33.39 3.090 

c 
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6.4.3 Cavity Pressure Control Loop Simulation 

Direct c~vity pressure control W~~ simulated using the 

cavity gate pressure model wlth Pl and PT!) controllers. 

The dlscrcte modcls obtalned edrJ Ler for cavlty gate 

pressur0, W l t,h tW0 approximations for the dGad ti me ::ire 

rewritten below 

(i) 

( ii) 

Pe(Z) 

M (Z) 

Pe(Z) 

M (Z) 

1 

fI Z-l 

1 - hl 

(6.47) 

- f2 Z-;) + f3 Z-3 
----- --~-- - - -- (6.48) 

Z-L + h? Z-2 - hJ Z-3 

The model parameters, al' b 1 , fj and hl are as defined 

constant, ripa.] t 1 ml' i1n,j ·;.llnp 1 l nq 111h'r Vd 1. 'l'tIr lllllneT 1 (",11 

as ln rrtil)ll' (),,11 .. rrll(} lt:';(Tfti' 

ITAE arc (JL'lcn III [.-l1)le ' .. 1.'. 
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TABLE h.li 

Discrete Models for the Cavj ty Pressure Response 

Samplinq 
Time, ;,"(' 

0.005 

0.011) 

Hn(jp 1 ( 1 ) 

Madel ( 1 J , 

MClIlI·l ( 1 ) 

~1( JI Il' 1 ( 1 1 1 

P('(Z 

1i(Z) 

M (~~ ) 

l 'c (~: ' 

M (/, ) 

l',. ( :: ) 

f<1(Z) 

(1 " 1 
'f 
[, 

R tjt) 

<' • '1 i 

Il. 1·1 :c 1 

_ Il 1 

~II - l') 'J • 1 
" 

) .n') '7 <. J 
i, 

() . ()', '~-~ ;) (J. l " - 1 

" 1 (1 '. ' ï. '. 

/, 

. HI, '! () .. 1; Z 

1) " 
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l() .< l 
" Il. 

, ., 
IJ • '/. .-. . , 

() . /, () . J /' - - l 
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TABLE 6.12 
r 

Initial Controller Parameter Values Calculated by ITAE 

for the Cavity Prpssure Control Ioop 

,....-------------- -- --------------- - ------- -- - --- --- -----

Controller TD 
-- -----

PI 1 141 0.12(1 

PID 1. G~3 0.16 l 1).006 

'---_________ ______________ --L--__ _______ --L.. ______ ------' 

Parameters for Dlscrete P, PI and PID Controllers . 
~ for the cavity Pressure Control Loop 

\/"l''' 
...----c-o-n-t-r-o-J--j--(-,--r- --~~m:ll :,~- ra;, -- -- --"I --

1------ _ _ _ _ --- --- --~ ~~e ~- ~:~ 1 ---- - -- -- --f---- ------

PI 0.00') 1 1.11'" 
I).O]() J.~)?" 

-l.1tll 
- J 1·1 1 

--------------- ------------1---------- ----- ----

PID 

n 

\ . , 

0.005 
0.010 

1.587 
2.()')'::; 

-').4)3 
-3.5313 

1.385 
0.942 
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The physical nature of the CilV i ty gate pressure c1.1lrllj(J 

filling and Its dynamic madel (E~u~tlon 5.4) lnrtic~te that 

a reall';ll( 

ta s,-"t r " ,Ill t 1 (Ji 1 Il ( i Il c; • 1 III l " d Il "IL'n'j!' 1 1 ()\"" 
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chosen PI a~d PlO controllers. The results, as shown in 

Figure 6.18, suggest that good performance is obtained by 

equating the dead time to one sampling interval. Thus, the 

us~ of the sirnpler discrete dynamic model (Equation 6.47) 

in the cavity pressure control loop is justified. 

6..4 • 4 Summary 

The results of control loop simulations can be 

summarized as follows: 

(a) Hydraulic pressure was best controlled by the PI 

controller. Little irnprovement was obtained with the 

PlO controller, but the PlO control 1er was sensi~ive to 

changes ln the parameters. 

(b) In the nozz le pressure control loop, PID showed sorne 

advantage over the PI controller. 

(c) Cavity pressure was weIl controlled by PI and pro 

controllers. Good control performance was achieved 

using the dlscrete models obtained by the two ap-

proximations for the de ad tirne. ~he simpler one, which 

approximates the dead time by one sampI ing interval, 

was chosen for control experirnents. 

183 



( 

• 

(' 

2000~----~------~------~----~~----~ 

4D 

J1000 
. ~ -i 500 

u 

1 : PI 

2:PID 

-- : Set Point 

o~----~~------~------~------~----~ 
o 0.2 0.4 0.6 0.8 1 

Time (sec) , 

80 1 r 1 T 

-"'-'/ ., 
~ 

60 ~ . "-" 
III .s 

,~ 
r e 40 

A. 
0 
G 

~ i 20 ~ 
~ 1 - ,~ 

-0 1 1 1 1 

0 0.2 0.4- 0.6 0.8 

Time (S6~) 

Figure 6.18 cavity Gate Pressure Response to a Step Change 
Plus Ramp in the set-Point with PI and PlD 
Controllers Using Pade Approximation for the 
Dead Time. 

-

. 

1 

184 



6.5 Filling stage Control E~riments 

The resul ts of the simulation study presented in the 

prev~ous section indicated the feasibility of accu rate 

control of the hydraulic, nozzle, and cavity gate pressures 

during the filling stage. The objective of the part of the 

study covered in this section was to perform a series of 
, 

control exper iments using PI, PlO and Dahlin controllers ta 
{, 

verify the simulation results and to demonstrate experimen\ 
• 

- - -- ""'-

tally the feasibiJ ity of pressure control during the 

filling stage of th(> j r:::; oction molding cycle. Due ta the 

'~i"act that hydraulic pressure is remote from the cavity, it 
\ 

i~ preferable to control the nozzle and / or cavity 
\ 

pre$sure since they have a more direct effect on the 
} 

a.Ytuation in the cavity. Also, bath nozzle and cavity 

pressures relate directly ta the polymer mel t, which is of 

primary interest. 

Clo~d loop control experiments for the/ nozzle and 

cavity gate pressures were carried out using the injection 

molding machine and the associated microcomputer system 

described in Chapter 4. The control equations for the PI, 

PID and Dahl in controllers wi th the optimum t.uned paramet-

ers obt<\ine~ in the simulation sectIon were scaled for 

implementation on the Z-80 based microcomputer for 16-bit 

arithmetic. The fOllowing experiments were performed 
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(a) Control of the nozzle pressure using PI, PlO and 

Dahlin eontrollers, 

(b) Control of cavity gate pressure using PI and PlO 

controllers. 

6.5.1 Experi~ental Control of Nozzle Pressure 

Based on the resul ts of nozzle pressure control loop 

simulation, the following controllers were chosen for 

nozzle pressure control experime~ts : 

Pl control 1er KC = 0.005 

11 = 0.048 

m(k) = m(k-l) + 0.006 e(k) - 0.005 e(k-l) 

PlO control 1er Re = 0.006 

11 = 0.052 

10 = 0.007 

" 

roCk) = m(k-l)+0.084 e(k)-O.ll e(k-l)+0.03 e(k-2) 

(6.49) 

(6.50) 
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Pahlin control 1er 

L = 0.01 

T = 0.005 

m(k) = al m(k-l)+a2 m(k-2)+bo e(k)-b1 e(k-1) (6.51) 

The responses of nozzle pressure using PI, pro, and 

Dahlin controllers are shown ln FIgures ().1') (). /1. The 

~et-point profIle was chosf.:>n ft" iTl prf'\! lOU', lonp 

experiments. The three respon"f", hdVr> 

overshoot. The large ovpr';hr)nt 1 < 

through the servovil!V(', f'VPr1 whcr. lt l' t'ullY l'ln')cd. 

initial overshoot. 'l'hl'? Ddh 11 n controll e r su f fers sorne 

ringing as shown by the valve opening plot of Flgure 6.21. 
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6.5.2 Experimental Control of_ Cav i ty Press~r~ 

The PT 

and t'1f' (>(jUdt Ions obtained by the slmulùtion are glven 

below. 

PI Controller 

Kc == 0.667 % valve openingjpsi 

11 == O.07? c;ec 

T " • f) 1 

m(k) m (k -1) t (). ,) <12 e ( k) - O. 5 e (k -1) (6.52) 

PID ContrQJ.ler 

Kc = 0.782 " 1S val ve open ing/ps i 

11 () • Cl f). ) ... ~ (' (~ 

1D «(/" , ( 

'T ,1 j 1 ) ( ~ 

m(k) == m(k-1)+O.BBl. k)-l. 1I3c(k-l)+O.24e(k-2) (6.53) 

PI contro 1 '.' 'J:·.·cn Ir rlq\.:·" il .•.. Ii 

1 
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NEW CONTROLLER GAIN 

~ 
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Figure 6.23 Gain Scheduling Adaptive Control 
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The above experiments were performed in the ap,en-Ioop 

mode until a predeterrnined pressure ;:;; 150 psi) was 

measured at the cavity gate. The process was then switched 

ta closed-Ioop control operation. ThlS strategy was based 

on the resul ts of the dynamic studies, which showed that 

cavity pressure must reach a certain level before it could 

respond to changes in the rnanipulated valve opening. This 

suggests the desirability of controlllng nozzle or hydrau­

lic pressure at the beginning of the injection. When the 

gate pressure has reached a predetermined level, operation 

is switched ta cavlty pressure control. Control of the 

injection molding cycle using nozzle and cavity pressure is 

presente~ in Chapter 8. 

6.5.3 Summary 

(1) Good control over nozzle press~~~as obtained after an 

initial overshoot with PI, PID and Dahlin controllers. 

(2) The effect of nonlinearity in cavity gate pressure 

response appeared in an increasing oscillation at the 

end of filling. 

(3) The oscillatory behavior at the end of filling was 

rectified by using a' simple gain scheduling control 

strategy. 
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CHAPTER 7 

DYNAMIC 'MODELLING OF THE 

PACKING STAGE 

• 
After the cavity is completely filled, the mel t flow 

,. 1 

rate is substantially reduced and packing causes cavi ty ,/ 

pressure ta ri se rapidly to a' pe:ak value. The peak cavit,y 

pressure is an important processing varlable, as ~t 

influences the molded part quallty [152]. Thus, controlllng 

the packing rate, the peak cavi ty pressure and holding 

pressure is essential. These variables are related to .the .' 
amount of additional. material forced into the cavity after 

completion of fllling. 

This chapter deals with the following i95ues 

(a) The modifications of the experimental system. 

(b) Dynamic modelling of the packing stage. 

(c) The problems encountered in the control of packing and 

peak cavity pressures. 
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7.1 Feasibili ty of Packing Pressure Control 

It should be noted that accurate closed-Ioop control of 

cavity pressure during the packing stage is difficult. This 

arises from two factors. Flrstly, pressure rises very 

rapidly during the packing of the mold and thus, very fast 

responses are required from the control system and the 

machine hydraul ics. Secondly, there IS very Il tt l c flow 

through the control va Ive, which, thus, must be operated 

close to the point of shut-off. Often, because of these 

difficul tles, the flll to packlng transItion is not 

moni tored, and, consequently, the packing stage is not 

controlled. 

7.1.1 Modification of the Hydraul ic System 

Preliminary experlments ta control peak cavity ~nd 

holding pressures revealed that control IS not achievable 

with the hydraullc system of the maclune as descrlbed ln 

Chapter 4. The system, as shown in F HJllrf' -;. l, cont 11 ns onf:: 

servovalve ta control the flow ot oil tu th,> lnJ~ctlon 

cylinder. The dIfflculties of tfll:; dl' ;1(;n <Ire tw':>folrl. 

shut-off point, a situation mdy ar Ise to counteract the 

.n large I)vershoot caused by the rapid packlng. Secondly, ... 
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although the valve is completely closed, and there is no 

flow supply to the injection cylinder, the oil lS stIll 

pressure J n th .. ';,\\/1· y. Tt:: <-; ,,1 "\lot Ion hil~; ; ('cl U~; to t,he 

servoval ve~; 

The es<~('nt 1 ~ 1 ('1 t, \11 t <;hcwn 

in Figure> i.,'. . !1!' ( . ~,p 1 pt f' ll'~,! ln (\ 1 ; 'i f} nl t ! i. tIf 1 \ ! ' 1 Y ( 1 r <1 U -

lie systp1'1 1', : i vpr ~ .,: l' :111 p 1. I l
})(\ ~ t f' j . III hl' 

operated w ~ t 11 f Y , ,1/ . 
l' r Vr) ,} Il ~ , ( ~ , ,.j 1 t 1 If. tif'> ! wo 

servova l vr>' wll t 1 \ ~ ; , !f> n! Il !'ll h. 1.\ 1 .1, Il ,-'d 

as a supp; l 
Ilf II' V.\ l' • ~ if' t "" Id l, ! l' '.tllIF'll-

lated acCC't ,II nq . . ) 1: . 
f /;1 Pi, . "~Id 

. r III , ,t 1 .lt f'r; ,l' oN 1 1 1 be 

explained bplow. TIH' Vd 1 vp" WI JI Dl' rpl'-'tIP t () .1 ~;l1pp 1 Y 

servovalve (SSV) and relief servovalve (RSV) • 

7.2 paeking stage Dynamies : Experiments and Models 

The ob }P('1' 1 v;:> of c'lyni1InlC 

nozzle pn-'s:-;urp, 

l 
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openings. The following tes~s were performed 

(a) St f'~ t. l, 111 1 ; t ; >In t v{\ ! ./ ~) ,1Ild th~? 

r€'. ," t , • 1 • i • 
, 

! 1\ : "t \ oth , , , 

va: ." . ~ l t , , ' . ., , 

(b) Th· t. :1'1 ",,- '!1 . ,1 ! • 
, 

t .mes " 

a f + f ! ;1 ' , , III t 1 \ \ ; l' ~ \'1' ,'-",\ln 1 ne 

thE.' b"tl.\v l,'! , ,1 t Il,, l,' \ ! t ll1lt>t f' t 

The tolloWlllq the experlmental 

results and the 

Th. 'Idt ! lit ps~)urp to var l OUS step 

chanrJ! 'l, ' . 1 \ "" '1 1 !" Il, '. ,v ,II 

F igur! 1 J' ! l, 1. 

open] r. l' l, 

resut t , , 

ei thPI { 1 ~ 1 rJ • Il 

second " !. ri, 0 
ù,(\ ;. 1 , ' l, ! t j' 

exppr l' " : ! : J! : [.', lt 1 

[12Hj. ,q Il 1 
, ,-

ta] dol' l
Y

i' : 
. 1 11 " ! 1 .' 1]' l TI' 1 trll ! 1 t . 

and S(lL(l~. j ( 'r !f'!- m( \1. l,' 
l ,. 
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c 
The fi ts for both the first and second order models are 

about equally good, thus, the cavity gate pressure response 

in the packlng stage will he represented by the simpler 

first order model of the fo~ 

(7.1) 

Where Pc = cavity gate pressure, Pa 

K = process qain, paj% change in valve opening 

r = process time constant, sec 

D = time delay, sec 

The average values of the parameters for Equation (7.1) are 

given in Table 7.1. The resul ts show that the process 

parameters change W l th the magnl tude of the step change. 

This can be attributed ta the dl fforent degree of packlng 

obtained by dltferent <;tep rnar;nltudes. 

Tc examlnC' the b"htlVl0r nf th(=' parLlmeters of the cavlty 

gate pressure modeL, stop tests Wf_'re pC'rformerl élt dlfferent 

tirnes aftcr thp commencpmcrt of the pLlcklng stage. The time 

of the step W;:lS cleterm i ned when the cavi ty gate pressure 

reacheù a presct va 1 \le. '1'0 covpr the whol (> pack ln<J stage, 

step test,:, wcrc perfrd-med at Co'! l t_y qi1.t0 pressure va lues of 

1000, 2000, and JUUO pSi (]P~:--1.45 x 10- 4 pSI). The 

responsc of ca v l ty pressure to 40't chanlJc ln the valves 

openlng Introduced dt 2000 i:md J 000 psi at the gate is 

shawn in Figure 7.9. The parameter values for the first 

210 
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TABLE 7.1 

Values of the Parameters for the Cavity Gate Pressure 

Madel: First Order, Equation 7.1 

Change in Proeess Ga in Time Constant 
Valve Opening K, MPa/% r , sec 

% 

40 - 60 
30 0.439 0.179 

30 - 20 

40 - 60 
40 0.341 0.187 

30 - 10 

40 - 60 
50 0.290 0.209 

30 - 0 

t 

' ... 

" 
Time Delay 

D, see 

0.010 

0.007 

0.011 

J 

l ' 
\ 
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order model fitted to the ~ata of these two tests are given 

in Table 7.2. It can be seen from Tables 7.1 and 7.2 that 

the model parameters rlepend on the step mêlqnl tude (lnri the 

degree of packing. Th0 d0<jrpe of F=-3cklng 15 rppresented by 

the value of the cavlty gate pres~-;llrp at ::.110 t1T71f? th(1~ the 

step was introduced. This nonlinear behdVlor should be 

taken into consideratlon ln the deslgn of the control loop 

for the packing stage, and i twill be discussed ln a later 

section. ) 
1 

/ 

7.2.2 Nozzle Pressure Model 

The response of nozzle pressure to the step tests 

described in the above section was also recorded and 

modeled. A typical nozzle pressure response to a 40% step 

experiments were fJtted wlth f lr:~: 0rd0r plw"', t im(' 'jelay 

and overdamped sPc0nd order mutIf' ~ ';. FI (jl: ri' 7. ~ 1 shows a 

comparison 

, response ,::l,nct thr: pred 1 cter! 'la 1 U« \l~; 1 nq the fi rst ,lnd 

of t.'ie expcrimental respon"t' but the slmpler flrst order 

model was chosen : 
f 
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TABLE 7.2 

Values of the Parameters for the Cavity Gate Pressure 

Model (Equation 7.1) at Different Values of 

Cavity Pressure 

- --

Change in Process Galn Time Constant Time Delay 
Val Vé Opening K, MPa/% ri sec D, sec 

% 

SSV 40 - 60 
40 0.341 0.187 0.007 

RSV 30 - 10 

@ 2000 psi 

-

SSV 40 - 60 
40 0.275 0.451 0.005 

RSV 30 - 10 

@ 3000 psi 

i 
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K [1 - exp(-(t-D)jr)] (7. 2 ) 

Where: PN '"l ( )? ~ ~ " Jll ". J1 P, 

K l) 1 ()f , ,-, qt! 1 l" ('b,1'1qP ln valve opening , . 

1 t! 1 ()( , 1 1 l',. , (JI, ' \ 1 JI , r- ('~ c: 

0 1 mi j" 1 d'y ," 

The aVf'r<Î'!1 !.\ 1 ( ) ~ lII' l'dl 1 Il1f) t- f ~ r c; 1\ , r , i'lnd [' <'1rp 

given III 'f 1: 1 l {' 1 f 1 t ' . , l 1 ( , . ,. t I1d 1 t Il f • ' 'li j l' 1 

par<'1mf>t Pl " : 1" : ( III '.t. Ill, l' lt ' . Idl , Il,1 t t •• 11"1 : , " f )f 

packing, suqger;t " TH] cl n r )nll1H>,lr no ,:, Ip pt' ",'.\11 p rflC'f1nrl'd) .. 

7.2.3 Hydraulic Pressure Model 

Flqur0 1.' -tl0W', ~ j ,. ï r(>'.! ,n n;;0 of hydraulic pressll re tCl 

step ('hdllq" l' t hl' l V( 1\/ ) ~ V f' '-'l,,'nlnrr , . 'l'Ill' m( Idr 
" 1 lflfj 

procedun' 
" il ( ',\ \ .\ r ' , tl/J • l' l , '11/ '" 

, 1 1'1 . ! t l'd 

for :r/dl illl. . ' 1 ' .' ,t Il ( .' '1" (' \/ l' ." t t t ('cl t ' y' <1 

flrst nrd.' 1 t' II.' 1 lm.' 1 :. "IY J •• 1 : III lIn 

K 1 - I~ X f ( - (t - [1 ) / T) J (7 . '5 ) 
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PolymPI hy the pressure 

Q (7.4) 

where 

Q polympr m~ss flnw rate into the cavity, g/sec 

1 1 r ~ !'d 

Id 

R 

For a C;'lmpl' ',Illl' t !()W ln th,' ) ,1vlt i, tllP bull< mocluJus of 

l '"j , l ',':l 1 

dl 
Kp -- - (7.5) 

dv 

volume ()f Ir· pol ',','I!'l m •. t 

Let 

v V/m (7.6) 



C 
where V is the volume of the cav1ty, which lS assumed ta be 

constant throughout the packing stage. Thus, 

dP 
Kp = (7.7) 

d (V/m) 
~ IP 

(V/m) 

dP 
= (7.8) 

m ct (l/m) 

dP 
= (7.9) 

m(-1/m 2 ) dm 

therefore, 

dP 
Kp = - m (7 • 10) 

dm 
or 

m 
dm = dP (7.11) 

Kp 

A simple mass balance glves 

dm =- Q(t), dt (7.12) 

where Q(t) lS the mass flow rate of polymer into the cavity 

(g/sec). Therefore, 

m 
dP = Q (t) dt (7.13 ) 

Kp 

or 

m dP 
= Q(t) (7.14) 

Kp dt 

\ 
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1 

where (- m/Kp) is the mass capacitance of the cavity, C. 

Applying Equation (7.14), the change in cavlty pressure, 

due to the flow of the compressible polymer into the 

cavity, can be written as : 

dPc 

dt 
= Q(t) (7.15) 

where Cc is the total capacitance of the cavi ty including 

the polymer compressibility and the change in cavity volume 

due to mold separatlon. We simpl if Y by assumlng that mold 

separation is zero. From Equations (7.4) and (7.15) we have 

dPc PN - Pc " 

Cc = (7.16) 
dt R 

or t~ 

~ 

dPC 
R Cc + Pc = PN (7.17) 

dt 

since Kp rnay be considered constant and considering the 

mass flow rate into the cavlty is small durlng the short 

packing stage, lt is assumed that Cc is constant as a first 

approximation. 
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" 

• 

l 

1 

If it is assumed that both R and Cc are constant. 

Equ~~ion (7.17) is a linear first order differential 

equation and,., cavity gate pressure has a first order 

response to a change in nozzle pressure [134J. The transfer 

functiory between cavity gate pressure as the output and the 

nozzle pressure as the input is obtained from Equation 

(7.17) using the Laplace transform as follows 

R Cc S PC(S) + PC(s) = PN(s) 

(R Cc S + 1) Pe(s) = PN(s) 

Pee s ) ~ 1 
= ,. 

PN(s) R Cc S + 1 

(7.18 ) 

(7.19) 

(7.20) 

'or in a general form 

'. 
o ""' 

• ..!', 

Pc(s) K 
..,. 

= (7.21) 
PN(s) r S + 1 

Where . . 
r""_ 

K = the process gain = 1 --.../ 

f = the process time constant = R Cc 

It is des.lrable ta investigate the variation of the 

parameters R and Cc (and thus 1) with the pressure in the 

cavity. Assume that at any instant, the flow in the 

226 
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delivery channels is incompressible wi th 6. P = PN - Pc. 

R = (7.22) 
Q 

where Q, according to the Hagen-Poiseulle relation, is: 

1T 0 4 6. P 
Q = P (7.23) 

128 J.1. L 

therefore, 

128 L J.1. 
R = 

1T D4 P 
(7.24) 

( 
J.L 

Thus, 
1 

R(t) OCp- (7.25) 

Variation of Viscosity with Pressure 

Several studies have been reported on the effect of 

pressure and tempe rature on the viscosity of polyrner melts 

[156-159]. The variation of polymer melt V1SCoslty with 

temperature has been shawn by will iams, Landell and Ferry 

[156] ta follow the equation (WLF) : 

1 
J.L 

(7.26) log 
J.Lg 



c 

( 

where Cl and C 2 are empirical constants for a given 

material, Tg is the glass transition temperature, ~ Rnd ~g 

are the V1SCoslties at the temperatures T and Tg respec­

tively. 

A relation for the variation of the shear viscosity of 

polymer me l ts w l"th prpssure helS been deri ved by Penwe 11, 

Porter, ;)nci Midd .. 1m,\n : 1',1). They urllllf,rj U1P \:VIF pquatlon 

glass transition temper,jt1l1 1 ' l,tdlll' 'j by CCC [158J as: 

(7.27) 

where Tgo is the glass transition at atmospherlC pressure, 

Al = dTg/dP, and P 15 the pressure. Insertl nq Equation 

(7.27) into Equatlon (7.26) gives : 

log == (7.28) 
iJ.g 

log == (7.29) 
iJ.g 

where 

228 
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J.J. = J.J.g exp (7 . 30) 

At low pressure (l', 7') pp,')), A J l' l C' ,:. sm,''l Il perc.:::ntage of 

A4 , and tn l filSr ~pprn~lm~tlon c~n be ignored. Therefore, 

Equation (7.30) slmpllt les to : 

J.I = J.lg ~xp [2.303 J (7.31) 

[

2.303 A2 
J.J. = J.J.g exp ---A

4 
- + 

2.303 AJ 
(7.32) 

J.J. = J.J.o (7.33) 

Where 

Equatlon (i. î 1) ,. dt (", ~ ll<lt the V1SCoslty of polymer melts 

increases r'ApOtWr.~ lait} '''''lrh lnl:l-eaSlnCJ pressure, ànd this 

for polyethy-

lene. 

1 
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Variatior. of the Density of PolYm~~~eJts with Pressurç 

Ki11yon rl(,O] 

showed Uld t Ch" d0J):, : t y (j 

) rpll f' !, 14 , 

p " l' 1 d (7.34) 

where: p is the ri f' Il " 1 t 'f III (Jr/cc 

p is the pl','!,',l:r,' ln Pa 

c :::: 8 , () 1 .' 
1 () -- l ,) q /, '( . Pa , 

d 00 7'~ J , q/cr: 

Utilizlng Equa~Jon~ (7,31) and (7.34) we write 

p (7.35) 
c P 1 d 

d(p./p) l( c-P a_+-
d
-} C l - ------

(c P + d) 2_ 
(7.36) 

dP 
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) 

c 

reduces ta: 

ct (J1./ p) 

dP 
(7.37) 

During the packlnCj :,taqn, t hr> pressure, P, increases and 

the term [Ci/(l'Ptri)] dl : "d',("" HIll 

eXpOnl'llt 1 , )' 11 
. l ,,(( l' , !' Jill 1 II . .' fi' >t , r 1" t 1 , , , IL 1 ) , 

qenC'r,\ J Il' ']< 1 ",1 'viI: Ill' , . , 1 fi' : ! III' 1 ,','Il' il II th.' 

pack 1 Ill; <,t 1 l" : 'lt Vrli : 1 1 ( II \ d (,_ n) (1, ,l', Illl t Il { ,1 

pre:,',l11 f' ',Ill )",,1, Il' ( lqlll' 1 1 '"h.' t ' ' th. ' "f 1 • ' . (l! 

d(jJ./p) 
'> 0 (7.38) 

dP 

In the case of CCI 

m 
(7.39) 

Kp 

where Kp may be c()n~..:; 1 dl" ( ():1:~ tant. The mass of mel t ln 



.. .. 

o 1 r- ------------- 1 --- ------ ---

O. (1 e 1 E -, 1 j: Ji i·) n 

0.04 -

C.02 
10 

,,~ 36) 

15 

---r----- ---

O.OS E q untion \ 7 37) 

0.04 

20 

, 
/ 

/ 
! 

/ 

-,Ie; . } 

- T - - -- - -- - ----- ---

1 

0.0 2 ______ ~ __ .___._l_. ___ __L ____ ___L_ ____ ____' 

1 0 15 20 25 .30 

Figure 7.15: 

Pressure (MPo) 

Variation of d(j.J.//1)/dP as a Functl.on of 
Pressure for Polyethylene Resin. 



c 
t' 

the cavlty, 1"1, 1," Ult.::reaslng slowly. 'Therpfnrf'O, Cc 

increases slnwly wlth p(lcklng prf!~;S\lrp, i.e. 

. () (7.41) 
dp 

As a result, the pror:p~,~; t.lme con:;tant, T, 

pres su r f' • l'h 

ln Tab 1 (> 1.). 

\' , 

/ 
j 

\ 
\ 
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<~ li, 

(c) Control of pressure durlnq the complete inlcr-

tIan moldlnq cyr:le, lr1cllld.lnq flJll.ny, pa\;klnq, 

peak cavlty and holdIng pressures. 

8.1 Design of the Control Laop for packing stage 

Cav 1 ty : f j( ,Il' 1 1. 11) 1 fi th!' pdcklng stage ""-'::'1 :3 

model! ( j l' ,l'{ Il l >N, • l, ,1 J t <,t () t de> r l' 111~, df' l ,l'y' 
" 

model ' j" ( jll, ' • ! HI 1 : ' 1 l', II j 1 1 Ill' , l ' 1 1 \l1l ( li dl , 

forro, ! ' il ,1 "l' , fld rH:' ltl . ~ 1 t > [1',j r 1 1 l'Il 1 Il, ri 'll'l' l '/ 111,j 

relIef s(~rv(Jv;11vf':; J';: 

(8. 1) 
M(S) 7 :; • l 

Where 

Pc - ,','IV 1 t Y 'l,il, pressure during packing 

M Uie ',UIT, ('! the change in the SSV and RSV 



--
The simulation results of cavlty pressure control 

during the fil1ing starJP (SE!;·t:1Dr, 6.4.3) showed that, for 

roximatHj ll'/ 'l-n'l', <lll 

E qu a t l L' n (, ' . 1 :, 1 Il , ". 1 Il! il \ . j l') r" 1 t Il 

Pc (Z) 

M (Z) l - (1 .. '!" 1) Z -1 

T 1 -- th .. 

(8.2) 

Accordingly, thE" dl:,(T .. tc' n'!;ponse of cavity gate pressure 

response ln th .. t Ill\!' dnm.! l l' l'. 

Pc(k) 

where : 

Pc (k) 

PC(k-l) 

M (k) 

a 

(l-il) PC(k-l) +- K (l-a) M(k-2) (8. 3) 

Cavity pressure at the s~mpling Instant, k 

cavity pressure ilt th .. sAmpllng Instant, k-1 

openjng!~ 'lt tJH~ s,lmpllnq Instant, k 

exp(-T/T) 

\ 
\ 
\ 
, , 
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8.1. 2 Combinations of the Supply and Relief Valve Openinqs 

VarlOllS combln(1tion~:; of the suppJy and relIef ser­

voval ve opPllinq,; W0,P i nvost 1 qi1tnd tlJ qil i n more under­

standlng of rr12 dynêtmlC behavior of the new hydraullc 

system. The f 0 II OWI ng strateg 1 es were used to manipulate 

the two valves : 

(1) The supply and rellef servovalves were manipulated with 

two separate controllers, as shown in Figure 8.1. The 

operatlng range for each of the two valves was set ta 

0.0 - 100% opening. 

(2) The supply and rellef servovalves were manIpulated 

according ta one control law. The controlIer output was 

calculated ,lcc8rdlnq to the o,j(jl1<11 gOJnq tu the suppl Y 

valve (MS) and th~ reI10L valve signal 

calculated by the fol Lowing reIdtIonshlp : 

(MR) was 

MR = MRMAX - ( 
1 - y 

y 

where : 

MR 

MRMAX 

MS 

y 

opening of the relief servovalve 

maximum openIng for the relief servovalve 

openlng of the supply servovalve 

ratio between MI? étnJ Ms 

(8. 1) 
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The control scheme, is shown in Figure 8.2. The operation 

range for the supply servoval ve was set to o. a - 100%, 

while the relief servovalve W3.S operated with different 

ranges ta investigate its effect. The o~tion ranges of 

the valves are indicated with the specific experiments. 

8.1.3 simulation of the Control Laop 

The resul ts of the control simulation and experiménts 

in the filling stage showed that both the PI and pro 

controllers gave satisfactory results. It was expected that 

both controllers wlii also perform weIl ln the péicking 

stage. Thus, the slmpler PI controller was selected for 

cavity pressure control during the packing and holdlng 

stages. 

J 

The"results of cavity gate pressure dynamic studies for , 

\ the packing stage, presented in the prey ious chapter, 

indicated the nonllnear character of the pro cess gain and 

time constant. Thus, the effectlve deslgn of the control 

loop for packing cavlty pressure should compensate for 

this nonllneari ty. The gélin schedul ing control st:rategy, 

presented in section ~.5.2, was employed. The dynamlc study 

of the cavity gate pressure ~ring the packing stage showed 

tha~ the process parameters were related ta the 
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value of cavity gate pressure at the time of the step 

change. In view of the short duratlon of the packing stage, 

it was dlvided, as Cl first élpproxlmi1tJon, lnto two Jnter-

vals wlth dlffercnt prlJC'cs" pi1r,)f1.etr>r~~. A cl1ntroller was 

tuned ta r e<1c11 J nterv ,) l i1nd ope Ic1t H1I1 Wd ~ ';W 1 t ched f rom one 

zone to the next bd:;.-'d on ttH' Vc1!UP nf t!H' CùVlty gate 
" 

pressure. 

calculated by the ITAl' crit,'r-Ioll u:Olng the mode'l pilL1IDcters 

cav i ty gate p,-"', '~1l r,' ,'-,>nt ro l dur1 ng the packl n<J c1nù holding 

1 
stages ue. n<l ,) 1 J l (l!] t ro Il f-'r lS shawn ln Flgure 8.3. The 

resul ts show thcd: the above proposed control strategy 

provides a reasonable approach . 

• 
8.2 Control Experiments 

8.2.1 Seguential Control 

Strateg j es f 0r seqllential transfer from one stage to 

the next T_hrollqnOllt t:he l nj ectlon moldlng cycle ',vere 

discussed l n ~~(>ctlon 3.·t. It wa:J concluded thélt etrateqles 

based on cavlty pressure are the mDer eff,~,:::tlve. Two 

c. strategles are used and evaluated ln the followlng control 
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TABLE 8.1 

Initial Controller Parameter Values Calculated by the 

ITAE for Cavity Gate Pressure Dur~ng the Packing stage 

----- - - ._- - - -- -- -- - -~._--- - --- ------~----.-------------, 

Process P<1ramptel~; PI Controller Parameters 

( from ~'ab 1(' Î • 1 ) 
- .. -- .. ---- ----·-1---·_·_-------

Kc 1 il - -... - .. --.... r ---1 

K (J. l t l MI\,/ 
_ 0 

<J 

i 0.1'"7 ~) ('1 C" 

21.252 0.183 
e O. (, i ! ,'1{ ... 

T (J • () : (} (\( ~ 

--------- --------------- --------------- --------------

K (J •• ' 'J MI'd( %, 

i = 0.4 '. 1 <,oc 

73. '368 0.439 

T (J. 0 1 sec 
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experiments for the i nj ect ion mo 1 ci 1 n'l cye 1 c 

ltl tlJl' slope of cavlty 

gate pn~~;; un' -- t. 1 mt> prui 11 e. 

8.2.2 Control of Peak CavitY-QDd Rold Pressures 

The (II,)., t 1'1. (If t 1 j Il l' " 1" 1 1 III ( r. 'vI d ' , t,) t e ~ ; t t hl' 

capabll 1 t \' II ,1\-' Il' Il 'i' 1 1 ll! l' "l'"t', , " 
)"1 ,', :.-; (> n t (> Cl ln 

sectlon J, ( (>1 d , ()! ll( . Il t I" l ,,' <1 1 , d" 1 t ' ,1I1,1 t101 ri 

pressun':, ,1 <1 n:,t ,pd 1 (''vI 1 'l'Il ( ,d' Il (i IV 1 t Y Nd', 1 1 l'ri 

under Op"!. ! ('()}l (lpl'l di 1 (ln 11 r 1 t Il t li" 1 d 'v : y q<lt " IJl " ' " ,Ill (' 

'J,] 1 Ill' will (l, ,) ',' ,Il! (" j (r '.1;1 l "t" 1 1 1 ! 1 1,1 ~ (1 f 

the :',} Vit 'r t () 

closcd 1 ()()l 1 « >1]/ r .1. 'l'Ill 

holdlnq t 1;11('. ',lIJ 'f> 1 Y l' l 1 (' t ~ J. J V < ) ~,/ f' 1 v f ~' ) 

contro l J ccl 1"/ 

scheme 1 '" Ll1 Flqurc> li .. i . HOf Il V,l l ' ( " " 

with a full range of 0.0 - lU(10, npclllnq. 

l 
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bell ('Vf ' ' t 1) ( d \l ,1 1 Il fI" d , . , Il' ,j , , jnJI1' 1 1)1' ;'ild 
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Several control experiments were perforrned with 

different combinations of the supply and relief valve 

openings. The supply valve WM'; always oper il.ted \.J l th the 

full range of 0 100% openlng and th0 openlnq of the 

relief valve was ca lculated accord ing to Equation (8 _ 1) • 

The first set of experlments was performed wlth the maximum 

opening of the relief valve restricted to 50% and 

the rat~o between the relief and supply valve openings (Y) 

set at 0.5. End of filling was determlned as a cavity gate 

pressure of 1400 pSI (9.6 MPa) which was chosen according 

to resul ts from open loop exper Iments. The hold pressure 

control was run for a speclfled hold1IYJ tlffiC. FJ gure 8. <J 

shows that sat isfactory control wa,.> dclllcvcd f nr nozzle 

pressure even, in the presence ot di,~t'lrbéH1Ces at the start 

of the injectIon. Good contl(\1 ,,<1'; ,1,:hH~ved over cav1ty 

pressure throughout the f l : \ ng stage. 

Three problems wero ',("ountcred ln the performance of 

peak cavi ty and ho id pressure control: overshoot 1 long 

settling time and the osc 111 iJ.t l on of nozzle pressure (ta 

the extent of dropping below the cavity gate pressllre WhlCh 

causes back fJow, êl situation WhlCh lS to be avolded). 

Possible causes for these problems are poor tunl nq of the 

controller ln thlS stage an Ineffective comblnat10n ot the , 

supply and relIef valves, or an unsuitable hold set 'p}int 

profile. 
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The ho1d pressure control 1er was manually adjusted in 

the experiments represented by Figure 8.10. Improvcd 

resu1ts in terms l 1 llq lm!' 

obtained, bllt t 1 -'rI' w,, "t III .'),'. 'l!) l 'Jt 'l',(l l,dlf,fI 01. 

shows thd1 .In Ill' r.' I~,(> ,Il ('d''/l t Y pr ,''';';\11' 

the 'nnt Ir II.'! 
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CH1\PTER 9 

CONCLUSIONS ,AND IŒ< 'OMMENQl.\T IONS 

9.1 Conclmüg}lS 
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success: 'Ill)', 
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stage were best modelled by a flrst-order plus t lIT.C 

delay mode 1. 

9.1.2 Control Studies 

;-

The dynamlc models were employed to design and evaluate 

control ',chr>mn , for the lnJectlon moldlng cycLe. Non:Jc c1nd 

Dahlin 

mold i n(~ 

in orele: t, 1 \l-j, 1"V·' ('ont r ,1 (IV' ,- th, lV l t l' }>1 ,--..r.( \11 (}~-+ -Ill) 

profl J, ," , ,,1' 1 l '1 C, () • 1 fJ -=-,1 k 

cavity :'~ \ lJ" i 

(a) HY;:-;:;lU] L," ;)l"C's'.:ure was best controlled by a PI con-

lr,::' :ror. 

\ .. , , .. _ '" \ 1 1 ~ 



( 
(h) In the nozzle pressure control loop, PlO has advantage 

over the PI controller. Both pro and Dah lin controllers 

gave sat1sfactory rcsults. 

(c) Cavity pn:'~"ur(' Wi1!3 weil "ont coll 0<1 !)y PI ,1I1c1 PlD 

controll0.r~>. Î,ood c0nt 101 

using the ù u"cr""te models nbt ,t 1 n,:d by th~ tv/o ô.p-

prOXlm<ltl0ns for thl"! dP,lrJ tlme. 'l'he slmpler model 

apprOXlmë1 t l ni] the rl.ead tlme by one sampI ing interval 

was chosen for control experiments. 

CONTROL EXPERlMENTS 

(a) Good control over nozzle pressure, during filling was 

obtained after <ln initIal overshoot with PI, pro and 

Oahlln control1ers, 

ln C:'<1','lty qilte {Jressure 

end 0 ~ ! 11 l :. nq . 

(c) The c<c;clllatory bch,1V1Cl' dt the ·.,.:·"1 of ~Jl11::;q Viii::; 

(d) Coocl 

test :cntrc. . ' ., ' 

2GG 
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tien of supply and relief servovalves, both operating 

over the full range (0 ~ 100% opening). 

(e) Injection start up was c:bntrol] eri uSlng nozzle pressure 

while the rest of the cyr::le wos controlled using cavity 

gate pressure. 

(f) End of fiLllng was best detected by monitorlng the 

change in the slope of the cavity gate pressure-time 

proflle. 

(g) Good and reli'able integrated control over the filling, 

packing, and holding stages was achleved by a general 

control scheme wh lch allpws the transfer of control 
(, 

from one varlable ta another during the various stages 

of the process. ) 
/ 

9.2 Recommendations 

Detailed stochastic identification and application of 

modern control theory to the injection molding process 

would be deslrable. Multlvariable schemes have to be 

considered tor centrol of the lnJectlon nolding process. 

of powerful and 

inexpens~ve computer hi1rdware an-:i softv,,'a.re capablJ.lties 

provlde opportunltles for ilcr.levlng on-} ine process 

identlflcatlon and adaptlve control techn lques. 
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'b 
9.3 Clâims For original Work 

(1) The present study is the fir'st attempt te obtain a -

detailed dynamic model useful for control of cavi ty 

pressure during the filling stage. 

(2) This study provides the first dynami9 models for cavity, 

gate pressure, nozzle pressure, and 'hydraulic pressure 

during the packing stage. 

(3) The preS€Jlt stuày is the first to achieve integrated 

cavity pressure control during the filling, packing, 
~ 

and holding stages, as weIl as control of peak cavity 

pressure. 

(4) The present study proposes a novel and dependable 

strategy ta transfer control from the filling to the 
)< 

packing stages. The transfer strategy is based on the 

change in the slope of the cavity gate pressure-time 

profile. 

(5) A control strategy, introducing novel hardware and 

software schemes, was employed to achieve pressure 

control during the filling, packing and holding stages . 
of the injection molding cycle. 

.. , 
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APPENDIX A 

MODE~NG OF THE INJECTION MOLDING PROCESS 

\ , 

A.l Plastication stage 

The maij-ority of the studj es -regarding plastication 

phase hâve far been performed for conventional plasticating 

• extrusion. The models for plastication in injection molding 

are extensions of these. A brief discussion of the models 

. deri ved for extruders is presented by Gomes [ 45] . The 

models deri ved for plastication in injection molding ar~ 

based on the two major stages of operation during the 

irtjection molding cycle [38] [44] 

(1) Screw ~tation period 

(2) Screw stationary, conduction melting period 

Hillier [39] has developed a simple equation relatinq 

flow rate, screw rpm, and pressure for the plasticating 

stage of injection~olding. Calculated flow rate could then 

be used to estimate the time for run-back. A number of 

simplifying assumptions were made; the screw is untapered 

al1d of uniform cross ~ection, and the flow of the polymer 

can be treated as a liquid regardless of its actual state . • 
Donovan et.al. [36] conducted studies to examine 'the 

... 



c 

. 
\ plasticating process in a reciprocat{ng screw injection 

1 

mol ding machine. They concluded that plastication in 

~njection mOlding behaVces as a transient plasticating 

extrusion process. When scréw rotation time is a large 

fraction of the total çycle time, the plasticating behavior 

is very simil~r ta steady- state extrusion behavior. Better 

plastication is achieved by combining loVi screvl RPM wi th 

long rotation time than by combining high screw RPM and 

short rotation.time. Based on the'previou~ observations and 

a .steady-state extrus ion model [37], Donovan (38) proposes 

a heuri?tic model with empirical coefficients for the 

tran,sient mel ting behavior in the reciprocating-screw 

injection mOld,ing machine. He a~sumes that the solid bed 

profile decays exponentially with the screw rotation. Good 

agreemenU-betwe~n model predictions and e~perimental data 

is reported for three different polymers. 
'1 

Lipshitz et.al. [43] have proposed a theoretical model 

for melting'in reciprocating injection molding machines. I~ 

'consists of a combination of the pseudo-dynamic 'extrusi~:>n 

melting model developed by Tadmor et.al. (44] for the screw 

rotation period and Donovan's model [38] for tqe screw rest 

period. The model predicts the relative positions of the 
.... 

solid bed profile. It is in qualitative agreement with the 

expe:r:imental data presented by Donovan [38}. The lack of 

adequate experimental data has restricted the quantitative 

verification of the model. 

2 



, 
\ 

o 

\ 

o 

A.2 Filling and 

\ 

\ 
\ 
\ 
\ 

'\ 
packing s~ges 

\ 
Harry and Parrott (48 ] 

\ -
cqupled the analysis of one-

dimensional quqsi steady-state flow of a power-law flùi~ 
, \ 

wi th a heat balance equation ',to study the \illing of ~ 

rectangular cavity. Viscous heat generation was \considered. 

The mos~ - sërious limitation was related to the '~ssumption 

of a constant pressure gradient in the ,direction of flow. 

For non..,isothe'rmal flow, the model would yield a conserva-

tive estimate of the pressure. In censequence, their 

simulation resul ts were sucfess ful in predicting short , 
shots and s~cessfui fill, but there was considerâble 'error 

i 
in the predic~~d fengths of ~hort shots, and the fill time 

for the full shot condition. \ 

Berger and Gogos [49] and later Wu, \~uang and Gogos 

[50] treated thé radial flow filling of,' a disk cavity. The 
\ / 

transpo equations \for one-dirnensional!' ,flow of a power-law 
\ ' 

'"fluid wer solved. ~hey considered .'two cases: the non-

\\ 1/1othermal ~d the iS,?~heI1ilal probl,~s. They demonstrated 

tnat, for ~h~\ prediction of filling \times, the isothermal 
. \ " 

\ \ 
solution could b~ used under high pressures and correspond-

\ 

ing short filling\~imes. The sarne would apply for relative-

ly' thid~ cavities: If the cavity has extensive thin 

sections, the full 1')cm-isothermal flow problem should be 

considered. 

\ 
, 

o 1 

\ \ 
\. 
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The model proposed by Kamal and Kenig [51,52}_presented 
\ , , 

integrated mathematical treatment of the filling, 

ing and cooling stages of the injection mQlding cycle. 

analysis . of the filling ~tage, equations of 

'motion and energy were simplified for a one­

creeping flow of a power-Iaw f,luid. Viscous 

'\ ,:t.emperat ra-, and the variation of polymer density with\ . \ 

4 

-neating'j latent heat effects, viscosity' dependence ~n 

temperat\~e and pressure were considered. For the packing \> ~ 

"and cooling stages, the heat conduction equation was' 

applied to th~ solid and mel t phases, assuming constant 
$ 

(but different) values of the thermal properties. Numerical 

solutions, were obtained, using a finite-difference method, 
\ 

and compated with experimental results for the case of 

spreading !adial • flow in a semi-circular cavi ty. Their 

model yielded predictions in good agreement with experimen- " 

t~l data for the progression of the melt front during the 
\ 

filling and the pres~ure distribution during aIl stages of 

the injection molding cycle. 
i. 

Kamal et. al. [53] extended the above model to the 

reatment of the- injection molding behavior of thermoplas­

tic in rectangular cavities. TheLr model included a 

compl x analytical expression for the pre~sure distribution 

in the \~~lël cavity, obtained ,by linearizing the governing 

non-lin~\r partial differential equations. 'Calculated 

results- based on the analytical treatment of the compres-

\ 

\ 

\, 
\ 
\ 
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Il 

, . 
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-lit 

5 

sible flow into the cavity were Gompared to expe,;-Jmental , 

pressure dist'ributions. Both experimental and calculated 

pressure towards a 'flat preSfoure \ 

~ profile during thè packing ~ . chung, and Ryan [54] 'presented a \ 

numerical solution for the same non-linear partial dif- 1 

feren'tial equation but with diff'erent boundary conditions 1 
from thosë suggested .by Kamal [53]. Because of 'the short 1 

;.J' 

d';lrat~~r of the packineJ: stage,. temperature changes 'fIithin 

the mo~ten polymer were neglected. Their calculated , . 
pressure distributions during packing showed a higher 

,'pressure gradient near the gate which became essentially 

uniform at a ,s'hort distance from the gate •. The pressure 

---gradlen~decreased with time and ~he pressure dist~~bution 
ç 

in the mold cavity tended to bec~me more uniforme The above 

-':~iiàlyses show the importance of the fluid motion and 

--deformations V?hich occur during the packing stage of the 

injection molding cycle, influencing _,xhe /' _ 

microstructure of the molded part. \' 
morphology and 

Broyer, Gutfinger and Tadmor [55] considered two 

dimensional, fUlly developed, isothermal, creeping ~low in 

each of th~ directions (HEtle-Shaw type flo.w). The filling 

stage was solved isothe1rmally for a non-Newtonian melt, 

... ', using the fi'ni te-element method. In stûdying the fl,lling of 

a :ectangular cavity with a high aspect ratio cross sec-

tion, White [56] devel~ped a model based on a one-dimen­

sional Hele-Shaw flow. The model was divi,ded into three 

1 

1 

•• ••• • 1 

, 
.(. 



reCJions: region l, near the gate, radi~~flOW; region 2, 

which comprises 

~" vicinity of the 

the area stretching 'from ~~gion 
\ 

front, where a fully developed 

1 to 

flow 

prevailsi region 3A-_which consists of the moving front and 

the fluid immediately behind it. Their model cannot be 

app~~ed with success to region 3, where the velocity field 

in the gapwise direction has to be considered. 

Williams and Lord [57,58] analyzed the mold filling, 

6 

portion 01, the 'inj ection molding cycl~ in two 

firstly, the flow of the mel t in the delivery 

party 

system . 

(sprue, runner and gate) and, secondly, the flow in the 

mold cavity itself. The analysis of the flow in the 

delivery system is important, because the behavior of t;he 

plastic in the mold cavity is affected by what occurs in 

the upstream channels. Also, an analysis starting at the 

nozzle will 'remove the need of inserting measuring devices 

in the cavity. This can be very important for industrial 

and control applications. Model pre9ictions- for the 

pressure drop in the cavity were compared to the experimen~ 

tal results obtained with an instrumented plaque mOl~e 

model was found to correctly d~scribe trends, such ~ 

increase in the pressure required to fill molds as injec-

tian rate, melt tempe rature , and mold temperature decreas-

ed, but agreement between predictions and measurements was 

not particularly good. Barrie (59] studied the filling of a 

canter-gated disk cavity of'uniform thickness. Experim~ntal 

l 

\ 

\ 
j 
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J , 
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. data of pressure losses in the cavity and the delivery 

channels for varying flow rates at three different tempera­

~s were obtained. Pressure losses in the delivery system 
//-

l ,/ wflre estimated by using the Hagen-Poiseuille equation 

modified for non-Newtonian fluids by using the apparent 

viscosity at different shear rates. The effects of pressure 

dependence of viscosity and"viscous heating were ignored as 

they act in opposition to each other and were assumed to 

cancel the effects of each other. In order to simplify the 

flow equations in the cavity, two empirical assumptions 

were made: (i) at the instant the melt reaches cavity ex-

tremities, the layer of frozen material is of constant 

thicknessi and (ii) the thickness of frozen layer is 

proportional to the cube-root of time. Reasonable agreement 

between experimental and calculated values was obtained for 

pressure losses in the nozzle and delivery channel and for 

- cavities with thickness of 0.067 inches and more. 

An analytical- numerical method based on the thin 

cavi ty approx~mations and the two dimensional flow and 

. energy equations was developed by Kuo and Kamal [60] for 

predicting flow quantities and temperature distributions in 

" complex cavities. The shear rate and tempe rature dependence 

o~ viscosi ~y were cons idered .. Ryan an~ Chung [61] presen­

ted a detailed analytical so-lution of the analysis of the 

filling stage in thin rectangular mold cavities based upon 

the Helè-Shaw flow theory combined with a conformal mapping 

7 
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technique. They claimed that the model gave a simpler and 

more direct deterrnination of the pressure distribution, 

; ,temperature distribution and filling time. Model predic-

tions were compared with the experimental data of ~uo and 

Kamal [53] and showed good agreement. 

-
Wang et. al. [62] modeled the filling and cooling stages 

employing a viscoelastic constitutive equation. The model 

involv~d one-dimensional, unsteady, non-isothermal pressure 

flow of polyrner between two parallel plates. The model 

gives good predictions for the birefringence as a fun~tion 

of melt temperature, wall temperature, gap thickness and 

fill time. Recently, Lafleur and Kamal [63] and Kamal 

et.al. (64J proposed a computer simulation of the injection 

molding process which permits the prediction of sorne 

microstructural parameters in the molded articles, such as 

the distribution~ of crystallinity and frozen stresses. 

A.3 Product Quality Studies 

An important objectiye of injection mOlding modelling 

must be th~ prediction of the ul timate properties of the 

molded articles. For this purpose, it would be necessary to 

develop product quality models that r~ate the therrno-' 
./ 

mechanical history of the polymer to the development of 



o 
microstructure, mainly morphology, orientation and crystal­

~ 

linity in the molded part, and ultimately to relate the 

final properties of the molded articles to the distribution 
! 

of microstructure. 

A variety of experimental studies regarding microstrùc-

ture distribution and its influence 

~;roperties of molded parts .have been 

on the ~~ltimate 

'" reported ih the 
"', 

literature. Clark [65J studied the structure development'of 
\ 

injection molded acetal polymers under different molding 

conditions, and the influence on the mechanical properties 

of the molded parts. He observed, by optical microscopy, 

that injection moldings consist of a composite of different 

morphologies forming a laminated structure. Three types of 

morphology occur: a skin of high molecular orientation, a 

less highly oriented intermediate "transcrystalline layer", 

and a spherulitic core. Clark [65] pointed out that the 

skin represents that portion of the melt crystallizing 

during the filling period. The transcrystalline and 

spherul L tic regions resul t from crystallization under low 

mel t stress. Furthertnore, the variation in skin thickness 

in a molding is due to the expected decrease of mel t 

velocity with distance from the gate and its corresponding 

influence on the creation of fibril nuclei. Further, the 

relative volumes of the transcrystalline and spherulitiè 

regions are deter,mined by the rate of heat transfer to the 
~ 

mold wall. Boehme [66] observed tbat the thicknesses of the 

• 
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three developing zonès are influence both by the molding 

procedure and the mold temperature, whièn in turn, modified 
/ ... " 
J 

the mechanical properties and the dimensional stability of 

the molded part. -. 
1 

'Kantz, Newman and "stigale [67] studied the skin-core 

morphology and microstructure property relationships in 

injection molded tensile bars of polypropylene. They 

employed optical microscopy and X-ray diffraction to study 
,~ 

the effects of mel t temperature and inj ection pressure ,on 

the morphology and crystalline orientation and their 
,> 

influence on the mechanical properties of the molded parts. 

Their studies revealed the presence of three distinct 

crystalline zones ,1 namely, a highly oriented 

non-spherulitic skin, a shear-nucleated spherulitic 

intermediate layer, and a typically spherulitic core. 

Ultimate properties were related to the thicknesses of the 

different morphological zones. The thickness of the 

oriented skin layer varied inversely with polymer melt 

temperature, and it was slightly affected by in je et ion 

pressure. The sum ,Of the area fractions of the skin and 

~intermediate' shear zones, which reflects the orie~ted 

portion of the specimen, varied linearly with temperature. 
" 

Injeètion pressure had a noticeable effect on the area 

fraction of the shear zone. The resul ts suggested that 
\ 

operating at, or close, tOr~e melting point would produce 

a highly or~~nted structure. The preferred crystallite 

10 
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orientation in the skin and 

profound effect on mechanical 

intermediate layer had a 

properties. The tensile 

yield strength, impact strength and shrinkage increased 

with increasing combined thickness of the two oriented 

outer layers (see Figure 3.A.3-a,b,c). 

Fitchmun and Mencik [68] and later Hobbs and Pratt [69] 

made observations concerning the composite structure or 

11 

skin - core morphology of inj ection molded crystalline 

polymers. The former workers used optical and scanning 

electron microscopy to characterize the morphology in~ 

injection molded polypropylene, while the latter employed 

optica'l microscopy 1 X-ray diffraction and density measure-

ments to characterize the skin core morphology in 

injection molded poly (butylene terephthalate). Henke, 

et. al. [70] studied the effect of mold temperature on the 

morp~ological structure and physical properties of propyle­

ne-ethylene copolymer injection molded tensile bars. They 

'showed that izod and tensile impact strengths decreased 

wi th increasing mold temperature. They attributed this 

effect to the increase in the spherulite size in the shear 

and core regions, by increasing mold temperature. 

Tan and Kamal [71,72] studied the effect of mel t and 

mold temperatures on the development of the various 

morphological zones and the orientation distributiqn in 

injoction molded polyethylene. Four different textures of 

microstructure were observed. The distribution and thick-
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nes es of the morphological zones v from 
.. 

~e te. 
They were also strongly f.eeted by pr 

varia~~es such as melt and mold ratures. The 

nesses of the' skin and shear zohes decrè~sed with inereas 

ing melt temperature. Increasing the mold temperature 

caused a decrease ~e thickness of .the Shea~\ZO~e. 
Polarized light microscopy and differential scanning 

• 
calorimetry were used by Kamal, Kalyon and De~,~Y [73) to 

determinEl the morphology and orientation of two\ different 
\ 

injection molded polyethylene resins. Shrinkage anà\tensile 

properties of the moldings wer~ d~termined experime~~alIY. 

Measurements of the distributions of densi ty, bire~,~in­

gence, sonic modulus, tensile modulus and wide angle X~~ay 

diffraction were employed by Moy and Kamal (74] to charac~ 
, 

terize the microst'ructure orientation 
\ 

( crystall ini ty and 

distributions) of '~jection molded polyethylene parts. 

Particularly, they attempted to separate and estimate the 

contributions of the crystalline and amorphous components 

to the ~verall orientatià~ in such products. ~~perimental 
results were employed in conjunction with an existing 

mechanical model developed by Seferis an<7 Samuels (75) to 

caleulate the distribution of sonie and tensile moduli" in 

the -mol~lngs. The calculations were in good agreement with 

experimental meas~rements. 

A number of. studies in the area of injection molding 

ha e eoncentrated on the study of orientation in the 

~ \ 

12 

" 



o 
. \ 

13 

injection"-Dlolded parts. Pioneerinq work conducted »'by 

Spencer and Gilmore [76] has shown that incr~asing packinq 

-time increa;:;es the frozen orientation in injection molded 

polystyrene boxes. Me,nges and Wubken [771 have studied 

orientation in polystyrene mold~nqs by' means of heat 

shri~kage measurements. They have concluded that the flow 

direction is the main direction of orientation rtn planar ' 

moldings and that maximum orientation is observed at the 

surface, while minimum orientation, is observed at the 

centre of the moldings. Their results sho~ that the deqree 

- ,6f-\'rientatio'n decreases with increasing melt temperature. 
, \ 

Raisfng cavity wall temperature caused a similar effect, 

but increasing. the melt temperatur~ is more effective. 

~IncreaSing the injection rate tends to marginally increase 
, 

the orientation at the surface while it significantly 

reduces the internaI orientation. Similar ~esults have been 
.\ 

reported by Bakerdjian and Kamal [78] from birefrinqence 
. 
measurements in polystyrene mOldings., More complex behavior 

of the orientation distribution is observed in conjunction 
-

with polyethylene moldings~ This complex behavior is 

attributed to the interaction between the 

cr)stallization phenomena. 

o:iientation and . . 

Fleissner and paschke [79] and Paschke [80] have 
J' • If" 

studied the influence of me,l t tempe rature on the g,evelop-

. ment of orientation as 'measured by birefr·ingence and heat 

shrinkage measurements, and by its effect on the meéhanical 

J' 

,,/ 
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properties of thin-wall (1 mm) injection moldings' of high 

density polyethylene." They have found that for high-flow 

materials, increasing the melt temperature in the range of 

140 C to 340 C tends to decrease the notched impact 

strength, while for low-flow materials, the notched impact 

strength tends to increase as the melt temperature is 

increased. Furthermore, the tensile yield stress is 

observed to decrease as the'melt tempe~ture i5 increased, 

due to the lower orientation. The elongation at yield tends 

to increase e, f.or high-flow materials, but decreases for 

low-flow materials. Fleissner and Paschke attributed the 

differences in mechanical properties to the lower orienta-. .. , 

tion at higher melt temperature, and to the molecular 

weight differences between high-flow and low-flow materia-

ls. On the basis of their findings", 'they suggested that the 

optimum temperature range for inj ection molding of high 

density polyethylene is between 280-310 C. 

Tadmor [81] developed a model incorporating flow and 
- , 

heat transfer coupled with molecular theories in an âttempt 

to predict orientation in terms of shrinkage of inj ection 
1 
"-

molded parts. The model showed that orientation increased 

with increasing injection speed and decreased with an 

increase in temperature and cavity thicknes~. Orientation 

in the surface layer (skin) was considered to be induced by 

steady elon9ation~1 flow in the advancing f~ont'. ,However, 

t the proposed theory could only qualitatively describe , 
\ 

14 



the data points 

of the crude 

v 

reported by)nqes and Wubken [82],' because 

,.form of the model and the insufficient 

information on exper imenta1 conditions.· 

Oda, White and Clark [83] reported in an experimental 

study on polystyrene mel ts, that orientation development 
" 

-, during non-isothermal polymer processing operations 
, 

involving vitrification could be predicted by a knowledge 

of the stress fiéld pr'ior to solidificatièn and by the 

application of stress-optical 'laws where the birefringence 

could be related to the stress field through the stress": 

optical coefficient. Dietz, whfte and .. Clark [84] appl ied 

this ide a to orientation distribution in injection molded 

parts. The stress distribution during mold filling Wà..s 

obtained Tlslng isothermal steady state shear flow. Relaxa­

tion during the subsequent cool!ng and solidification was 

followed by the using Matsui-Bogue [8~] formulation for 

non-isothermal rëla~tion. They assumed that the melt 
\ 

relaxed in a Maxwellian manner. Based 'on this simplified 

flow model, the calculated birefringence was lower than the 

measurèd levels by about 15% • Simflar work was reported by 

Kamal and Tan [86] for the injection molding of polystyrene 

using a relation proposea oby Wales [87] for the dependence 

of birefringence on' shear stress at the wall .[ n = A(T )]. 

Fai:rly good agre~ment between the experimental anç:l calcu-

lated v~lues for birefringence was obtained. 

Wales, et.al. [88] have ~own tha~ the relationship 

/ 
, 
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between b1refringence and shear stress at the wall is , 

independent of tempe rature as shown in Figure 3.A.7. This 

'" .,. suggests that for the non-isothermal cavity filling 

process, the shear stress might be an ap ropriate varia~le 

to estimate the,orientation. 

The above studies suggest that al though the physical 

properties of injection molded thermoplastics a affected 

by orientation, they do not all react to it in t same 

way. Therefore, in order to achieve ce~tain properties in a 
f' 

" ~'";l' 
formed article, orientation effects on th~ ,proper,~ies must 

be understood and considered in the design and manufacture 
Q 

of the article. controlled molecular orientation can be a 
, 

valUable aid in achieving optimum properties and perfor-

mance. 
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B.1 Pressure~sdycers 

The pressure transqucers used in this study were 

Dynisco models PT435A and TPT432A. Specifications of the 

transducers are given in reference [161]. 

Calibration of the .pressure transducers was' performed 
-< 

using a high pressurfo Idead-weight tester [162]. It represe-

nts a source of accurate pressure. The calibration proced-

ure of the manufacturer was follow~d [162]. The calibration 

was performe'd in psi as working units (1 Pa = 1.45 x 10-4 

psi). The calibration data were fitted by linear regression 

and shown in Figures B.1 - B.4. 

~ 2 • Linear Velocity Transducer 

The ram veloci ty was measured using a linear veloei ty 

transdl,lcer, . TRANS,-TEK (Model 112-001) [163]'. The calibra~ 

tion of the transducer was performed using the Instron 

Universal Testing Machine in conjunction with known 

veloci ties. The output of the transducer was traced on a 

chart recorder. The calibration curve obtained by lineàr 

regression of the calibration data is given in Figure B.5. 
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. 
8.3 Linear Displacement TraDsducer 

The 1 in~ar displacement transducer waR cal ibra ted by 

applying a known displacement and determining the cor­

respondjnq output in milivolts. The calibration curve is 

shown in Figure B.6. 
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APPBMD:rx c-

, 
\ 

The sérvovalves used in the system are two stage 

valves, Mooq AO-76-103 model. The va~v,has a rated flow of 
c; 

10 qpm (U.S.) at 1000 psi valve pressure drop. The hydrau­

lie and perforD~nce charaeteristies are qiven in the 

attaehed sheets reproduced from the manufacturer's documen-

tation [164]. 
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FIGURE 1 CHANGE IN RATED 

FlOW W/TH PRESSURE 

fiGURE 2 - CHANGE IN CONTROL FLOW 
WITH CURRENT AND LOlO PRESSURE 

FLUID SUPPLY A076 Servovêllves are intended ta operate 
wlth constant supply pressure. 

SuppJy Pressure 
minimum 
maxImum standard 
maximum special arder 

Proof Pressure 
at pressure port 
at return port 

200 pSI (14 bars) 
3000 pSI (210 bars) 
5000 pSI (350 bars) 

150% supply 
100% supply 

NFPA statie pressure rating* 6900 pSI 
(test pressure 10,700 pSI) 

NFPA cyclic pressure rattng 
(pressure port)· 

(cyelic test pressure 
4350 psi for' > 106 èycles) 

Fluidt 

Supply filtratIon requlred 

Operatrng temperature 

maximum 
(unless limlted by fluld) 

3000 pSI 

petroleum base hydraullc 
flUids 60·450 SUS @ 100' F 
(10·97 eST @ 38' C) 

10,LLm nommai (25J.,tm abso· 
lute) or ftner recemmended 

- 40' F (- 40' C) 
+ 275'F (...:... 135'C) 

'Method ot venly,n, SÙltie and 'at'Ilue pressure rat,"1lS per NFPttT2 li 1·.974, 
catecory 3/90 

tBun. N s.al. are standard. Vlton A and EPR avallabl. on specIal o,"d.r 

RATED FLOW Five standard slzes are avallable havmg rated 
flows of 1. 2% ,- 5. 10. and 15 gpm at 1000 Plil valve drop 
(3.8.9.5, 19.38. and 57 lit/min at 70 bars). See plot at left 
for correspondlng rated flows at other supply pressures. - , 
Flow wlth varlous comblnatlons of suc ply preS5ure and la ad 
pressure drop can be determlned by calculatrng the valve 
pressure drop . 

Pv = (Ps - PR) - PL. 
Py = valve pressure drop 
Ps = supply pressure 
PR = return pressure 
PL = load pressure drop 

FLOW·LOAD CHARACTERISTICS Control flow tt' the load 
Will change wlth Joad pressure drop and electrical input as 
shown in Figure 2. These characterrstics follow closely the 
theoretical sauare·root relatlonshlp for sharp·edged onflces, 
whlch is 

QL :::: KI V Py 

QL = control, flow 
K = valve SIZlng constant 
i = input current 
Pv = val~~ pressure drop 

INTERNAl LEAKAGE MaXimum internai leakage for each 
size servovalve IS: 

Flow wlth 1000 psi (70 bars) Supply 
Rate<! Flow , Internai leakage 

1 gpm (3.8 lit! mm) 
21/ 2 gpm (9.5 hUmm) 
5 gpm (19ht!mln) 

10 gpm (3811t1mm) 
15 gpm (57ht/mln) 

< 0.17 gpm (0.66 htl mm) 
< 0.22 gpm (0.83 lIt/mm) 
< 0.35 gpm (1.32 lit/mm) 
< 035 gpm (1.32 lit/min) 
< 035 gpm (1.32 lit/ mm) 
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PERFORMANCE CHARACTERISTICS Uni." SPlCltied oth.rwls •. III perform.nc. 
plr,m.t.rs Ire I",.n for v.lv. optret.on on 
Mob.1 DTE·24 fluid lit lOO·F (3S·Cl. 

FIGURE 3 
NO·LOlD FLOW 
GAIN TOLWHCES 

FLOW GAIN The no-Ioad flow characterrstlcs of A076 
Servovalves can be plotted to show flow gain, symmetry, 
and IIneanty. TYPlcal IImlts (excludlng hysteresis effects) 
are shown ln Figure 3. 

L1NEARITY The nonllneaTity of control flow to input cur· 
rent Will be most severe ln the null reglon due ta varra­
tians ln the spool null cut. With standard production toi­
erances valve flow gain about null (within =5% of rated 
current rnput) may range from 50 ta 200% of the normal 
flow gain. 

~ATED FLOW TOLERANCE 

SYMMETRY 

HYSTERESIS 

THRESHOLD 

= 10% 

< 10% 

1 <3% 

SPOOL DRIVING FORCES 

PRESSURE GAIN The blocked load drfferentlal pressure 
will change rapldly from one "mit ta the other as ;nput 
current causes the valve spool to traverse the null reglon. 
Normally the pressure gain at null for A076 Servovalves 
exceeds 30 % of supply pressure for 1 % of rated current 
and can be as hlgh as 80%. 

NULL externally adlustable 

NULL SHIFT 
With Temperature 100°F vanatlon (56°C) < == 2% 
Wlth Acceleration to 10 g < == 2% 
With Supply Pre~ure 80% to lHl% nominal < =2% 
With Quiescent Current 50% to 100% rated current <=2% 
With Back Pressure 0% ta 2{)% ofsupply <±2% 

FREQUENCY RtSPONSE Typlcal response charactens. 
tics for A07& Servovalves are shown ln Figures 4 and 
5. Servovalve frequency response will vary wlth Signai 
amplitude, supply pressure, temperature, and interna~ 
valve design parameters. The varsatlon in response with 
supply pressure, as expressed by the change ln fre· 
quency of the 90' phase pomt, IS glven in Figure 6. 

SrEP RESPONSE Typlcal translent response of A076 
Servovalves IS glven ln Figure 7. The stralght·line por· 
tlon of the response represents saturation flow from the 
pilot stage whlch will rncrease wlth higher supply pres· 
sures. 

;:::::~~+--+'~4~H IlD ~ • 

;-:.;:.;.;....;,.;;:...;.;::..:~~.tS~-4I~-4M la" ~ 
t>C 

-+.p.,.-I*-b':;.,..q.4,...-i~ ... i! 

-~~--'-"""_...I.-....L...-l.i.....).J..--'--ID The maximum hydraullc force 
avallable to drive the second· 
stage spool Will dépend upon the 
supply pressure, and the hydrau­
Ile amplifier pressure gradient. 
The normal flrst-stage conflgu· 
ratlôn for A076 Servovalves \VIII 
produce a spool drrvrng f6rce, 
gradient whlch exceeds 1 Ibl % 
(0.4 daN/ %) Input current wlth 

" Il Il li ~ 11 1. 151 III • 411 ID Il Il JI 41 11 1. 151 III •• 

a 3000 pSI (210 bars) supply. 
This gradient Will be reduced 
about 30 % when operatlng on 
a 1000 pSI (70 bars) supply. 
The maximum spool drrvlng 
force wlth 3000 pSI (210 bars}--" 
supply IS 150 pounds (67 daN) 
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Appendix D 

Discrete Model for Hydraulic Pressure: 

The hydraulic pressure response (PH) to a" change- in the valve opening (M) is 

!D0delled by a first arder model plus a damping oscillatory component. The model, 

written in the time damain, is: 
- ( 

, PaCt) = 'K (1 - e-Ct-D)/r) + KI [(1 _ ç'~)1/2 Tl e-~t/rl sin {(1 - ~)1/2 :1 } 1 
(D.l) 

let 

1 
(1 - ~2)1/2 Tl 

= c 

ç' 1 T}" = a 
(1 - ç2)l/2 

= W ,. 1'1 , 

Equation (p.1) becomes: 
, 

(D.2) 

In the Laplace domain, Equation (D.2) becomes: 

f K -DS K P S) _ e +: 1 C W 

H ( - S (1' S + 1) (S + a)2 + w2 
(D.3) 

for a step cll~nge in t(e:alve apeningt., M(S) = i . 

Therefore, Equation (D.3) can be wdtten in the transfer for function form as: 
~ 

G(.s PReS) K e-DS 'KI C W S 
) = M(S) = (r S + 1) + (8 + a)2 + w2 

(DA) 

, c 



o 

~ ~ • 

'. 

~ 

, Using a zero order hold..!JlG(8) ~an be writf:an as:, 

HG(S) = (1 -;-T~) f(K e-
DS + KI C W 8 ' ] 

UT S + 1) (8 + a)' + w2 

let D = nT where T = Sampling time 

n = Integer 

Z-transform of Equation (D.7) gives the pulse transfer function as follows: 

HG(Z) K(l-Z-l)z-n'z{ 1 } \. - , S(T S + 1) 

* [ 'K ] -1 1 C W 

+ (1 - Z ) Z (8 + ar' + w2 -, 
'\ 

• ~-

t ' HG(~)\ç 
, \ 

K 1 .:-. Z-l) i-n z [~ - S +11/ T 1 
+ KtC (1- z-tj' z [(S +4)' +W'] 

" 
< • 

'v 

" , 

\. 

, ,'ro.,:~ 

" 

(D.5) 

(D.6) 

.. 
\ 

\ 

~D.8) 

-

\ 
\ 

(D.9) \ ,J 



c 

\ 

• 

~ 

HG(Z) K(l - Z-l) Z-n [1 _1Z_1 - 1 _ e-~/r Z-I] 

" Z- l e-aT sinwT 
+ K 1c (1 - Z-l) 1- 2 Z-l caT cos wT + e-2oT Z-2 

Let 

b -T/r - e 

d -liT - e 

f - 2 e-I1T cos wT 

g - e-21lT 

h = K(l- b) 

Equation (D.lO) can be written as: 

HG(Z) = 

For n = 1 

(, 

[ 
1 - bZ-1 

- 1 + Z-l 1 
K z-n (1 _'Z-I) (1- Z-l)(l _ bZ-1) 

d Z-l 
+ K1c (1 - Z-I) 1 _1 Z-l + g Z-2 

,--

J 

\ 

(0.10) 

(0.11) 

(Il.12) 



o 

• f 

Let 

(K(I- b)Z-2)(1 - f Z-l + g2 Z-2) 

+ (1- bZ-1)(K1 cdZ-1 - KICdZ- 2 ) 

=--------~------------~~---

, 1 - f Z-l + gZ-2 - bZ-1 +. bj Z-2 - bgZ-S 

--
1- (! + b)Z-l + (bf +.g)Z-2 - bgZ-3 

~ 

... '-, , 
bl - Klcd/ 

b2 - (h - KICd - K1cdb) 

bs - (hl - Klcdb) 

b .. = hg 

CIo = 1 

al - (! + b) .. 
a2 - (!JI + g) 

/ 

a3 = ·,bg 

. (D:13) 

(0.14) 

(D.15) , 

< 



.. 
, 

i 

c 

\ 
-- \ 

\ 

\ . 
Equation (0.15) can be writ~n as follQ.?,s: 

\ 

BG(Z) = PH(Z) = b1Z- 1 + b2Z- 2 
- bsZ-s + b.Z-· 

M(Z) 1 - a1Z-1 + a~Z-2 - a;JZ-s 

Or in the time domain: 

1 
PaCk) = atPH(k -1) - a2Pa(K - 2} + a,PH(k - 3) + b1M(k - I} 

+ b2M(i: - 2) - bsM(k - 3) + b"M(k - ~) 

-,\ 

wh~e k is tpe sampling instant. 

(D.16) 

(D.17) -

" 
Il 



o Appendix E 

Discrete Model for Nozzle Pressure: 

Nozzle pressur~ (PN) was modelled by a first order response of the form: 

where: 

T 

D 

Nozzle pressure at sampling instant, t 

Process gain 

Proces~ time constant 

Time dealy 

Laplace transform of Equation (E.1) gives: 

1 

S 

For a~step change in the valve ope ing, M(S) = ~, 

1 P (S) Ke -DS 
G(S) = N _ 

M(,s) (TB + 1) 

Using a zero order hold, Equation (E.2) becomes: 

HG(S) = (~e-TS) (Ke-DS ) 
B TB +1 

The pulse transfer function of Equation (E.3) is: 

HG(Z) = Z [1- e-TS . _K_e_-D_S] 
S TB+ 1 

, l-~ 

(E.l) 

-
(E.2) 

(E.3) ; 

(E.4) 



, 

-, 

Two a.pproximations for the dead time are used ta derive the discrete model: 

Ci) D = nT where n = integer and T = the sampling time. 

for n = 1 

HG(Z) = Z - e . _e _ [1 -TS K -nTS l 
S 'TS + 1 

HG(Z) = K(l - z-l)z-n Z [ l ,] 
- S('TS + 1) 

HG(Z) = K(l - Z-l) z-n Z [~ - 1 ] 
S S + liT 

HG(Z) = K(l _ Z-l) z-n [ 1 1] 
1 - Z-l - 1 - e-T/ r Z-l 

[

-Tir + Z-l ] HG Z = Kz-n -e 
( ) (1- e-T / r Z-1) 

. K(Z-l - e-T / r z-l)z-n 
H G(Z) = ----!----=-:--..!.--

1 - e-Tlr Z-l , 

HG(Z) = K(1 - a)Z-2 
1 - aZ-1 

- , 

.. 

" 

. where a = e-T / r 

HG(Z) = PN(Z) ',= K(l - a)Z-2 
M(Z) 1- aZ-1 

(E.5) 

(E.6) 

(E.7) 

(E.8) 

(E.9) 

(E.I0) 

(E.ll) 

(E.12) 



Therefore the discrete response of nozzle pressure in the time domain is: ,. 

where: 

PN(k) = a PN(k - 1) + K(1 - a) M(k - 2) 

PN(k) 

PN(k -1) 
1 

M(k) 

Nozzle pressure at sampl,ing instant, k 

Nozzle pressure at sampling instant, k - 1 

Valve opening at sampling instant, k 

(ii) Padé Approximation for the Dead Time: 

" 

(E.13) 

The exponential term in Equation (E.2) can be approximated by a fir order 

Padé approximation of the fOrIn: 

-DS 1 - 122 S 
e = ---"",--

1 1 + QS 
• 2 • 

\ (E.14) 

let Dl = D/2 . 

G(S) _ K(1 - DIS) 
-;- (t5 + 1)(D1S + 1) 

(E.15) 

\, 'Using partial fraction technique: 

G(S) = A + B 
TB + 1 DIS + 1 

(E.16) 

where 

A = K(T + Dl 
T ~ Dl) 

B 
2KD1 

= DI-T 



t 

1 
r 
, 

c 

c 

(
1- e-TS) [AIT BIDI 1 

HG(S) = S S + l/r + S + IIDI 

Z-Transform of Equation (6.B.18) gives: 

-1 [A/r B/D1 1 
HG(Z) = (1 -lZ ) Z S(S + l/r) + S(S + 1/ Dl) 

Let " 

c = 

d = e-T !Dl 

.. 

HG(Z) = A(l- C)Z-l + B(1 - d)Z-l 
1 - C Z-l 1 - d Z-l 

A(l - 'C)Z-l (1 - d Z-l) + B(l - d)Z-1(1 - cZ- 1 ) 

HG(Z) = (1- c Z-l) (1- d Z-l) 

, 
(E.l7) 

(E.18) \ 

. (E.19) 

- (E.20) 

(E.21) 

(E.22) 

A(l - C)Z-l - A(l - c)d Z-2 + B(l- d) Z-l - E(l - d)c Z-2 
HG(Z)=~--~--~~~--~--~~--~~---

1 - dZ- 1 
- cZ- 1 + cd Z-z (E.23) 

... 



o -
HG(Z) == l-A(! - c) + B(! - d)J~-1 - [A(! - c)d + B(! - d)CJZ-2 

, 1 - (C + d)Z-l + cdZ-2 (E.24) 

(E.25) 

Equation (E.25) can be written in the time domain as: 
" 

Where: 

al - c+ d 

a2 - cd 

b1 - A (l - c) + B (l - d) 

.. b2 - Ad(l - c) + BC(l - d) 

c - e-T / T 

d - e-T / D1 • 

A 
K(T + Dl) 

-
T -Dl 

[ B 
2KDl 

-
Dl-r 

~ 

, 

/ 



Appendix F 

Cavity pressure Discrete Model: 

The model for cavity pressure was obtained as a first order model superimpos~ ..L 

on a ramp component of the form: 

(F.I) 

)~ng Laplace transfer of Equation (F.1) 

(F.2) 

~ 
For a step change in the input variable (valve opening) M = i, wifave: 

Pc(S) = G(S) = Kl K 2e-
9S 

M(S) B + (TB + 1) , 

(F.3) 

Using a zero order hold, with T = Sampling time: 

(FA) 

1'he Z-~ransform of Equation (F.4) gives: 

(F:S) 

To perform the Z-transform, the following two approximations for the dead time 

were used: 

( 

,; 



o (1) 6 = nT where n = integer 

HG(Z) = (1- Z-1) Z [K1] + (1- z-l)z-n Z [ K 2 1 
8 2 S(r8 + 1) 

(F.6) 

for n = 1, from the Z - transform ta.bles 

(F.7) 

. K TZ- 1 K (1 - e-T / r )Z-2 
HG(Z) = 1 + ~2~--=~~_ 

(1 - Z-l) 1 - cTlr Z-l 
(F.S) 

(F.9) 

HG Z '= K1TZ-l - [K1Te-Tlr - K 2(1- e-~/r)] Z-2 - K 2(1 - e-T/~)Z-3 
( ) 1 - (1 + e-Tlr)Z-l + e~T/r Z-2 , (F.U) 

Therefore: 

(F.12) 

• 



, .. 

• 

Where: 
... 

al = 1 + e-T / r 

aJ = e-T / r 

, 
hl = KlT 

~ = K1Te-T / r - K2(1 - e-T/,,) 

b3 = K 2(l - e-T/,,} 

Equation (F .12) can be written in the time domain as follows: 

-b2M(k - 2) - bsM(k - 3). 

(il) Pad~ Approii~ation for the Dead Time: 

Equation (F .3) becomes: 

-IS 1-- js e -
- l +!S 

2 

Pc(S) Kl K2(1 - DS) 
M(S) = G(S) = S + (1"8 + 1) (1 + DE) 

Kl A B 
G(S) = S.+ (1"S + 1) + (DS + 1) 

" 

(F.13) 

(F.l4) 

(F.IS) 

(F.lG) 



, ' 

o 

o 

where: 

. 
A -

K 2(r + D) 
(r - D) , 

B _ 2K2D 
D-r" 

1 

HG(S) . (1- ~-TS)) [KI AB] 
S + TS + 1 + DB + 1 

HG(Z) = (1 _ Z-l)Z [KI + AIT + B/D ] 
82 'S(S + ~), 8(S + i) 

let 

\ , 

, r ,,:-

- 1-

(F .17) 

(F .1.8) 

HG(Z) = KIT Z-l + A(l - C)Z-l + B(l - d)Z-l, ",,- (F .20) 
- (1 - Z-l) 1 - C Z-l 1 - d Z-l 

K1Z-1 (1 - c Z-l)(1 - d Z-l) 

+ A(1 - c) Z-l (1-;- Z-l) (1- d Z-l) 

+ B(! - d)Z-1 (1 - Z-I)(1 =. c Z-l) 

.#~~):--------------------
(1 - Z-l) (1- C Z-l) (1- d Z-l) 

\ 

(F .21) ",. 



( 

\ 

.' 

( 
r 

, t 

\ -;-

: ~ 
"- i "' ... 

, 1': 
1 
1 

[KIT Z-l(l- d Z-l - C Z-l +acd Z-2) 

+ A(l !. c)Z-l(l - d Z-l - Z-l + d Z-2) 

• , + B(l- d)Z-I(l - c Z-l - Z-l + C Z-2)} 

H~(zJ-:,..-------__ _ 

4, 

{KIT Z-l {l "'- (c + d}Z-l + cd Z-2} 

+ A{1 - C)Z-l {l - {I + d),Z-l + d Z-2} 

+ B(l- d)Z-~(1 + .)Z-! +. Z-'}] 

'. -4 
1 
: 
\ 

1 (KIT Z-I - K1T(c + d) Z-2 + KIT cdZ-3 / " 

+ .4(1 - C)Z-I - A(l - c) (1 + d)Z-2 + A(I- c)dZ-S 1 

+ B(l - d)Z-l c." B(l- dl (1 + .)Z-' + B(l- d). Z-~ . , 

- ----------------------------------
- l-{1+c+d)Z-I+(C+d+Cd)Z-'2_ cdZ? 

\ 

.' .. 

\ 
\ 

- \ , 

1 

1 
1 
1 

i 
((F.22) 
1 , 

(F.23) 

(F.24) .. 



, 1 
1 

, .. '. '1 l ' ", . 
1 .--, 

"\ 

o 
(F.25) 

and thé response of cavity gate pressure in the time-domain becomes: 
. . <], 

Pc:(k) = _ ~lPc(k - 1) - h2Pc (k - 2) + hsPc(k - 3) 

+ fI M(k - 1) - h M(k - 2) + Is M(k - 3) , ~ 

, (F.26) 

Where: 

\ " - ( 

hl = 1 +c+d 
-

h 2 = c+d+cd 

__ -.J 

h3 = cd 
, 

Il = 'KI T + A (1 - c) + B (1 - d) 

12 = KIT + A(1 - cH! + d) + B(l - d)tI +: c) 
.<--~. 

13 = KIT c dt.A d(l- c) + B c(l- d) 

A = K 2 (+Dd/(-D1 ) 

B = 2 K 2 Dd(DI-) 

C = exp ( ... Tf) 

d - exp (-Tf Dl) 

Q 
;-=" 

./ 

o 

• 
1 



\ 

;'1 
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, )~~ 

\ ' 
'" 

~pp~dix G 

Derivation of Dahlin Controller 

for Nozzle Pressure 

Dahlin ~ontroller ~ give by equation (6.10) as: 
'. 

D(Z)- _ M_( Z _ __ ----:"..,.:{:-l_-...,..e_-T-:-/ >....:...)Z_-n ...... -l.,.-----

- E(Z) - 1 - e-T/>'Z-l - (1 - e-T/>')Z-f&-l 

, 

• • 

1 (G.1) 

HG(Z) 

Substituting for HG(Z) Om Equations (E.12) and (E.25) for the two cases of 

dead-time approximation: 

(i) D = nT, n = 1. 

HG(Z) = K(l .... a)Z-2 = 
1- aZ-1 

(1 ..... e-T /t')Z-2 
1 - e-T/ r Z-l 

(G.2) 

M(Z) - e-T/>.) • 1- e-T/rZ-1 (G.3) 
D(Z) =:= E(Z) = 1 - e-T/>.Z 1 - (1 - e-T />')Z-2 K(! _ e-T/r ) 

'> 

. M(Z) 1 - -TI>. 1 - e-TfrZ-1 . (GA) 
D(Z) - - - ;L . -~-+-\ .,..----="'"'".,--

- :E(Z) - K(l tL-TIr) 1 - e-T />. Z-1 .:... (1- e-T />')Z-2 

Let 

1- eT />' 

K(l - e-T / r ) 

bl = borT!r 

al = e-T / À 
\ 

a2 = 1 - e-T/>.\ 
t 

-, .\ 



-, 5:--, 
,}".., #. 

\ 
, , ~ 

, 
\ , 

'. 

M(Z) bo - b1Z-1 

E(Z) = 1- al Z-l - a2Z-2 
(G.5) 

, 
\ 

M(k) = alM(k - 1) + a2M(k - 2) + b~ E(k) - bl E(k - 1) 

(li) Padé Approximation: 

'. for n = 1 -
• , . 

\ 
_ (1- b)Z-2 \ 

D(Z) - 1 _ b Z-l - (1 - b)W-2 

\ 
\ 

where b =J e-T/>. 

(1 - b)Z-1 
D(Z) = 1 _ b Z-l - (1 - b)Z-2 

(1 - b)Z-l 
D( Z) = -1 ---b --'Z---l _-.:-( l---b--)-Z --2 

, 
\ 

1- a1Z- 1 + a2Z-2 

bl - b;Z-l 

(G.7) 

(G.8) 

(G.9) 

(G.10) 

M(Z) _ (1- b)Z-l - aHl - b)Z-2 + a2(1 - b)Z-:3 (G.ll) 
E(Z) - bl - bblZ-1 - bl (1 - b)/\-2 - b2Z- 1 + bb2Z- 2 + 62 (1 - b)Z-S 

, 
M(Z) (1 - b)Z-l - al(:t-- b)Z-2 + a2 1 - ~----------(G.l~--- -----
E(Z) == bl - (bb l - b2)Z-1 - [bl (1 - b) --602 Z-2 + b2(1 - b)Z-3 



c 

or 

'1 

/ M(Z) flZ- 1 
- l2Z-2 + fsz- s 

E(Z) = ho - hlZ-1 - h2Z-2 + h,3Z-3 

M(k) 
l -
ho [hl M(k - 1) + h2 M(k - 2) .:.. h3 M(k - 3) 

+ fi E(k - 1) - f2 E(k - 2) + h(k - 3)) 

where: 

fi - 1 - e-Tj >. 

/z = (1 - e-Tj~) (e~Tjr + e-TjD1) 

Is - e-Tlr e-TIDI (1 _ e-TI).) 

... ' 

-, t 
h'! = K(r + DJ) (1- e-T/T)(e:"'T/).. _ e-T/DI ) 

f - Dl 

+ 2KDl (1- e-TIDl) (e-Tj>. _ e-Tlr) 
_ Dl-r 

.., 

, r, 

, ' (G.13) 

l , 



ï - '" "."" "~,oc ';-.-,'''x'-,Ç"",,'";"w:;'fF~::;Jt~"i'l- '"; ",C";-,-,,; -::"~"-"ii:-\"lY},;ir"~~~ 

, 

o 
h2 = K(r + Dl) (1- e-T/,.) [1 _ 2K Dl e-~/Dl] 

r - Dl Dl- r 

+ ZKDl (1 _'e-T / D1 ) [1- ZKDl e-T/,.] 
Dl-r Dl-r 

• 9 ' 
. ( 

: ' \ .hs = [K(r + Dl) e-T/D1 (1 _ e-T/,.) + 2KDl e-T/,. (1 _ e-T/D1 )] (1 _ e-T/À) 
, r - Dl Dl- r 

( 

( 

.. ,: 
" 

\, 

0 #1 

',. 



\ 

24 
j 

APPENDIX H 

SIMOIATION PROGRAMS 

/ 

/ 

, 



0 

/ II ' 1 } ~ .. ' ,.",'. ," 

; 

i. HYDRAULIC PRESSURE CONTROL 
i. SIMULA TION PROGRAM 

i. Simulation program for hydraulic pressure cont~ol \sing 
7- PlO controller. Different controller parameter valuero are used. 
i. PI controller can be run by setting td=O.O. ) 
7-
r. 

T"'-= tir ogram calculates the Integral criteria for 
controller perf ormance comparison. 

echo on 
ni=75; 
nil=20; 

i. Controller Par ameters 
kc=O.Ol; 
t1=O.045 
td=O.O; 

ts=O.Ol; 
sp=500.0; 

'X. Sampling time 
y. Set-poInt 

i. Process Model Parameters 
k=30.7; 
t=O.045; 
ded=O.011; 
kl=O.022; 
tl=O.005; 
z=O.168; 
a=z/t 1; 
zz=zA2; 
c= 1 /( « 1-zz)"O.5)*t 1); 
w=( l-zz)"'O.51 t '1 ; 
b=exp(-ts/t); 
d=exp( - a *t s)*sin( w*t 5); 

f=2*exp(-a*ts)*cos(w*ts~ 
g=exp(-2*a*ts); 
h=k*<1-b.l; 
bl=k1*c*d; 
b2=h-k1*c*d-kl*c*d*b; 
b3=h*f-kl*c*d*b; 
b4=h*gj 
aO=1; 
al=f+b; 
a2=b*f+g; 
a3=b*g; 

ac=kc 1 *< 1 +(ts/tü+(td/ts»; 
bc=k.c 1 *<. 1 +2*(td/ts»; 
cC=kc,l *<td/ts); 

se=O.O; 
ae=O.O; 
ta=O.O; 

1 

\ 

, 

.-

~v "-

i 

, 
/ 

1 
1 

l , 



c 

• 

ï. Initialization 

el=O.O; 
e2=0.O; 
p=400; 
m=p/k; 
ml=m; 
m2=m; 
m3=m; 
m4=m; 
pl=p; 
p2=p; 
p3=p; 

for 'i:=l:nii 
It-(i)=i*ts; 
spi(i>=p; 
miCl)=m; 
ph(i)=p; 

end 

for i=nll:ni 
i t(i)=i *ts; 
Spi(l)=SP; 
e=sp-p; 
abse=abs(e); 

if mi(i) > 100 
miü)=100; 

else 
if mi<i)(O 

mlü)=O; 
end 
end 

se= se + e*e; 
ae= ae + absl;!; 

1 

bc*el + cc .... e2j 

ta= ta + üt(ü-nl1*ts>*abse; 

e2=el; 
el=e; 
m4=m3; 

- m3=m2; 
m2=ml; 
ml=mlü); 
p=ph(i); 
p3=p2; 
p2=pl; 
pl=p; 

end 

------------------



'"" 

o 

, 
! 

o 

se = (se - e*e/2)*ts ; 
ae = (ae - abse/2)*'Cs ; 
ta = (ta - ,Ci t(i)-nii *t s)*abse/2)*ts 

;, 

dg 
. ( 

subplot(21D 
axis([O 0.8 1000 3000]) 
plot (it,spi,'--',1 t ,ph,'-') 

; 

title<'PH Control, PID ~ PI Controllers ,> 
ylabelC'Hydraulic Pressure (KPa)') 
xlabel<'Time (sec)') 

,axis([O 0.8 0 50]) 
plotClt,ml,'-') 
ylabel<'Valve Opening (1.)') 

. xlabell."Tlme (sec)'); pause 
meta b:phpi 

, ( 

\ 
n 

I~-,::';'· i .,,~ 

) 

.. 



c 

NOZZLE PRESSURE CONTROL 
S!~~LATION PROGRAM 

• 

Simulation prog ... am fo ... nozzle p ... essu ... e cont ... ol using 

Il 

ï. 
'Y. 
ï. 
'Y. 

PlO controlle .... Diffe ... ent contyolley parametey values a ... e used. 
PI cont ... oller can be ... un by settin~ td=O.O. 
The pyogram calculates the Integral critena fo ... 
cont ... oller pe ... fo ... mance comparison. 

echo on 
ni=75; 
nii=20; 

'Y. Cont ... oller Paramete ... s 
kc=O.008; 
ti=O.045; 
td=O.005; 

ts=O.Ol; 
sp=2500.0; 

'Y. Sampling time 
,1. Set-poiAt 

% Process Model Parameters 
k=211.5; 
t=O.05; 
ded=O.Ol; 

al=exp(-ts/t); 
ac=kc 1 *<1 +<ts/h)+(td/ts»; 
bc=kc 1 *<1 +2*(td/ts~); 
cc =kc 1 *<td/ts); 
se=O.O; 
ae=O.O; 
ta=O.O; 

y. lni tlalization 
el=O.O; 
e2=O.O; 
p=2000; 
m=p/k; 
ml=m; ~ 

m2=m; 
pl=p; 

for l=l:nli 
itCi)=i*ts; 
Spl(i)=p; 
mi(i)=m; 
pn(i)=p; 

end 

.' 

" 



"0 

o 

for i=nii:ni 
it(i)=i*ts; 
spi(i)=sp; 
e=sp-p; 
abse=abs(e); 
mi(i)= ml + ac*e - bc*el + cc*e2; 
if mil:i? > 100 

mi~=100; 
else , 
if' mi(i)(O -

miCi>=O; 
end 
end 
pn(i)=al*pl + k*<1-aD*m2; 
se= se + e*e; 
ae= ae + abse; 
ta= ta + (i t(D-nii*ts)*abse; 
e2=el; 
el=e; 
m2=ml; 
ml=mi(i); 
p=pn(i); 
pl=p; 

end 
e*e/2)*ts ; 
abse/2)*ts ; 

se = (se 
ae = (ae 
ta = (ta (i t(i)-nii *ts)*abse/2)*t<s ; 

dg 
subplot(21D 
~X1S([0 0.8 1500 3000]) 
plotCl t,spi,'--',l t,pn,'-') 
tl tle<' PN Control, PID 
ylabel<'Nozzle Pressure 
dabel<'Time (sec)') 

axis«(O 0.8 0 50]) 

8c PI Controlley') 
(KPa)') 

plotCi t,ml,'-') 
ylabel<'Valve 
'dabel<'Time 
meta b:pnpid 

opening (%)') 

(sec)'),/. pause 

\ 
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mi(i>=.l .... l + a2"'m2 + bO"'e - bl ... el; 1 
if mi(i) > 100 

mi(i)=100; 
el se 
if mi(ü(O 

mi(i)=O; 
end 
end 
pn(i)=a 1 *p 1 + k*( l-a 1 >*m2; 
se= se + e*e; 
ae= ae + abse; 
ta= ta + (i t(i}-nii*ts>*abse; 
el=e; 
m2=m1; 
ml=mi(i); 
P=Pr'(i); 
pl=p; 

end 
se = (se e*e/2>*ts; 
ae "" (ae - abse/2>*ts ; , 
ta = (ta - (it(i>-nii*ts>*abseI2>*ts 

dg 
subplot(21D 
axis([O 0.8 1500 3000]) 
plot(it,spi,'--',lt,pn,'-'> 
title<' PN Control, DahUn Controller') 
ylabel<'Nozzle Pressure (KPa)') 
xlabel<'Tlme (sec)') 

axis([O 0..8 0 50]) 
plot<i t,ml,'-') 
ylabel<'Valve opening (X>,> 
xlabel<'Time (sec)'),,- pause 
meta b:pndah 

, .-

.. 

l-
I 

, . 
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'X. 
'X. 

NOZZLE PRESSURE CONTROL 
SIMULATION PROGRAM 

" 
~ Simulation program for nozzle pressure control using 
7-
1.. 

Dahlin controller. Different controller parameter values aye used. 
The pr6gram calculates the integral criteria for 

7- controller performance companson. 

echo on 
ni=75; 
nii=20; 

" 

'X. Controller parameters 
ts=0.005; 'X. Sampling time 
la~0.006; 'X. Lambda 

C i 
'X. Process Model Parameters 1 
k==211.5; 
t=O.05; 
ded=O.Ol; 
a=exp( -ts/t); 
al=exp(-ts/la); ... ; 
a2= l-exp( -ts/la); 1 
bO=( l-exp{ -ts/la»/(k*( l-exp( -ts/ltm; 
bl=bO*exp(-ts/t); / . 

se=O.O; 
ae=O.O; 
ta=O.O; 
e1=0.0; . 
e.2=O.O; 
p=2000; 
m=p/k; 
ml=m; 
m2=m; 
pl=p; 

Initialization 

for i=l:;,ii 
it<I)=i*ts; 
spi(i)=p; 
mi(i)=m; 
pn(i)=p; 

end 
for i=nii:ni 

i t(i)=i *ts; 
spi(1)=sp; 
e=sp-p; 
abse=abs(e); 

1 

/ 

1 
" 1 

1 
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\ y. CAV~TY PRESSURE CONTROL 
'. . SI,\t.ATION • PROGRAM _, \ 7-'" 

Y. 
7-
Y. 
Y. 
Y. 
7-
Y. 

Simulation program for cavity pressure control using 
PID controller. Different controller parameter values are used. 
PI cdhtroller can be run by s~tting td=O'.O. "-
The 'program calculates the integral criteria for " 

. controller performance comparison. 
Pressure-time profile setpomt is used. 
Two approximations for the process time delay aye u5ed. 

echo on 
ni=80; 

ts::O.Ol,; 

~ Process Model Payameters 
kl=14.0433; 
k2=3.3367; -' . 
t=0.106; 
td:!::ts; 
al=1+exp(-ts/t); ('1 

a2=exp( -ts/t); 
b1=k1 *ts; 
b2=1r1 *t5*exp( -ts/t)-k2*( 1-exp( -ts/t»; 
b3=k2*( l-exp( -ts/t»; 

7. . Cont'roller Parameters 
kc=0.6; 

. tl=O;.P~,: -: 
td=0.0{.l4; -:-
aë}1 =kc*( 1 +(ts/tü+(tâtts»; 
bbl =kc*<l +2*(td/ts~ 
cc1=kc*(td/ts); '. 

y. Set-point Profile 
51=250.0; 
ps=50.0; 
s2=300.0; 

se=O.O; 
~e=O.O; 
ta=O.O; 

for i=l:ni 
?t(ü=i*ts; 
tt=it(i); 

'\ 

) , 
1 

r 

') 

---' .... 
.." 

1 ! 
'. 

u 



if i <=~20 
p=s1*tt; ' .. 
pC (i)=p; 
pCd(ü=p; 
spi<i)::p; 
spl=p; 
pl=pf 
p2=p; 
p3=p; 
m=p/(kl +k2); 
mi(i)=m; 
mdi(ü=m; 
ml=m; 
m2=m; 
m3=m; 
e1=0.0; 
e2=0.0; 

else 

, ......... '" \ 

spi(i)=spl + ps + s2*<tt-20*ts); 
Sp2=Spl(i); 
e=sp2 - p; 
abse=abs(e); 
mi(i)=m 1 + aa 1 *e 
if mi(Ü > 100 

mi(l)=lOO; 
else 

~f ml(i)<O 
mi(J,)=O; 

end 
end 
pc(i)=al*pl - a2*p2 + b1*ml - b2*m2 -b3*m3; 
pc d(i)=p.: Ci); 
mdi(i)=mlCi); 
se = se + e*e; 
ae = ae + ab se; 
ta = ta + Cit(1)-20*ts)*abse; 
e2=el; 
e1=e; 
m3=m2; 
m2=mlj' 
ml=mi(i); 
p=pc<.ü; 

p2=pl; 
pl=p; 

end 
ehd 
se 
ae 
ta 

= (se-e*e/2)*ts ; 
= (ae-abse/2)*ts ; 
= Cta-CitCi)-20*ts)*abse/2>*ts ; 

axis([O 1 0 300J) 
plot(it,spi,'--',i t,pc,'-') 

-tltle('PC PID STEP + RAMP SET POINT') 

L 

", ' .... .,.'(" " 



( 

xlabel<PTime (sec)'j 
ylabel(7Cavl~y Pressure (pSl)') 

textC.70 •• 760,'Kc (1) = 0.6','sc') 
text(.70,.735,' (4) = O.5','sc') 
text(.70,.710,' (5)" = O.4','sc'> 
text(.70,.685,'TI = 0.14 ','sc') 
text(.70,.660,'TD = 0.004 '';sc') 
text(.70,.610,'-- : Set POInt','sc') 

axis(CO 1 0 100]) 
plotü t,mi,'-') 
xlab~l(,Time 
ylabel('Valve 

(sec)') 
Opening (X)') 

meta 

Pade Approximation 

ts=O.Ol; 
dt=O.011; 
dt2=dt/2; \ 

,,'h J ~\cess Model Par ameters 
c=exp(-ts/t); 
d=exp( -ts/dt2); 
a~k2*(t+dt2)/(t-dt2); 
b=2*k2*dt2/(dt2-t); 
cl= 1 + c + d; 
.c2= c + cY + (c * d); 
c3= c * d; 
dl= k1 * ts + a*<1-c) + b*<1-d); 
d2= k1 * ts*(c+d) + a*(l-c)*(l+d) + bil:(1-d)*(l+c); 
d3= k1 * ts * c * d + a*d*(1-c) + 'b*c*(1-d); 

se=O.O; 
ae=O.O; 
ta=O.O; 

for i=l:ni 
i t(i)=i *t?; 
tt=it(i); 

if i <= 20 
p=sl*tt; 
pcpd(i)=p; 
spiCi)=p; 
spl=p; 
pl=p; 
p2=p; 
p3=p; 
m=p/(k 1 +k2); 
mpd(ï)=m; 
ml=m; 
m2=m; 
m3=m; 

• \ 
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el=O.O; 
e2=O.O; 

else 
spl(i)=spl + pS + s2*<tt-20*ts); 
Sp2=Spl(i); 

~ ---- -_J!=sp2 - p; 
abse=absCe); 
mpd(i)=ml + aal*e - bbl*el + ccl*e2; 
if mpdCi) ). 100 
mpd(i)=100; 
el se 

if mpdCü<O 
1) mpd(i)=O; 

end 
end 
pcpd(i)=el*pl - c2*p2 + c3*p3 + dl*ml - d2*m2 + d3*m3; 
se = se +. e*e; 
ae\ = ae + abse; 
t~a ,= ta + (it(1)-20*ts)*abse; 
e2=el; 
el=e; 
m3=m2; 
m2=ml; 
ml=mpd(i)j 
p=pcpdCi); 
p3=p2; 
p2=plj 
pl=p; 

end i' 
end 

axis«(O 1 0 300]) 
plot<it,spi,'--',i t.pcpl,'-',i t,pepd,'-') 

/' title('PC PI & PID, Pa de, STEP + RAMP SET POINT') 
xlabelC'Time (sec)') 
ylabelC'Cavity Pressure (pSI)') 

text(.70,.750,' (1): PI ','se') 
t ext(. 70,. 700,' (2): PID ' ,'se') 
text(.70,.650,'-- : Set Point','sc') 

a:r.ls((O 1 0 100]) 
plotCit,mpi,'-',lt,mpd,'-') 
xlabel('Tlme (sec>') 
ylabelC'Valve Opemng (7.)') 

meta 
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APPENDIX l 

QYERALL CQ~mOL PRQGRAM FOR THE 

INJECTiON ~QLPING CYCLE 

~ 

) 

1 

~ 

t-
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1 

r-

0000: 
0000: 
003B: 
20;::0: 

2'024: 
2'026: 
:'027: 
2'028 : 
20~A: 

203:2 : 
:'034: 
2036. 
:038: 
2'03A: 
2'03C: 
203E: 
2040: 
2044: 
2046: 
2048: 
204A: 
204C: 
:050: 
2051 : 
:::'013: : 
:::053. 
~0S4 : 
:::055: 
:056: 
:058: 
:::059: 
205C: • 
2050: 
0'0'00: 
:'050 : 
2'061 : 
206~ . 
:06:::; : 
:::'064 : 
:::066: 
00'00 : 
:::07~: 

2076: 
:'078: 
:::07A: 
:::07C: 
:'07E: 
:::080: 

MAIN CONTROL PROGRAM (SRV) 

MONITOR 
RCS 
SOSA 
OF 
FCN 
LCN 
RCCR 
TSOSA 
HTCS 
CTCS 
OTBP 
TFTC 
Tl1iCR 
C1CR 
IRC 
FHTP 
CSCCSP 
TRes 
TFscceR 
THsceCR 
TCSCCCR 
FSCC 
Hsec 
csec 
IS'JOF 
SVOH 
SUOP 
IRSVO 
cse 
TFCC 
TSVO 
RSC 

PNAIL 
PNAIM 
PNA2L 
PNA2M 
PNSF 
PNSF2 

EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
tQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU ., 
E')U 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 

EQU 
EQU 
EQU 
EQU 
EQU 
EQU 

PNCRAO EQU 
PNSPP EQU 
PNSPSA EQU 
PNESA EQU 
PNESsA EQU 
PNAIESA EQU 
PNA2ESA EQU 
PNRlsA EQU 
PNRlsSA EQU 

0'03BH 
2020H 
2022H 
2024H 
20~6H 

2027H 
2028H 
2'02AH 
2032H 
:'034H 
:'036H 
2'038H 
:'03AH 
:03CH 
:03EH 
2'040H 
2044H 
2'046H 
2'048H 
2'04AH 
204CH 
2050H 
2051H 
:052H 
2'053H 
2054H 
2'055H 
2'056H 
2058H 
2'059H 
2'05CH 
205DH 

2060H 
2061H 
2062H 
2063H 
2064H 
2066H 

207'0H 
2072H 
2074H 
2076H 
2078H 
207AH 
207CH 
207EH 
2080H 

READING COUNTER SETTING 
START OF DATA STORAGE ADD. 
DISPLACEMENT FACTOR:0001=128 R. 
NO OF IST. CHA~NEL TO BE READ 
NO OF LA ST CHANNEL TO BE REAO 
READING eOUNTER C.R. 
TEMP ST. OF START OF ST.ADD 
HOlD TIME COUNTER SETTING 
COOL TIME COUNTER SETTING 
DELAY TIME BEFORE PLASTICATION 
TEMP ADo. OF FIlL TIME COUNTER 
TEMP ADD. OF HOlD TIME r,OUNTER 
COOLING TIME COUNTER REMDING 
TIMER REPEAT COUNTER 
FIlL/HOLo TRANSITION POINT 
COOL ST. CONT. CHANNEL ~.P. 

TIMER REPEAT COUNTER SETTING 
TEMP ST. OF FSCC C.R. 
TEMP ST. OF HSCC C.R. 
COOL ST. CONT. CHANNEL C.R. 
FILL STAGE CONTROL CHANNEL 
HOLO STAGE CONTROL CHANNEL 
COOL STAGE CONTROL CH~NNEL 
INIT. 35'J OPENING FOP FILlUIG 
5SU OPENING FOR HOLDING 
3SV OPENING FOR PlASTICATION 
I~IT. RSV OPENING 
CONT. STAGE COUNTER 
TEMP 5TORAGE OF CONTROL CHANNEL 
TEMP 5TORAGE OF VALVE OPENING 
READ/STORE CONTROL :0=READ & STORE 

1 =READ ONL y 

PN CONTROLLER CONST. Al (LSBI 
PN CONTROLLER CONST. Al (MSB) 
PN CONTROLLER CONST. A2 \LS8l 
PN CONTROLLER CONST. A: (MSB) 
PN CONTROLLER SCALING FACTOR 
PN CONTROLLER SCALING FACTOR/: 

PN CURRENT RE AD HIG \ C. R.) ADOR 
PN SET POINT PROFILE ADOR. 

1 PN SET POINT .STORAGE AooR. 
PN ERROR STORAGE ADDR. 
PN ERROR SIGN STORAGE AJDR. 
PN AI*El STORAGE ADDR. 
PN A2*El-l STORAGE ADDR. 
PN R1 (Al·El-A2*El-l) ST. AODR. 
PN RI SIGN STORAGE ADDR. 

• 



c 

2082 : 
2084 : 
2086 : 
2088 : 
208A: 
208e: 
208E: 
2090 : 
2092 : 
2094 : 
2096 : 
2098: 
20'3A: 
209C: 
209E: 
0000 : 
20A0: 
20Al : 
20A2 : 
20A3: 
20A4: 
20A6 : 
0000 : 
2080: 
2082: 
2084: 
2086: 
2088: 
208A: 
208C: 
;:~BE; 

20C0: 
Z0C2: 
20C4: 
20C6: 

-- 0000: 
20C8: 
20CA: 
20CC: 
20CE: 
2000: 
20~2: 

2004: 
2006: 
2008: 
200A: 
2008: 
200C: 1 

PNDRSA EOU 
5SVOSA EOU 
RSVOSA EOU 
PNETS EOU 
PNESTS EOU 
PNA 1 ETS EOU 
PNA2ETS EOU 
PNRI T5 EOU 
PNR 1 STS EQU 
PNORT5 EOU 
PNCRr5 EOU 
PNPCTP EOU 
PCPGTP EOU 
PC 1 CRTS EOU 
PC2CRTS EOU 

PCAIL EOU 
PCAIM EOU 
PCA2L EOU 
PCA2M EQU 
PCSF EOU 
PCSF2 EOU 

PCCRAO EOU 
PCSPP EOU 
PCSPSA EOU 
PCESA EQU 
PCESSA EOU 
PCA 1 ESA EOU 
PCA2ESA EOU 
PCR 1 SA EOU 
PCRISSA EOU 
PCORSA EQU 
PCICRAO EQU 
PC2CRAO EOU 

peETS EOU 
PCESTS EOU 
PCA 1 ET5 EOU 
PCA2ETS EOU 
PCR 1 TS EQU 
peR 1 STS EOU 
PCORTS EOU 
DPIT5 EQU 
DP2TS EOU 
DPSL EOU 
OPSM EOU 
OPSTS EQU 
HAlL EOU 
HA1M EQU 

2082H 
2084H 
2086H 
2088H 
208AH 
208CH 
208EH 
2090H 
2092H 
2094H 
2096H 
2098H 
209AH 
209CH 
209EH 

20A0H 
20,0,1 H 
20A2H 
20A:::;H 
20A4H 
20A6H 

:080H 
2082H 
2084H 
2086H 
2088H 
'208AH 
208CH 
208EH 
20C0H 
20C2H 
20C4H 
20C6H 

20CSH 
20CAH 
20CCH 
20CEH 
2000H 
2002H 
20D4H 
2006H 
2008H 
200AH 
200BH 
200CH 
20E0H 
20E i f-J 

PN DR (RI/SF) STORAGE AOOR. 
SUBLY SEVOVALVE OPENING ST.AOR. 
RELIEF SERVOVALVE OPENING ST. AOOR. 
TEMP ST. OF PN ERR OR 
TEMP ST. OF PN ERROR SIGN 
TEMPST. OFPN A1*E1 
TEMPST. OFPN A2*E1-1 
TEMP ST. OF PN RI 
TEMP ST. OF PN Rl SIGN 
TEMP ST. OF PN OR 
TEMP ST. OF PN CR 
PN/PC CONTROL TRANSITION 
PC/PG CONTROL TRANSITION 
TEMP ST. OF PCl CR 
TEMP ST. OF PC2 CR 

PC CONTROLLER CONST. AI (LSS \ 
PC CONTRGLLER CONST. Al \ MSS) 
PC CONTROLLEP CONST. ~: 'LS8\ 
PC CONTROLLER CONST. A: (MSS) 
PC CONTROLLER SCALING FACTOR 
PC CONTROLLER SCALJNG FACTOR/2 

PC CURRENT REI1D 1 NG"~I C. R. 1 AODR 
PC SET POINT PROFILE ADDP. 
PC SET POINT STORA6E ADDP. 
PC ERReR STORAGE AOOR~,J 
PC E,RROR SIGN STORAGE AOC1P 
PC Al*E1 STORAGE AODR 
PC A2*E1- 1 STORMGE AonR. 
PC RI (fil*E1-A2*El-l) ST. ADOR. 
PC RI SIGN STORAGE AOOR. 
PC DR (Rl/SFl STORAGE ADDR. 
PC 1 CR. ST. flOR. 
PC:::~ CR. ST. AOR. 

TEMP ST. OF PC ERROR 
TEMP ST. OF PC ERROR SIGN 
TEMPST.OFPC Al*El 
TEMP ST. OF PC A:*El-1 
TEMP ST. OF PC R1 
TEMP ST. OF PC RI SIGN 

, TEMP ST. OF PC DR 
TEMP ST. OF OP( t ) 
TEMP ~T. OF OP( t-l ) 
LSB OF SLOPE FACTOR 
MSS OF SLOPE FACTOR 
TEMP ST OF SF*OP: t-l ) 
H CONTROLLER CO~ST. MI 1 LS8) 
H CONTROLLEP CONST. Al (MSS) 



... 
20E2: HA2L EQU 20E2H H CONTROLLER CONST. A2 (!...SS) 
~0E3: HA2M EQU 20E3H H CONTROLLER CONST. A~ (MSS) 
20E4: HSF EQU 20E4H H CONTROLLER SCALING FACTOR 
Z0E6: I-iSF2 EQU 20E6H H CONTROLLER SCALING FACTOR/~ 
0000: 
20F0: HCRAD EQU 20F0H H CURRENT READING 'C. R. ) AOOR 
20F2: HSPP EQU 20F2H H SET POINT PROrILE ADOR. 
20F4: HSPSA EQU 20F4H H SET POINT STORAGE AOOR. 
J0F6: HESA EQU 20F6H H ERROR STORAGE ADOR. 
20F8: HESSA EQU 20F8H H ERROR SIGN STORAGE AOOR. 
20FA: HAIESA EQU 20FAH H Al*El STORAGE AOOR. 
20FC: HA2ESA EQU 20FCH H A2*El-l S TORAGE AOOR. -. 
:0FE: HRl"SA EQU 20FEH H RI (Al *EI-A2*El-l ) ST. AOOR. 
2100: HR 1 SSA EQU 2100H H Rl SI GN S TORAGE AODR. 
2102: HORSA EQU 2102H H DR (RI /SF) STORAGE AOOR. 
0000: 
2108: HETS EQU 2108H TEMP ST. OF H ERROR 
210A: HESTS EQU 210AH TEMP ST. OF H ERROR SISN 
21œ: HAIETS EQU 210CH TEMP ST. OF H Al *El 
210E: HA2ETS EQU 210EH TEMP ST. OF H A2*El-l 
2110: HRITS EQU 2110H TEMP ST. OF H RI 
2112 : HR1STS EQU 2112H TEMP ST. OF H RI SIGN 
2114 : HORTS EQU 2114H TEMP ST. OF H OR 
0000: 
2120: PGAIL EQU 2120H PG C~TROLLER CONST. Al (LSS) 
2121 : PGAIM EQU 2121 H PG CONTROLLER CONST. Al (MSS) 
212~: PGA2L EQU 2122H PG CONTROLLER CONST. A2 ( L:;~ ) 
~12:i: PGA2M EQU 2123H PG CONTROLLER CONST. 62 '. MSS \ 
2124 : PGSr= EQU Z 124H PG CONTPOLLER SCALING FACTOP 
2126: PGSF2 EQU 2126H PG CONTROLLER SCALING FACTOR!: 
0000: 
:130: PGCRAO EQU 2130H PG CURRENT READING (C.P.) ADDR 
2132: PGSPP EQU 2132H PG SET POINT PROFILE ADDR. 
.2134: PGSPSA EQU 2134H 1 PG SET PO l NT STORAGE ADOR .. 
2136: PGESA EQU 2136H PG ERROR S TORAGE ADDP. , 
2138: PGESSA EQU 2138H PG ERROR SIGN STORAGE AOOR. 
213A: PGAIESA EQU 213AH PG Al*El STORAGE ADDR. 
.213C: PGA2ESA EQU 213CH PG A2·El-l STORAGE AobR. 
213E: PGRISA EQU 213EH PG RI Uq *.El-A2*El-l ) ST. ADOR. 
2140: PGR1SSA EQU 2140H PG RI SIGN STORAGE ADDR. 
2142: PGDRSA EQU :142H PG DR <RI /SF) STORAGE ADDP. 
~lH: PGTS EQU ;: 144H TEMP ~T ::J, • OF PG 
2146: PGSTS EQU 2146H TEMP ST. OG PG SIGN 
2148: PGETS EQU 2148H TEMP ST. OF PG ERROR 
:: 14A: , PGESTS EQU 214AH TEMP ST. OF PG ERROR SIGN 
214C: PGA 1 ETS EQU .214CH TEMP ST. OF PG Al*El 
~l4E: PGA2ETS EQU 214EH TEMP ST. OF PG A2*El-l 
~ 1.50 : PGRITS EQU 2150H TEMP ST. OF PG RI 

0 2152: PGRISTS EQU 2152H TEMP ST. OF PG R 1 SIG,N 
:154: PGDRTS EQU 21S4H TEMP ST. OF PG OR 
2156: PGSSA EQU 2156H PG SIGN STORAGE AOD. 



c 
",. 

2400: ~ ORG 2400H 
2400: GO 20 24 CALL INIT ~'j 

2403: CD 64 24 CALL CLEAR 
2406: CD 6E 24 CALL CLOSE 
2409: CD 9A 24 CALL SETUP 

,~ , 240C: CO 0C 25 CAlL FIlLS 
~40F: CO ID 25 CALL HOlOS J, 

2412: CD 2E 25 GALL COOLS 
:415: CD 77 25 ,CAlL OPEN 
~418: CD 54 24 CA~L CLEAR 

.241 B: CO A3 25 CALL END 
241E: 3E FF LO A,FFH 
2420: 03 04 OUT< 04H) ,/1 1 CLOSE THE SUPPL Y SERVOVALVE 
~4~2: 3E 00 lO A ,00 
2424: 03 0A OUT(0AH),A 
2426: 3E 00 LO A ,O0 
24:8: 03 0B OUT (0BH) ,A CLOSE THE RELI El:" SER\IO\)AL I}E 
24:A: C3 38 00 JP MONITOR 

24:':0' DO 21 28 20 INIT LO IX,RCCR INITIALIZES AlL TEMP. AOORESSES 
.. 

2431 : 0E 00 lD C,00 
2433: 06 00 LD 8,00 
2435: 3E 00 INI Lo A,00 
:437: DO 71 00 IN2 LO ( IX+(0) ,C .. 243A. 00 ..,- INC IX ~.J 

:43C~ 3e INC A 
2430: FE -08 CP 08H 
243F: 20 F6 JR ~Z, IN·2 
2441 : 11 08 00 LO DE ,0008H 
:444: 00 19 AOO IX ,DE 
2446: 04 INC B 
2447: 78 LO A,B ft 

2448: FE 04- CP 04 
:':44A: 20 E9 JR NZ ,I~ l, 
:44C: DO 2A 2: 20 lO IX, ( SOS A ) 
2450: DO .,., 2A 20 LD ( TSOSA) ,IX ... -
:454: 21 00 0.0 lO HL,0000 
2457: 01 00 00 LO 8C,0000 
:45A: Il 00 00 Lo OE,0000 If 

2450: 3E 00 LO A,00 
:':4SF: 03 F0 OUT (F0H) ,PI HEATEPS CONTROL \ 
':':451 : 03 Fl ,OUT (FIH) ,A HEM TERS CONTROL 
2463: Cg RET 
2464 : F3 ClEAR DI CLEARS l NTERRUPT 
';465: 3E 00 Lo ",00 
::'467 : 03 03 OUT (03H) ,A 
::'469: 3E 01 Lo A ,01 
::'468: 03 02 OUT (0ZH) ,A 

.' :-1-60: C9 RET ; 

\ 



i 

0 
246E: 3E FF CLOSE lO A,FFH 1 CLOSES THE MOlO AND CARRAGE 
2470: 03 17 OUT( 17H>,A 1 OEACTIVATE ALL SOlENOIO VALVES 
2472: 3E 7F lO.A,7FH 
:474: 03 17 OUT( 17H>,A ACTIVATES SOL . .., TO CLOSE MOlD ... 
2476: CD 89 24 Cll CAlL DELAY 
2479: 08 14 IN A, ( 1 4H ) CHECK lIMIT SWITCH NO-- FOR 
2478: FE 82 CP 82H COMPLETION OF MOlO CLOSE 
2470: 20 F7 JR NZ ,CL1 
247F: CD 89 24 CL2 CALl DELAY 
2482:-08 14 IN A, ( 1 4H ) 
2484: FE 82 CP 82H 
2486: 28 F7 JR Z ,CL2 
2488: lE 00 LD E,00 
248A: CO 89 24 CU CALl DELAY 
:480: 08 14 IN A, ( 14H) 
248F: FE A2 CP A2H 
2491: :0 F7 JR NZ ,CU 
:4S3: lC INC E 
2494 : 3E ~0 LD A,20H 
2496: BB CP E 
:497: 20 FI JR NZ ,CU " 
2499:. C9 RET 
249A: 3E F8 SETUP LO A,FBH SET UP SSV AND THE TIMER 
;49C: 03 17 OUT(17H),A ACTI VA TE 50\... 5 FOR INJECTION 
249E: lE 00 LD E,00 
24A0: CD 89 24 51 CALL DE.LAY 
'::4A3: lC INC E 
.24A4: ~E 10 lD A, 10H 
:4/16: 88 CP E 
:4A7: 20 F7 JR NZ,Sl 
24A9: CD 02 24 CALL SERVOP SEND INIT . SSVO FOR FILLING . "-24AC: CD 89 24 CALL DELAY 
24AF: CD 89 24 CALL DELAY 
2482 ~ CD 89 24 CALL DELAY 
2485: CD ES 24 CALl TIMER 
:488: C'3 RET 
2489: 2E 00 DELAY LO L,00 
2488: 3E 0F Dl Lo A,0FH 1 LENGTH OF THE DEL~Y UNIT 
:'480: 09 EXX 
24BE: 0E 00 Lo C,00 
:4C0: 06 00 02 LO 8,00 
24C2: 04 03 INC 8 
:4C3: B8 CP 8 
24C4: 20 FC JR NZ,03 .. 

, 
:4C6: 0C INC C 

c' :4C7: 89 CP C 
:4C8: 20 F6 JR NZ,OZ \)~ 

:4CA: 09 EXX 
24C8: 2C INC l 

0 24CC: 3E 01 LO A,01H 
24CE: BD CP L 
:4CF: :0 EPI JR NZ,Ol 
2401 : C9 RET 



C 

'. 
-"'-._.\. ,·'.1 

2402: 3E 00 
24'04: 03 04 
2406: 21 00 
2409: 3A 53 
240C: 32 SC 
:40F: 16 00 

"24E 1: 5F' 
24E2: EO 52 
24E4: 70 
24E5: 03 0A 
24E7: C9 
24E8: 3E 08 
24EA~ 03 02 
24EC: 3E 02 
24EE: 03 03 
24F0: 3E 86 
24F2: 03 06 
24F4:-FB 
24F5: C9 
:4F6: DB 00 
:: 4F B: ES 80 
24FA: ce 
24FB: DB 01 
24FD: ES 7F 
24FF: FE 18 
2501 : CA 05 
2504: C9 
2505: 3E FF 
2507: 03 17 
2509: C3 38 
250C: 3A 50 
250F: 32 59 
:512: CD F6 
2515: 3A 58 
2518: FE 12)0 
251A: ~8 F5 
251C: C9 
2S1D: 3A 51 
2520: 32 59 
2523 : CD F6 
2526: 3A 58 
2529: FE 01 
2528: 28 F6 
2520 : Cg 

SERVDP 

01 
20 
20 

TI MER 

, 
\ 

KEY8 

2S 

EXIT 

00 
212) FIlLS 
20 
24 FSI 
20 

20 HalOS 
20 

H~l 24 
~0 

'J 

lO A,00 
DUT( 04H) ,A SENO ( + SIGNAL TD SSV 
LD HL,0100H 
LO PI, <ISVDF ) INIT. V.O. FOR FILLING STAGE 
lD (TSVO) ,A ' TEMP STORAGE OF V.O. 
LO 0,00 
LO E,A 
sec HL,OE 
LO A,L 
OUTe 0AH) ,A 
RET 
LO A,08 
OUT( 02) ,A 
LO A,02 
OUT( 03) ,A 

"LO A ,8SH 
OUT( 06) ,A 
El 
RET 
IN A,(00) 
AND.80H 
RET Z 
IN A, (01 ) 
AND 7FH 
CP lBH 
JP Z,EXIT 
RET 
LO A,FFH TO EXIT IF 'ESC' 15 HIT 

OUT( 17H),A 
JP MONITOR 
LD A, (FSCC ) LOAD FIlL STAGE CONTROL CHANNEL 
LO (TFCC) ,A TEMP STORAGE OF THE CONT. CHANNEL 
CAll KEYB 1 

LO A, (CSC) ! 
CP 00 1 

CONT. STAGE COUNTER: 0=F ,1 =H ,2=C 

JR Z ,FSI 
RET 
LO A, (HSCa) LOAO HOlO STAGE CONT. CHANNEL ," 

LD (TFCC),A TEMP STORAGE' OF THE CONT. CHAN. 
CALL KEYB 
LO A, (CS9) CONT. STAGE: 0=F. H=01. 2=C 
CP 01 1 

JR Z,HSI' 
RET 

, 

,lA .. 



., .. , 

yr. 

8' n 

252E: 3A S2 20 COOLS LD A, (CSCC) LOAD COOL STAGE CONT. CHANNEL 
2531 : ,32 59 20 LD <TFCC) ,A TEMP ST. OF STAGE CONT. CHANNEL 
2534; 3E 00 LD A,00 
2536: 03 08 OUT< 0BH) ,A ; CLOSE THE R.S.V 
2538 : CO F6 24 CSI CALL KEYB 
2538 : 2A 36 20 LD HL, ( OTBP ) DELAY TIME 8EFORE PLASTICATION 
253E: ED 58 3e 20 LO DE, ( eTCR ) COOLING TIME COUNTER 
2542 : 37 SCF 
2543: 3F CCF 
2544: EO 52 SBC HL,DE 

, .2546 : CC 51 25 CALL Z,PLAST 
If" 

2549: 3A.58 20 LD A, (CSC) CONT. STAGE COOL 2 
254C: FE 02 CP 02 
254E: 28 E8 JR Z,CSI 
2550 : C9 RET 
2551 : 3E AF PLAST LD A ,AFH 
2553: 03 17 OUT(17H),A ACTIVATE THE PLAST. SOL. (#7 ) 
2555 : CO SA 25 CALL SERVON I? TO SEND -VE SIGNAL TO SSV 
2558 : 2A 4C 20 PSI LD HL, ( TCSCCCR ) PLAST. ST. CONT CHANNEL C.R. 

.. ,,2558 : ED 58 44 20 : LD DE, ( CSCCSP ) ; PLAST. ST. CONT CHANNEL SETPOINT 
255F: 37 SCF 
:560 : 3F CCF 
2561 : EO 52 sac HL,OE 
2563 : 30 F3 JR NC,PSI 
:565: 3E FF LD A,FFH" 
2567 : 03 17 < ~T( 17H),A i DEACiIVATE ALL THE SOLENOIDS 

/ ::56 g: C9 RET 
256A: 3E' FF SERVON ,LD A,FFH -VE SIGNAL TO SSV 
:55C: 03 04 ~ OUT< 04H ) ,A 
2S6E: 3A 55 :0 LD ft, (SVOP ) V.O. FOR PLASTICAHON 
2571 : 03 0A OUT( 0AH) ,A 
2573 : 32 sc :0 . LO <TSVO) ,A 
:576 : C9 RET 
2577: 3E 7F OPEN LO A,7FH 
:579 : 03 17 OUT( 17H) ,A ACTIVATE THE SOL. WHICH OPENS 
2578: THE MOLO AND THE CARRAGE 
2578 r CD 89 24 DPI CALL DELAY 
:57E: DB 14 IN A, ( 14H) 1 CHECK LIMIT SWITCH NO 
2580 : FE 32 CP 32H 
2582 : 20 F7 JR NZ,OPI 
:584 : CD 89 24 OP2 CALL DELAY 
2587: DB 14 ~N"A:( 14H) 
:589 : FE 3: CP 32H 
2588 : 28 F7 JR Z,OP2 
:580: lE 00 LD E,00 
:5BF: CD S9 :4 OP3 CALL DELAY 

. :'59: : OS 14 IN A, ( 14H) .) 
2594 : FE B2 CP .B2H 
:596: 20 F7 JR ~Z,OP3 

--- " 

2598 : 1 c' INC~E 

/ ., 
1 l~ 



· \ 
2599: 3E 10 LD A,10H 
259B: BB CP E 
259C: 20 FI JR NZ,OP3 
259E: 3E FF LD A,FFH 
2SA0: 03 17 OUT< 17H) ,A STOP THE MACHINE 
25A2: C9 RET 
~SA3: 21 85 25 END LO HL,EMESS 1 END CYCLE MESSAGE 
251\6: lOB 00 El IN A, (00) 
25A8: ES B0 AND B0H 
2SfIA : 28 FA JR Z,EI 
2SAC: 7E LO A,(HL) 
25AD: 03 01 OUT( 01 ) ,A 
25AF: 23 INC HL 
2590: FE 0F CP 0FH 
2592': 20 F2 JR NZ ,El 
2584: C9 RET 
25B5: 00 01'\ EMESS db OH, AH 
2587: 4S 4E 44 20 db 'END OF THE CYCLE' 

4F 46 20 54 
48 45 20 43 .... 
S9 43 4C 45 

2SC7: 00 01'\ 0F db OH, AH, 0FH 

/ 

/ .. 



..... \0. ..... ;;'" ". 

ÎNTERRUPT ROUTINE 

25CA: FE INTERR PÜSH AF 
25CB: CS PUSH BC 
;;SCC: 05 PUSH DE 
2SCO: ES . PUSH HL 
25CE: CO ES 24 C~LL TIMER 
2501 : 3A 3E 20 L Pt, (TRC) 
2504: 3C INC A 
2505: 32 3E 20 LD (TRC l,A 

- 2508: 6F LD L,A 
:509: 3A 46 2.0 LD Pt, (TRCS) 
250C: BD CP L 
2500: 20 36 JR NZ" JR3 
2S0F: 2A 20 20 LD HL,! RCS) 
2SE2: ED SB 28 20 LD DE, ( RCCR ) 
25E6: 37 SCF 
2sE7: 3F CCF 
2sE8: EO 52 SBC HL,DE 

" 2sEA: 30 04 JR NC, JRl 
2SEC: 3E 01 LO ft ,01 
25EE: 18 02 JR JR2 
:SF0: 3E 00 JRl LD A,00 
25F2 : 32 50 20 JR2 LO (RSCl,A 
ZsF5: CO 18 26 CALL DATA 
2sF8: 3A 58 20 LO Pt, (CSC ) 
:!5FB: FE 02 CP 02 
25FO: CC E3 27 CALL Z, CCONT 
2600: 3A 58 20 LQ Pt, (CSC ) 
2603: FE 01 CP 01 
2605: CC 88 27 CALL Z, HCONT 
2608: 3A 58 20 LO Pt, (CSC) 
2608: FE 00 CP 00 

cF' 26 • 2600: CC CBLL Z, FCONT 
2610: 3E -00 LO Pt ,00 
2612: 32 3E 20 LO <TRC l ,A 
2615: El JR3 POP HL 
2616: 01 -POP DE 
2617: Cl POP BC 
2618: FI POP AF 
2619: EO 40 RET! 
2618: 00 2A 2A 20 oATI1 LO 1 X, (TS05A ) 
261F: 
261F: 3A 26 2') LD PI ,(FCN) 

1 26:!2: 47 LD B,A 
26::3 : 0E 00 COUNT LO C ,00 
::625: 21 00 00 LO HL ,0000 

0 

; 

",.\.~ "... ; ... . . 

\ 

LOAO TIMER REPE~T COUNTER 

INCREMENT TRC 

LOAO·TRC SET VALUE 

READING COUNTER (RC) SET 
CURRENT VALUE OF RC. 

... 

(TRC) 

'VALUE 

REAO/STORE CONTROL: 0=REAO & STORE 

CONT, STAGE: 0 ... F, I=H, 2=C 

\ 
\ 

\ 
1 

'1 

RESET TRC AT ~ERO 

1 TEMP AOO. FOR THE START OF 
STORAGE AODRESS ( SOST) 
NO OF THE 1 ST. CHANN. TO BE REAO 

... , 
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Il 
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, 
im 

[: , 

Il 
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; 
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) 

1 

2628: 
26~A: 

2628 : 
262D: 
262F: 
2631 : 
~633: 
2635: 
2637: 
2638: 
263A: 
263C: 
~63D: 

263F: 
264l: 
2643 : 
2645: 
2647: 
2649 : 
264A: 
264C: 
264E: 

" 2650: 
2651 : 
2553: 
2B5.l: 
:656 : 
2658'l. 
;::659: 
2658; 
265C: 
2650: 
265E; 
265F: 
2660: 

" 2661: 
2662: 
2664 : 
2665: 
2666 : 
2567: 
2668.: 
2669: 
266A: 
266B: 
2~6D: 
26'èF: 
:570: 

".- ",,~~~-------""--,-, --------"b II.!. ,p'" 

3E <'f"0 JR4 
80 
03 16 
DB IÈ JR5 
DB" 13 
ES 02 
20 F8 
3E F0 
80 
03 16 
3E 20 
30 JR6 
FE 00 
20 FB 
3E 03 
03 13 
De 13 
3E 10 
~80 
03 16 
08 15 
E6 0F 
5F 
3E 20 
80 p 

03 16 
OB 1;; 
57 

,E6 0F.o 

17 
"" " \ 

17 
17, 
17 
83 
SF 
7A 
E6 F0 
1~ , 
IF 
IF 
IF 

r 
57 
0C 
79 
FE'03 
20 89 < 

19 
, 

3A 50 20 

LO A,F0H 
ADD' A,a 
OUT< fSH > ,A 
IN A,< 15H') 
IN A, ( 13H) 
AND 02 
JR NZ ,JR5 
LD A,F0H 
ADD A ,B 
OUT( 16'H) ,8 
LD A ,20H 

• DEC A 
CP 00 
JR NZ, JR6 

LD A,03;:~ 
QUT< 13H} , 
IN A ,( t 3 ) 
LD A, 1 0H 
ADD A ,B o 

OUT< 16H),A 
IN A, ( 1 SH) 
AND 0FH 
LO E,A 
LD A ,20H 
AOD A,B 
OUT'( 16H ) ,A 
IN A~( 15H) 
LD D,A 
AND 0FH 
RLA' 
RLA 
RLA 
RLA 
AOD A,E 
LD E,A 
LD A,D 

. AND F0H 
RRA 
RRA 
RRA 
RRA \.­
LD D,A 
INC C <> 

LD A,C 
CP 03 . 

ACTIVATE EN3 
fi HAS. XL 

TO READ THE LSB ri 
TQ DISGARD X 

:; SAVE L IN ~ 

4' 
;ACTIVATE ENI & ENZ 

A HAS' MSS & M8 
SAVE MSS & MS IN 0 

TO READ MSB & 

--DISGARD MSS 
" 

A NOW HAS MB+LSS 
E HAS MB+LSB 
RELOAD MSS+MB INTO A 
DIGARD MS 

; NOW A HAS 0+MSB 

,.. / 

TEMP. 

LOAD 0+Mse INTD O. sa DE WILL HAVE 

SET REflD/STORE CONTROL: 0=R&S, 1 =R 

2673 :~FE 0! 

JR NZ, JR4 
AOO HL,DE 
LO fi, (RSC ) 
CP 01 

26"l5: 2~ 08 
2677: DO 1,,4 
:67f1 : 00 23 
267C: 00 75 

00 

00 

JR Z, JR7 
1-0 (IX+00) ,H 
INC IX 
L[). ( l'X+00) ,L 



--~ 

0 
~---

--------
-------------" 

. 267F: 3A 50 20, 
2682 : 88 
2683: 20 03 . 
2685: .,., 

48 20 '-'-'- '2688:,3A 51- 20 
. 2688: 88 

268C: 20 03 
268E: 22 4A 20 
2691 : 3A 52 20 
2694: 88 
2695: 20 03 
2697: 

.,., 
4C 20 

269A:,3A 26 20 
2690: B8 
269E: 20 04 
26A0: DO 22 ZA 20 
26A4 : 3A 27 20 
26A7 : as 
26A8: 28 0C , ' 
26AA: 04 
26A8 : DO 28 
26AO: ED 58 24 20 
26B 1 : DO 19 
2683: C3 23 26 
2686 : 3A 50 20 
268g: FE 01 
2688 : 28 0A 
2680: DO ZA 2A 2~ 
26C 1 : DO 23 
26C3 : DO 22 ZA 20 
26C7: 2A 28 20 

4 26CA: -i.., 
... J 

26C8: "2 28 20 
/ 

Z6CE :)9 
! 

! 26CF: ED 53 ...QC 20 
2603: FO 2A C6 20 
260-q : FD 66 00 
260A': 'FD 6E- 01 
2600: FO 23 
26DF: FQ 23 

;tf 26E 1 : FO 22 C6 20 
26E5 : 

.,., 
9E 20 .. ~ 

26E8 : 2A 98 20 
26E8:' AF - 26EC: EO 52 
26EE: 38 20 

. JR? 

JR8 

f 

JR9 

JR10 

JR 11 

JR12 

JRI3 

fCONT 

Loi Pi • ( FSCC ) 
ctd 8 
JR NZ" JR8 
LD( TFSCCCR) ,HL 
LO Pi, (HSCC) 
CP 8 
JR NZ, JR9 
LO (THSCCCR), HL 
LO Pi, (CSCC) 
CP 8 
JR NZ, JR10 
LO( TCSCCCR) ,HL 
LO Pi, (FCN) 
CP 8 
JR NZ, JRI! 
LO (TSOSA), IX 
LO Pi, (LCN) ... 
CP 8 
JR Z, JR 12 
INC 8 
OEC IX 

1 FILL STAGE CONT. CHANNEL (FSCC) 

; TEMP ST. OF FSCC OURRENT READING 
HOLo STAGE CONT.CHANNEL (HSCC) 

iTEMP ST. OF HSCC CURRENT READING 
COOL STAGE CONT. CHANNEL (CSCC) 

;TEMP ST. OF CSCC CURRENT READING 
i NO OF IST CHANN. TO BE READ 

TEMP ST. OF SOS T 
~O OF LAS T' CHANN. TO BE READ 

, 
LO DE, (OF) 

, 
;oISPtACEMENT FACTOR:0001=!28 REAoINGS 

• ADD IX ,DE 
JP COUNT 
LD Pi, (,RSC) 
CP 01 
JR ,Z, JR 13 
LD IX, ( T~OSA ) 
INC IX 
LD (TSOSA), IX 
LD HL, ( RCCR ) , 
INC HL , 
LD( RCCR) ,HL 
RET 

LD (PC 1 CRTS ) • DE 
Lo IYQ (PC2CRAO) 
Lo H,( IY+(0) 
LoL,(IY+01) 
INC IY 
INC IY 
Lo (PC2CRAD) ,IY 
Lo (PC:CRTS),HL 
Lo HL, ( PNPCTP ) 
XOR A 
SBC HL,DE 
JR C, PCPG 

.. 
REAo/STORE CONTROL 

INCREMENT.READING COUNTER RC 

'ITEMP. ST_ OF pel CURRENT READIN 
AOo. OF PC2 CURRENT REAo ING 

;TEMP.ST. OF PC: CURRENT READING 
iPN/PC CONT. TRANSITION PRESSURE 

iDE STILL HAS PCI CUR~ENT READING 
';IF PC l ' PN/PC CONT. 'TRANS IT ION 

.. 

\ 

~ 
1 ..... 
1 
1 

1 

)" 



( 

c 

26F0: FO 2A 70 20 
~6F4: FO 66 00 
26F7: FO GE 01 
26FA: FO 23 
26FC: FO 23 .,. 
26FE: FO 22 -70 :0 
2702: 2296 20 ! 
2705: 11 01 00 
2708: AF 
2709: EO 52 
2708: 38 05 
2700: CO F8 28 
2710-: 18 03 
271~: CO BD..ll--
2715: CD 7F 32 
2718: CD 15 33 
271 B: 18 78 
:;710: 2A 48 20 
2720: FD 2A C4 20 
::724: FD 56 FE 
2727: FO 5E FF 
272A: AF 
2728: ED 52 
2720: :: 06 20 
:730: E8 

FD 56 FC 

FD SE FO 
AF 
EO 52 
22 08 20 
EB 
21 00 00 
01 00,.00 
3A DA 20 
19 
03 
89 
20 F8 
3f\ DB 20 
88 

EB 
:A 06 20# 
AF' 
EP' S2 
30 :C 

INCA 
PCINC 

PCP6 

FMUI 

FLP1 
FLP2 

/ , 

LO IV ,(PNCRAD) 
LDIH.(!Y+00) 

~ 
L, ( IY+01 ) 

NC IY 
INC IV 
L ( PNCRAD ) , l Y 
L (PNCRTS) ;HL 

L~ DE ,0001 H 
X R Pi 
S C HL ,DE • 
J"C, INCA 
C4LL PNPICONT 
J~ PCINp 
C~LL PNIADR 
CALL PC 1 AOR 
CA,LL P6 l AOR 
JR F ILL 
LO] HL ,( TFSCCCR ) 
LO l y • ( PC 1 CRAD ) 
LO D,(IY+-02) 
LOi E ,( IV+-01 ) 
XO~ A 
SBC HL ,DE 
LO! (OP1TS),HL 
EX DE ,HL 
LD D,<IY+-4) 
LD E,(IVt-3} 

,XO'R A 

ADD. OF PN CURRENT READING 
;. LORD PN C.R. INTO HL 

.. 

TEMP STORAGE OF PN---C. R. 

; IF PN < 0.0 

;CALCULATE PC-t SLOPE dp( t ) 

SBC HL ,DE ;CACULATE PC-t SLDPE @ t=t-I; dpI t-I ) 
LD (OP2TS) ,I:1L 
EX DE ,HL 
LO HL ,0000 
LO BC ,0000 
LD A, (DPSU 
ADO Hl ,DE 
INC BC 
CP C 
JR NZ ,FLP2 
LO A, (DPSM) 

, cP B 
JR NZ ,FLP 1 
LD (DPSTS) ,HL 
EX DE ,HL 
LD HL, ( OP 1 TS ) 
XOR A 
SSC HL ,DE 
JR NC ,ENDF, 

; DE NOW HtlS dp ( t -1 ) 

LOAD OP SLOPE FACTOR SET TH 15 VALUE 

LOAo MSS OF OP SLOPE FACTOR 

; TEMP ST. OF OP: * SLO~E FACTOR 
; 'hE NGW HAS d,,(t-1 )"SLOPE FACTOR 

; IF dp ( t ) dp( t-1 ).SF ,END' FILLING 



0 1 
275E: 2A sc 20 LD HL,<PC1CRTS~ 
2761 : ED 58 9E 20 LD DE, ( PC2CRTS ) 
2765: AF XOR A 
2766 : EO 52 SBC HL ,DE ; HL NOW CONTAIN THE PRESS. GRAD. 
2768: ~.., 44 21 LD .( PGTS ) ,HL ; TEMP. ST. OF PG 
2768 : ED 58 9A 20 LD OE,<PCPGTP);LQAD PC/PG CONTROL .,'TRANS !TION POIrJT • 276F: AF XOR A 
2770:, ED 52 SBC rll,DE 
2772 : 38 0B J~ C',PCC ;IF PG < PC/PG TRANS Il ION , CALL PCCOtJT. 
277A: CD 03 28 C.ALL PCUP ;TO UPOflTE PC RELflTED MEMORY 5~TTING5 
2770: -18 16 JR FILL 
277F: CD 07 2B PCC CALL PCP l CONT 
2782 : CD AB 28 CALL PNUP 

el! 
2785: CD IS 33 CALL PG IAOR 
2788: 18 08 JR F ILL 
278A: 3E 01 ENOF LD A ,01 
278C: ..,.., 58 2~ LD ( CSC ) ,fi STAGE CONTROL: 0=F , l"H, .)~ 

278F: CD 90 27 CALL SERVOH SENO INIT . S. S.V. O. FOR HOLo 
2792-: 1 STAGE (THIS 15 = 0.0 ) 
2792: CO 13 20 CALL HCONTM CALL HOLO MASTER CONTROL PGM 
2795: 21'1 38 20 FILL LD HL, ( TFTC ) TEMP AOO. FOR FILL TIME COUNTER 

. 2798: ..,.., 
... .) 

.- INC HL 
2799: ..,.., 38 20 lD (TFTC ) ,HL ; .INCREMENT F1LL TIME COUNTER 
;:'79C : C9 RET 
2790: 21 00 01 SERVOH lD HL,0100H 
27A0: 3A 54 20 lD A ,( SVOH) V.O FOR HOLO STAGE 
27A3: -.., SC 20 lq (TSVO),A .)-

27A6: 16 00 lD 0,00 
27A8: 5F LD E ,A 
27A9: Eo 52 SBC HL ,DE 
27A8: 70 lo A ,L 
27AC: 03 0A OUT( 0AH ) .A 
27AE: C9 RET 
27AF: 3E FF CLOSESV lo A ,FFH CLOSE SSV 
2781 : 03 04 OUT (04f.i) ,A 
2783: 3E 00 lo,A,00 
2785: 03 0A OUT (0AH).FI 
2787: C9 RET 
2788: 2A :..., 20 HCONT lo HL,(HTCS) HOLO TINE CONT. SET POINT ... 

..J ... , 
,2788 : Eo 58 3A 20 lD DE, ( THTCR ) 1 TEMP AOO. FOR HOlO TIME.COUNTER 
278F: 37 SCF 

J 

27C0: 3F , 'CCF 
27C 1 : Eo 52 SBC HL ,DE 
27C3: 38 05 JR C ,ENDH END HOlO 
27C5: CD 1; 20 CALL HCONTM CALL THE HOlO CONTROL MASTER PGM. 
27C8: 18 Il JR HOLO ; CONtrNUE HOLDING 
27CA: 3E FF ENoH lo A ,FFH 

• 27CC: 03 17 OUH 17H) ,A STOP THE SOLENOIoS 



c '. 
" ! 27CE: 3E FF LO A ,FFH ~" 

2700: 03 04 OUT{ 04) ,A 
2702: 3E 00 LD A ,00 CLOSE THE S. S.V. 
2704: 03 0A OUT< 0AH) ,A 
2706: 3E 02 LO A ,02 
2708: 3: 58 20 LO ( CSC) ,A SET CONT. STAGE COUN. TO COOL 
2706: :A 3f\ 20 HOlD lO Hl:( THTCR ) 
270E: 23 INC Hl 
270F: ..,.., 3A 20 LO( THfCR ) ,HL INC HOlO TI ME SOUNTER ....... 
27E2: Cg RET 

::?7E3: ::?A 34 20 CCONT lO HL:, (CTeS ) ;COOLIN6 Tf ME COUNTER SET POINT< CTes ) 
27E6: EO SB 3C 20 LO DE, ( CTCR ) ;COOLIN6 TIME COUNTER CURRENT VALUE 
27EA: 37 SCF 
27EB: 3F CCF 
27EC: EO 52 sec Hl ,JE 
27EE: 30 05 JR NC, JR26 
27F0: 3E 03 LO A ,03 , , 
27F2: -.., 58 20 LO (CSC) ,A STAGE CONT.: 0=F, I:H, 2=C 6 .... 

\- - ----............. 27F5: 2A 3C 20 JR26 LO HL ,(CTCR) 
~ 2?F8: .,..,. 0 

INC HL (.,j 

1 
"-'27F9: .,.., 

3C 20 LO (CICR) ,HL ; INCREMENT COOLING TIMË COUNTER 
27FC: 2A 20 20 LO HL ,(RCS) lOAO DATA ,READING COUNTER SETTING 
27FF: EO sa 28 20 LD DE ,(RCCR) J 

2803: AF XOR A 
2804: En 52 sec Hl ,DE 
::806: 38 68 JR C ,RET 

-..... , 
2808: FD 2A 70 LO 1 y ,( PNCRAD ) .r 

~ 280C: FO 66 00 lD H ,( IY+00) 

i' 280F: FD sr;. 01 LO L,(IY+01) 
2812: FD 23 INC IY 
28T4: FO 23 INC IY . 

; 

Â '2816: FD 
,.,., 70 20 LD (PNCRAD), IV 

ZSIA: FO 2A 74 20 LO IY ,(PNSPSA) UPOATE PN SET POINT 

2871 : FO 2tî 80 20 PSU LD 1 Y ,( PCCRAD ) , ADD OF PCI CR STORtî'ïE 
2875: FO 56 00 LD H ,< IY+00) 
2878: FD SE 01 LO L ,( IY+01 ) LOAD PCI CR INTO HL 

---2878: FD Z3 INC IV 
:2870: FD 

..,..,. 
INC IY ... .J 

:8?F: FD 2:2 80 :0 LO (PCCRAD), l Y 
:883: FD 2A C6 20 lD IY ,(P~AD) ADO OF PC: CR STORAGE 

Il ï :887: ,FD 56 00 LD D. (n+ 
"< 

Il> \-... :: B8A: FD .5E 0'1 LDE,(IYt01), LOAD PC) CR INTO DE 
:880: PD 23 INC IY 
:88F: FD 23 INC IV 
:891 : FD 

..,.., 
CG :0 LD (PC2CRAO). l Y 

C 

r 



1-

, te 

" 
2895: AF XOR A 
2896: ED 52 sac HL,DE 
2899: FO 2A 30 21 LD IV ,( PGCRt1D ) ADD, OF PG STORAGE 
289C: FD 74 00 LD ( IY+00) ,H " 1 

289F: FD 75 01 LD (IY+01 ) ,L STORE PG 
28À2: FD 23 INC IY 
28A4 : rD 23 INC IY 
28A6: FD -''' 30 ZI~ LO ( PGCRAO ) , l Y t..~ 

28AA : C9 RET 

28A8: FD 211 70 20 PNUP LO IY ,( PNCRAD ) 
(~8AF : FD 66 00 LD H ,( IY+00) 

2sê2: FD 6E 01 LD L, ( l Y +01 ) 
2885: FD 23 INC IY 
2887: FO 23 INC IY 
2889: FD ~Z 70 20 LD ( PNCRAO ) , l Y 
2880: FD 211 74 20 LO l y ,( PNSPSA ) 
:8C 1 : FD 74 00 LO (IY+00),H COPY PN CURRENT READING AS 

28C4: FD 75 01 LD (IY+01 ) ,L THE SET POINT PROFILE 
28C7: FD 23 INC IY 
28C9: FD 23 INC IY 
28CB: FD 2: 74 20 LD ( PNSPSA ) , l Y 
28CF: CD FE 31 CALL PNIADRI 
2802: C9 RET 
2803: FO 211 80 20 peup LO l y , ( PCCRAD ) 
:807: FO 66 Q)QJ LO H, ( l Y +00) " 
230A: FD 6E 01 LD L, ( 1Y +01 ) 

1 

2900: FD ~3 INC IY 
280F: FD 2::i INC IY 
28E 1 : FD 22 80 20 LO ( PCCRAO ) ,1 Y 
28E5: FD 2A 84 20 LO IY,(PCSPSA) 
28E9: FD 74" 00 LD ( IY+00) ,H COPY PN eURRE'NT REAO l NG AS 
28EC: FD 75 01 LO (IY+01),L THE SET POINT PROFILE , 28EF: FD 23 INC IY 
28Fl : FD 23 INC IY 
28F3: FD ..,.., 84 20 LO (PCSPSA) ,1 Y 
28F7 : .. CD 94 ..,.., 

J ... CALL PCIAORI 
Z8FA: C9 L _ RfT 

(' 

28FS: FD 2A 72 20 PNPICONT LD IY ,( PNSPP) . , ADD OF PN SET POINT PROFILE 
28FF: FD- 66 00 LD H,(IY+00) 
:902: FD 6E 01 Î LD L ,( IY+01 ) ; LOAD PN SET POINT INTO HL 
2905: FD :3 INe IY 
~907: FO Z3 INe I.Y 
2909: FO Z: 72 20 LD (PNSPP),IY 
2900: FD 2A ~20 LD l Y ,( PNSPSA ) ; ADD. OF PN SET POINT STORAGE 

k :911 : FD 74 L 0 .( l Y + 0 el ) ,H 
:914: FD 7S 01 LD (IY+01 ) ,L STORE PN SET POINT 
2917: FO .,.,. 

~,j INC IY 

e :919: FO ..,- INC IY ~:J 

2918: FD .,., 74 20 LD ~ PNSPSA l, IY 



'" 

, 
.!" 

291F: ED 58'"\6 20 ~ LD DE, ( PNCRTS ) j LOAD PN C.R. INTO DE 
2923: AF XOR A 

ERR OR ' :924: ED 52 SBC HL,DE CALCULATE THE 
:;926: 3E 0'0 LD A,00 0 

2928: 30 09 JR NC,PNES IF E IS +VE 
292A: AF XOR A 
292B: EB EX oE,HL 

.. 
292C: 21 00 00 LO HL ,0000 
292F: EO 52 SBC HL,DE 
:? 931 : 3E 01 LD A,01 j ( 1 F E IS -VE p 
2933: 22 88 20 PNES LD (PNETS) ,HL j TEMP STORAGE FOR PN El 
2936: -., 

..:JI.. 8A 20 Lo, (PNESTS) ,A T81P STORAGE FOR PN El SIGN 

t 

2939: FD 2A 76 20 LD IY,(PNESA) ADo OF PN E STORAGE 
2930: Fo 74 00 Lo (IY+00),H 
::940: FO 75 01 Lo (IY+01 ),L STORE PN ERROR 

( 
:943: FO 23 INC IY 
2945: FD '"1" INC IY ~ L...J 

;, 
t 2947: FO- 22 76 20 LO (PNESA),IY 
~ : 94B: FD 2A 78 20 Lo IY, (PNESSA) j' AOD OF PN E SIGN STORAGE ~ 
If' 
l' 294F: FD 77 00 LD (IYt00),A 'j STORE PN E SIGN 

) 
2952 :" FO 23 INC IY 
:? 954;; FO '"1'"1 78 20 LD (PNESSA), IY ~ ...... 

1- 0 , 2958: 01 00 00 PNMUI LD BC,0000 
:95B: 21 00 00 LD HL,0000 
:2%E: ED 58 88 20 LD DE, ( PNETS ) LOAO THE 11IJL TIPLlCANO / Pt~ El) 

r :96:: 3A 60 :0 PNLP1 LD A, (PNA iL) LOAO PN AI ( THE L3B \ 

:: 96 5 : 1'3 PNLP: ADO HL,DE 
2366 : 0~ INC BC 
2'367: B'3 CP C 
2968 : 20 FB JR NZ ,PNLP2 
296A: 3A 61 :0 LD A, ( PNA 1 M ) LOAo MSS OF PN Al 
:960: B8 CP B 

'" 296E: 20 F2 JR NZ,PNLPI 
2970: ",., BC 20 lD (PNA1ETS),HL TEMP ST. OF PN Al * El 

. 
:297~: FD 2A 76 20 PNMU2 LD IY , (PNESA) LDAD PN E( 1-1 ) INTO DE 

", -, --:977: FD 56 FC LD D,(IY+-04) SUBTRACT 4 FFFCH 
297A: EO SE FD LD E,(IY+-03) SUBTRACT 3 FFFDH 
2970: 01 00 00 LD SC,0000 
2980: :: 1 00 00 LD HL ,0000 
:98:3: 3A 62 20 PNLP3 r/ LD A, (PNA2L ) j LDflD PN Ai ( LS8 ) 

2986: 19 PNLP4 ADD HL,DE 
2987: 03 INC BC .--- ~'--

"-

2988: 89 CP C j \ 
:989: 20 FB JR NZ,PNLP4 
:988 : 3A 63 20 LD A,(PNA2M) LGAD MSS OF PN A: 
298E: B8 CP B 
298F: 20 F2 JR NZ,PNLP3 

C 
" 

1A 



0 
\' , .., 

2991 : ?"' .. L. SE 20 LD (PNA2ETS) ,HL TEMP ST. OF PN A2 * E(l-l) ... 
-

2994: 2A BC 20 LD HL,<PNAIETS) LOAD PN Al*El INTO HL 
:997: ED SB 8E 20 LD DE, ( PNA2ETS ) LOAD PN A2*E( 1-] ) INTO DE 
2998: FO 2A 78 20 LD IY ,( PNESSA) 
299F ( FO 46 FE LD B,<IY+-(2) LOAO PN El-] SIGN INTO B 
29A2: 3A 8A 20 LO A,<PNESTS) LOAO PN El SI6N 
Z9A5: FE 00 CP 00 1 CHECK SIGN PN El 
29A7: 20 IC JR'NZ,P~NSI 
~9A9: 78 LO A,S 
29AA: FE 00 CP 00 CHECK SIGN PN E( 1-1 ) 
29ACI '20 12 JR NZ,PNNS2 
29AE': AF XOR A 
29AF: ED 52 S8C HL,DE 
2981: 3E 00 LO A,00 
2983: 30 28 JR NC,PNSRI 
2985: EB EX OE,HL 
2986: 21 00 00 LD HL ,0000 
2989: AF XOR A 
29BA: ED 52 SBC HL,OE 

t, 

298C: 3E 01 .. LO A,01 
298E: 18 20 JR PNSRI 
:9C0: ]9 PNNS: ADD HL,DE 
29Cl : 3E 00 LO A,00 
29C3: 18 18 JR PNSRI 
29C5: 78 PNNSI LO A,S "if 1 

29C6: FE 00 CP 00 
29C8: 20 05 JR NZ,PNNS12 ' " 

29CfI: 19 ADD HL,DE 
29CB: 3E 01 LD A,01 
29CO: 18 Il JR PNSR] 
23CF: ES PNNSI2 EX OE,HL 
2900: AF XOR A 
2901 : EO ;;2 SBC HL,DE 
290:3: 3E 00 LD A,00 
2905: 30 09 JR NC,PNSRI 
2907: EB EX DE,HL 
2908: 21 00 00 LO HL,0000 
:908: AF' XOR A 
29DC: EO 52 SJ3C HL ,DE ..;. 
290E: 3E 01 LO A,0! 
29E0: ~2 90 20 PNSRI LO< PNR 1 TS ) ,HL ,; TEMP ST. 'OF PN RI 
Z9E3: 32 92 20 LD (PNR1STS),A TEMP ST, OF PN RI SIGN 
;;9E6: AF PNLMI XOR A 
2'S-E7; -7r\ 64 20 ...,... LO fi, (PNSF ) ; LOAO PN SF 
29EA: 47 LD S',A 
29ES~ 7C LO A,H 
29EC: SB SBC A,S 
:9ED: 38 05 JR C,PNLM: , 
29EF: 21 FF 00 LD HL.,00FFH 
2"3F2: 18 33 JR PNSORl 

e 29F4 : AF PNLM2 XOR fi 
:9F5: 7C LD A,H 
29F6: DE 7F sec fi, 7FH 



, ' 

• 

" 

!:' , 

~ 29F8: 38 05 JR C,PNDIV 
;::9FA: ~ 1 FF 00 LD HL ,00FFH 
29FD: 18 28 JR PNSDRI 
29FF: 3A 64 20 PNDIV LD Pi, (,PNSF ) 
2A02: 57 LD D,A 
2A03: lE 00 Lo E,00 
:A05: 06 08 Lo 8,08 
:2AeJ7 : ~A 90 20 1 Lo HL, (PNR 1 T5 ) 
::AQJA: 29 PNLP7 ADO HL,HL 
2A08: AF XOR A 
2A0C: EO 52 SBC H!:.,OE 
2A0E: ..,..,. INC HL ~.; 

2A0F: 30 02 JR Ne ,PNNEXT 
211 Il: 19 AOD HL,DE 
2111::: ~B DEC HL 

f :/113: 10 FS PNNEXT DJNZ PNLP7 
:1115: AF XOR A 

1 
:AI6: 3A 66 20 . LD A, (PNSF2 ) LOAD PN su: 
:1119: gC sec A ,H 
2/11A: 30 09 JR NC,PN5DR 

; 2A1C: 3E FF LD A,FFH 

~ 
::A1E: BO CP L 

, :A1F: 28 04 JR Z,PNSoR 
i , 2A21 : 3E 01 Lo 11,01 

2A:3: 85 AoD A ,L 
:A~4: 6F LD L,A 
21i;;:S: 26 00 PNSDR LD H ,00 
:A:7: .,., 94 20 PNSDR1 Lo ( PNDRTS ) ,HL ; TEMP ST. OF PN DR 
:A:A: FD 2A 84 20 LD IY ,( SSVOSA) 
2f'l2E: FO 56 FE Lo o,(lY+-02) ; GET THE'PREVIOUS PN IJ. O. 
2A3\ . FO SE FF LD E,(lY'+-01) 1 
2A34: 3A 9: 20 LD fi, (PNP 1 STS ) 
2A37: FE 01 CP 01 CHECK SIGN OF PN Rl 
2A:.!9: 28 08 dR Z,PNSUB2 
2A3B: \9 1\ ADD HL ,DE 
2A3C: 7C LD A,~ 
2A3D: FE 00 CP 00 
:A3F: 28 IF JR Z ,PNSENDM 
2A4'1 : 21 FF 00 LD HL,00FFH 
:1'144: 18 11\, JR PNSENDM 
:A4~ : AF PNSUB~ XOR fi '. 2A47: ES EX DE,HL 
21148: ED 5: SBC HL ,DE .. 
:MA: 30 14- JR NC,PNSENDM 
2A4C: 21 00 00 t..O HL,00012l IF M 0 PUT M=0 
:A4F: 3E FF LD A,FFH 

C 21151 : 0:::; ~4 OUT ( 04 ) ,A SENO 0.0 SIGNAL TO THE ')ALVE, . 
2AS3: 3E 00 LD (1,00 1. e. CLOSE THE VALVE 
:1155: 03 0A OUT (0AH) ,A 

-. 
\ 



2A57: 3E FF 
2AS9: 03 08 
2A58: 16 00 
2ASD: SF 
2ASE: 18 10 
2A60: ES 
ZA61:~10001 

2A64: 3E 00 
2A66: 03 04 
2A68: AF 
2A69: EO 52 
2A68: 
2A68: 70 
2A6C: 03 0A 
2A6E: AF 
2A5F: ~ 1 FF 00 
2A72: EO 52 
2A74: 30 03 
2A76: 21 00 00 
:A79: 70 
2A7A: 03 08 
2A7C: EB 
2A70' FO ~A 84 20 
2'A81' FD 74 00 
2A84: FO 75 01 
2A87: FO 23 
2A89: FD 23 
2A8B: FD ~2 84 20 
2A8F: FD :A ,86 20 
2A93: FD 72 00 
2A96: FD 73 01 
~A99: FD 23 
2A98: fD 2:3 
2A90: IFD ~2 86 20 
2AA1: /2A BC 20 
ZAA4:; FD 2A 7A 20 
2MB:i FD 74 00 
2M8: FD 23 
2AAD; FD 75 00 
~AB0: FD 23 ' 
2AB2: FD 22 7A 20 
~AB6: 2A 8E' 20 
2AS9: FD 2A 7C ~0 
2ABO: FD 74 00 
2AC0: FD 23 
:AC2: FD 75 00 
~ACS: FD 23 
~AC7: FD 22 7C ~0 

2AC8: 2A 90 20 
2ACE: FD :A 7E ~0 

::"02: FD 74 00 

/ 

LD A,FFH ,;(7F LET MR=100 (IFMS=0.0 --?MR"'1(0) 
OUT (08H) ,A 
LD 0,00 
LD E,A 
JR PNSTM 

PNSENDM . EX DE,HL 

PNMR 

PNSTM 

" 

LO HL,0f00H 
LO A,00 
OUT (04) ,A ; +VE VALVE SIGNAL 
XOR A 
SBC HL,DE HL NOW HAS THE AOJUSTED SIGNAL 

DE STILL HAS THE ACTUAL SIGNAL 
,LO A ,L 
OUT (0AH) ,A 
XOR A 
LO HL,00FFH 
sec HL ,DE 
JR NC,PNMR 
LO HL ,0000 
LO A,L 
OUT (0BH) ,A 1 

EX DE,HL 
LO IY,(SSVOSA) 
LD (IY+00),H 
LO (IY+01 ) ,L 
INC IY 
INC IY 
LD (SSVOSA),IY 
LD IY, (RSVOSA ) 
LD (IY+00),D 
LD (1 Y+Jtl() ,E 
INC IY SI 
INC IY 
LO (RSVOSA), l Y 
LO HL ,(PNAIETS) 
LO IY ,(PNAIESA) 
LO (IY+00) ,H 
INC IY 
LO (IY+00),L 
INC IY 
LO (PNA 1 ESA ) ,1 Y 
LO HL, ( PNA2ETS ) 
LD IY, (PNA2ESA ) 
LD (IY+00) ,H 
INC IY 
LO (IY+00) ,L 
INC IY 
LO (PNA2ESA), l Y 
LO HL ,( PNR1TS) 
LO IY, (PNRI SA") 
LO (IY+00) ,H 

; SEND THE VALUE OF FN V.O. 

HL NOW HAS THE RSV OPENING 

STORE PN 55\) OPENIN_ 

STORE PN RSV OPENING 

1 PN Al*El STORAGE ADD. 
STORE PN Al *El 

; PN A2*El-l STORAGE AOO. 
; STORE PN A2*E( 1-1 ) 

L-/ 

T ~t~ • 

PN Rl=Al*El-A2*El-l STORAGE AOO. 
STORE PN RI "-



1 1 
1 

1 

1 -- 1 
1 

2AOS: fO 23 INC IY 
2P,D7: FO 7S 00 LO (IY+00) ,L 
2AOA: FO 23 INC IY 
2AOC: FO 22 7E 20 LO (PNR 1 SA) ,1 Y 
2.AE0: 2A '34 20 LD HL , ( PNDRTS ) 
2AE3: FO 2/\ 82 20 LO 1 y , ( PNORSA ) PN OR STORAGE AoO. 
2AE7: FD 74 00 LO (IY+00),H ,J STORE PN DR 
2AEA: FO 23 INC IY 
2AEC: FO 75 00 LD (IY+00) ,L 
2AEF: FO ,.,~ 

... J INC IY 
2AFl : FO 22 82 20 LD (PNORSA), IY 
2AF5: 3A 92 20 LD fi, (PNR 1 STS ) 
2AF8: FD 2A 80 20 LD IY,(PNR1SSflJ 'l PN Rl SI GN S TORAGE AOO. . 2AFC: FD 77 00 LD < IY+(0),A STORE PN Rl SIGN 
2AFF: FO :3 INe IY 
2801 : FD 22- 80 20 LD (PNR1SSA),IY 
28135: AF XOR fi 
2806: C9 RET 
2807: FD 2A 82 20 PCPICONT Lo IV , (PCSPP ) AOD. OF PCI SET POINT PROFILE 
2808: FD 66 00 LO H,(IY+eJ0) 
28eJE: FD 6E 01 LO L,( IY+01 ) LOAD PCI SET POINT INTO HL 
2811 : FO 23 INC IY 
2813: FO .,.., 

... J INe IY 
2815: FD .,.., 82 20 LO ( PCSPP ) ,1 Y 
261 '3: FD :A 84 20 LD IY , (PCSPSA ) PCl SET POINT STIWAGE MOO. • 2810: FD 74 00 ~D ( IY+00! ,H 
:820: FD 75 01 

'-
LO ( IY+01 );L STORE PCl SET Pl] l NT 

2823: FD 23 INC IY 
2825: FD 23 INC IY 
2827: FD ..,.., 84 20 LO ( PCSPSA ) , I Y 
Z8ZB: ED 58 48 20 LD DE, ( TFSCCCR ) LOAD PCi CURRENT READING , 0\" 282F: AF \(OR fi n 

2B30: ED S2 SBC HL,DE CALCULATE PCI ERRQP 
28:32' 3E 00 LO A,00 .- j 

... 
2834: 30 139 JR NC,PCSE IF PCl E 15 +VE 
2836:. AF • XOR PI 
2837: E8 EX oE,HL 
283B: 21 00 00 LD HL ,01300 
2838: ED 52 ;,-' SBC HL,DE 
2830: 3E 01 LO f't ,01 IF PCl E IS -VE 
283F: .,., CS :13 peSE L.D< PCETS ) ,HL, TEMP STORAGE OF PCl El 
28C: 32 CA 213 LD (PCESTS l ,A TEMP ~TORAGE OF PCl El SIGN 
2845: FO 2A 86 20 LD IY,(PCESA) PSI E STORAGE AOO. 
2849: FD 74 00 -'t.D ( IYt00 ) ,H 
ZB4C: FO 75 01 LD (IY+01 ) ,L STORE PCI E 
284F: FD 23 INC IV 
2651 : FD "7 

~.J INC IY • 2853: FD 2:2 86 20 LO (PCESA),IY 
2B57: FD 2A 88 213 LO IY,(PCESSAl PCl E SIGN STORAGE ADO: 
2858: FO 77 00 LD (IY+00),A stORE PCI E 
Z85E: FD 2:J INC IY 
:860: FD :: 88 20 LD (PCESSA),IY 



" , 

'2864: 01 00 00 PCMUI LD 8C,0000 
2867: 21 00 00 lD Hl,0000 
286A: ED SB C8 20 LD DE, ( PCETS ) ; LOAO THE MUL TIPLICAND (PCI El) 
286E: 3/1 /10 20 PClPI LD t\, < PCA 1 L> LOAO PCI Al ( THE LS8 \ 
2871 : 19 PCLP2 ADD HL ,DE 

/ 
2872: 03 1 NC .. BC 
2873~ 89 CP i . 
2874: 20 FB JR 'NZ ,PCLP2 
2876: 3A AI 20 LD A,CPCAIM) LOAO MS8 OF PCI AI ". 

287'3: 88 CP B 

A~ El 
287A: 20 F2 JR NZ,PCLPI 
287C: " (PCAI ETS) ,HL TEMP ST. OF PCI 22 CC 20 LD 
287F: FO 2/1 86 20 PCMU2 LO IV ,( PCES/1) LOAD PCI E( 1-1 ) INTO DE 
2883: FD 56 Fe.., LD D,(IV+-4) 
2886 : FD SE FD ,. .. LD E;< IV+-3) '. 

:889, 01 00 00 LD 8C,0000 
288C: 21 00 00 LD HL,0000 
288r,; 3/1 /12 20 PCLP3 LD A, ( PCA2Ll LOAD PCI A2 ( LSB ) 

21392: 19 PClP4 ADD HL,DE 
2893: 03 INC BC 
2894: 89 CP C 

.2Bj,5: 20 FB JR NZ,PCLP4 
2897: 3A A3 20 lD AJ~PCA2M) LOPID MSB OF PCI /12 
2B9A: 88 CP B • 2898' 20 F2 JR NZ,PCLP3 .f 

2890: 22 CE 20 LD (PCA2ETS) ,HL TEMP ST. OF PCI A" * E ( 1- 1 ) , ,~ 

28110: 2A CC 20 LD HL, ( PCA 1 ETS ) LOAO PCI AI *E l HITO YL 
28A3: EO SB CE 20 LD DE, ( PCA2ETS ) LOAO- PCI A2*E' 1-1 , INTO DE 
28A7: FO 2/1 88 20 'l LD IV ,<PCESSA) 
28/18: FO 46 FE LO 8,(IY+-Z) LOAD PCI El-l SIGN INrO B 
2BAE: 3A CA 20 LD A, (PCESTS ) LOAD ~Cl El S IG~j 
28B 1 : FE 00 CP 00 CHEO: SIGN PC 1 El 
2883: 20 le JR NZ ,PCNS 1 
2885: 78 LD A,a . : .. ; ? 

2886: FE 00 CP 00 CHE~1 SIGN PCI E< 1-1 ) 

2888: 20' 1: JR NZ,PCNS2 
::88A: AF ~RA 

288B: EO 52 SBC HL,OE 
28BO: 3E 00 LD A,00 
288F: 30 28 JR NC,PCSRI 
28C1 : EB EX DE,HL 
28C2: ::1 00 00 LD HL,0000 
28C5: AF 'xtiR A' 
28C6: ED 5: S8C HL!OE 
28C8: 3E 01 LO 11,01 
2BCA: 18 :0 JR peSRI , , .. 28CC: 19 PCNS2 'ADD HL ,nE 
2BCD: 3E 00 LD A,00 

e 28CF: 18 18 JR PCSR 1 -



-~------~---------------------~-~----

, 
). 

2801 : 78 PCNSI 'LD Pi B 1 
, 1 

2802: FE 00 CP 00 
o 2804:' 20 05 JR NZ ,peNS 12 ' 

2806: 19 AOO HL ,DE 
2807: 3E 01 LD Pi ,0\ 
2809: 18 Il JR pcsln / 
2BOB: EB PCNS12 EX DE ,HL 
2BOC: PiF XOR Pi " 
2800: EO 52 sac HL ,DE 
280F: 3E 00 LD Pi ,00 
28El : 30 0-9 JR NC ,PCSR 1 
2BE3: EB EX DE ,HL 
2BE4: ;:;1 00 00 LD HL ,0000 

J 2BE7: AF XOR Pi .} 

2BE8: EO S2 SBC HL ,DE 
2BEA: 3E 01 LD A ,01 , 
2BEC: .,., 00 20 PCSR 1 LD (peRl TS) ,HL 1 TEMP 5T, OF PCI RI ...... 
28EF: -., 

,:) ... 02 20 LD (PCRISTS),A TEMP ST. OF. r::c 1 PI SIGN 

! 2BF2: AF PCLMI XOR A 
\--1:' 2BF3: 3A A4 ;:;0 LD 'Pi,IPCSF) LOAO PC SF 

2BF6: 47 LD B,A 
;:;8~7: 7C LD- Pi, H ~ 

~8F8: 98 SBC Pi ,S' 
28F9: 38 05 JR C ,PCLM2 
ZSFS: 21 FF 00 LD HL ,00FFH 
28FE: 18 33 JR, PCSOR 1 
2C00: PiF PCLM2 XOR Pi 
2C01: 7C LD Pi ,H 
2C02: DE 7F SBC A ,7FH 
2C04: 38 05 JR C,PCOIV 
2C06: 21 FF 00 LO HL ,00FFH 
;:;C09: 18 28 JR PC5DRI 
2C08: JA A4 20 PCOIV LD A, (PCSF ) 

"- :C0E: 57 LO D,A 
2C0F: lE 00 LD E,00 
2C 11: 06 08 LD B,08 
2C13: 2A 00 20 LD HL, (PCR 1 T5 ) 
2C16: 29 PCLP7 ADD HL ,HL ~ 

2C17: AF XOR A ... 
2C18: EO 52 ... sec HL,DE 
2C1A: 23 . INC HL 
2C18: ::;0 02 JR NC ,PCNEXT 
:C1D: 19 ADD Hl ,DE 
2CIE: 28 OEC HL 
2CIF: 10 FS PCNEXT OJNZ PCLP7 
:C21 : AF· XOR rî 
~C:2: 3111 A6 20 lD A,(PCSF2) LOAD PCI SF/2 
2C25: SC - SBC A,H 

C 2C26: 30 09 .tR NC ,PC5DR 
2C28: 3E FF LD" A ,FFH 
2CA:' 80 CP L 
:C:B: :8 N JR Z ,PCSDR 

... 

~ /' 



) . 

2C20: 3E 01 LD Pt ,01 
2CZ-F: -as ADO Pt ,L. • 
2C30: 6F LD L,A 
2C31 : 26 00 PCSOR LO H,00 ~ 

2C33: 22 04 20 PCSDRl LD (PCDRTS) ,HL 1 TEMP sT'. OF' PCl DR 
~ , 2C36: FD 2A 84 20 LD JiY,(SSVOSA) . 

2C3Pt: FD 56 FE LD 0,< Iyt-2) 1 GET THE PREVIOUS PCI V.O. 
2C30: FD SE FF LD E ,~Y+-l ) 
2C40: 3A 02 20 LD Pt, ( CR 1 STS ) 
2C43: FE 01 CP 01 CHECK SIGN OF PCI RI 
2C45: 28 0B JR Z ,PCSU82 "". 

:C47: '19 ADD HL ,DE 
~C4B: 7C LD A,H 
:C49: FE,00 CP 00 ( :C48: 2a 1 F , JR Z,PCSENoM 
2C40: : 1 FF,00 LD HL ,00FFH 
2C50: 18 lA " ' 

JR PCSENoM 
:C52: AF PCSUB2 XOR A 
2C53: EB EX DE,HL . -
2C54: ED 52 SBC HL ,DE il 

2C56: 30 14 JR NC ,PCSENDM 
2C58: : 1 00 00 - . LO HL ,0®00 IF M." o PUT M=0 

~E'FF ~H' Q 
, 

2C58: 
2C50: 3 04 JOUT ( ) ,A SEND 0.0' SIGNAL TG- THE SUPPL Y 
2C5F: 3E ~0 ' . LD A ,0 1. e. CLOSE THE VAl'JE 
2C61 : 03 0A ~ OUT (0AH) ,A 
2C63: 3E FF LD A,F~H (1F) 
2C65: 03 08 OUT (0BH) LET MR= 100% ( IF MS ... 0 MR= 1 0'0 ) 
2C67: 1 ti 00 lD 0,00 
2C69: SF LO E ,A 
2C6Pt: 18 10 JR .PCSTM . 
2C6C: E[j PCSENOM EX DE ,HL ; DE HAS THE ACTUAl (JAL ,,JE SIGNAL 
2C60: 21 00 01' LO HL ,0100H 
2C70: 3E 00 LD Pt ,00 
2C72:\03 04 OUT. (04) ~A +VE, VALVE SIGNAL <J> 

.J 

:C74: AF XOR Pt 
2C75. ED 52· SBC HL ,PE HL NOW HAS THE ADJUSTEO SIGNAL 

. 
2C77: DE STILL HAS THE ACTUA~ SIGNAL 
2C77: 70 LD A,L 
:e78: 03 0A OUT (0AH) ,A SEND T'HE SUPPL Y VALVE OPENING 
::C7A: AF XOR Pt 
2C78: 21 FF .. 00 LD HL ,00FFH (7F) , 

:C7E: ED 52 sec Hl,DE HL NOW HA'S THE RSV OPENING 
2C80: 30 03 . JR NC,PCMR 

2C82:~~ 00 00 LD HL ,O000 
2e85: PCMR LD A,L 
:C86: .J 08 OUT (0BH),A SEND SIGNAL TO RSV 
2e88: ES E,X DE ,HL HL HA.s SSVO & DE HAS RSVO . ) 

.;. --.. " 
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"'C89: FD 2A 84 20 PCSTM LD IV ,( SSVOSA ) 

~' 
FD 74 00 LD (IY+00) ,H 

2C 0: FD 75 01 LD (IY+01 ) ,L 1 STORE Cl SSV OPENING 

2C9 \: FO 23 INC IY 
2C95:\ FO ..,.,. 

.. ..J INC IV 
2C97 : FO 84 20 LD (SSVOSA),IV 
2C98 : FD 2A 86 20 LD IY, (RSVOSA ) 
2C9F: FO 7: 00 LO (IY+00),O 
2CA2 : FO 73 01 LD (IY+01 ) ,E ; STORE RSVO 
2CA5 : FO 23 INC IV 

, ZCA7: FO ..,.,-
.. ..J INC IV 

2CA9 : FO 2: 86 20 LO (RSVOSA), IV 
2CAO: 2A CC 20 LD HL, < PCA 1 ETS ) 
2C80. FO 2A BA 20 LO IV,<PCAIESA) PCI Al *El STORAGE ADD. 
:::C84 : FO 74 00 LO (IY+00) ,H STORE.. PC 1 Al *E 1 
2C87 : FO :3 INC IV 
:::CS9: F8 75 00 LD (IV+00),L tO 
2CBC: FO ..,-.. .) INC 1 V 
2CBE: FO 

..,.., 
BA 20 -to (PCAIESA) ,IV 

~C"" 2A CE :0 LO HL, ( PCA2ETS ) v' .. -' 
.. CS: FO :A BC Z0 LD IV,(PCA2ESA) PCI A2*E'1-1 STORAGE ADD. 
2CC9 : FO 74 00 LO (IY+00),H STORE PC 1 A::: *E ( 1-1 ) 
2CCC: FD ..,.,-

.. ..J INC 1 V 
~CCE : FD 75 00 LO (IY+00) ,l 
:CO 1 : FD :3 INC IY 
:::C03 : FO 

..,.., 
BC 20 LO (PCA2ESA), 1 V 

2C07 : 2A 00 :0 LO Hf, ( PCR 1 TS ) , 
2COA: FD :::A BE 20 LO IY,(PCR1SA) PCI Rl=Al *El-A2*El-1 STORAGE 
2COE: FD 74 00 LO (IY+00),H STORE PCI RI ~ 
2CE 1 : FD 23 INC IY " 
ZCE3 : FD 75 00 LD (IY+00),L 
2CE6 : FO ..,- INC IY .. ' 

.. ..J 
.... 

2CE8 : FO 
..,.., BE 20 LO (PCR 1 SA ) ,IV 

2CEG: 2A 04 20 LO· HL, ( PCORTS ) 
\ 

2CEF: FO :::A C: 20 LO IY, (PCORSA ) PCI DR STORAGE AOO. 
ZCF3:' FO 74 00 LO ('IY+00) ,H STORE PC 1 -DR 
2CF6 : FO ..,-.. .) INC IY '~ ~ ---" 

2CFB: FO 7S 00 LD (IYH')0) ,L 
2CI=\B: FO ..,-.. .) INC 1'( 
2CFO t FO 

..,.., 
C: 20 LO (PCORSA), 1 V 

2001 : 3A 02 20 bof) A,(PCRISTS) / 
2004 : FO 2A C0 20 LO IY,(PCR1S5/1) PCI RI SIGN STORAGE AOO': 
2008 : FO 77 00 LO (IY+00) ,A STORE PCI RI S IGN 
2008 : FO 23 INC IY 
2000 : FO ..,- C0 20 LD (PCRISSA) ,IV 
2011 : AF XOR A 

e 201:: : C9 RET 
2013 : FO 2A F: 20 HCONTM LO IY,(HSPP) 
2017 : FO 56 00 LD H ,( IY+00) 1 GEr HOlO SET POINT PROFILE 
201 A: FD 5E 01 LO L. ( 1 Y+01 ) 

, 
-., , 
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2E26: BB CP B , 
2E27: 20 F2 JR NZ ,H~P:3 1 
2E29: 22 0E 21 ] LD ( HA2ETS ) ,HL' TEMP STORflGE OF SAVE Pl2 'Er' 2E2e: 2A 0C 21 LO HL,(HA1ETSl LOAO Al *El INTO HL 

, , 2E2F: ED SB' 0E 21 " LD DE,<HA2E~ LOAD A2*E< 1-1 ) INTO DE 
2E33: FD 2R 88 20 1 LD IY,<PC(:SS, ' 
2E37: FD .46,.FE LD B ,< IY+-2) 

,2E3A: 3A 0A 21 . LD A,<I:lESTS> 
:::E3D: FE 00 CP 00 CHECK SIGN El 
2E3F: 20 IC _ JR NZ ,HWS 1 
ZE4'1: 78 LD A ,8 
2E42 : FE 00 CP 00 CHEC}< SIGN E ( 1-'1-~ 

• 2E44: 20 12 JR NZ ,HNS,2 
2E4p: AF XOR fi 

2E47: EV 52 sac HL,DE 
2E49: 3E 00 LD'A,00 ) 

2E48: 30 :8 JR NC,HSRI 
2E4D: ES EX DE ,HL 
2E4E: 21 00 00 LD HL ,0000 
~E51 : AF XOR A 
2E52: ED 52 SBC HL,DE \ 

\ 

2ES4 : 3E 01 LD A,01 
( 

\ 
2ES6: 18 20 JR HSRI 
:E::i9: 19 HNS2 ADO HL,DE \" 
::ES9: 3E 00 LD A,00 1 

2E58 : 18 lB JR HSRI 
. ! 

2.E5D: 78.. HNSI LD A,B 
, 

2ESE: FE 00 CP 00 
;:E60 : 20 05 JR NZ ,HNS12 
2E62 : 19 ADD HL,DE 

\ 

2E63 : 3E 01 LD A,01 \ 

2E65 : 18 11 JR HSRI 
2E67: ES HNS12 EX DE,HL 
2E68 : AF XOR fi 

2E69: ED 52 sec HL,DE 
2E68 : 3E 00 LD A,00 .;:-. 

2E6D: 30 09 JR' Ne ,'HSR 1 
2E6F: ES EX DE ,HL 
2E70: 21 00 00 LO HL ,0000 
2EÎ3 : AF XOR A 

~\ 1 2E74 : ED 52 • SBC HL,DE 
2E76 : 3E 01 LD A,01 

. , 

2E78 : .,,, 10 21 HSRI LD (HRlTS),HL 1. TEMP ST. OF RI \J 
1 .. 2E78 : 7" ;Jo. 12 :: 1 lD (HRISTS) ,n ;' TEMP ST.OF RI SIGN 
i 2E7E: AF HLMI XOR PI 

2E7F: :0 
,i ...... 

LD A, (HSF) LOAD ,SF 3A E4 j 

C 2E82 : 47 LD B,A " 2E8::J : 7C LD A,H 
2E84 : 98 SSC A,8 
:ES5 : 38 05 JR C,HLM2 
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J 

1 
- • 

- " ~ 
2E87: .)21 FF ~ LD HL,00FFH ... 

0 

:E8A: 18 33 • JR HSDR.1 

j 
2E8C: AF HLM2 XOR A 

( 

Î' 2E80: 7C LD A ,H _ 
2EBE: DE 7F sec A, 7f=:H 
2E90 : 38 05 JR C ,HOIV 
2E92 : ::: 1 FF,00 LD HL ,00FFH 
~.g5: 18 28 JR HSDR 1 
:E97: 3A E4 20 HDIV LD A, (HSF) 
2E9A: 57 LD D,A 

. ,:E9B: lE 00 Lo E,00 - .. ( ... /'\ 2E90: 06 08 Lo B ,O8 • 
2E9F :. 2A 1,0 21 L~ HL, ( HR 1 TS ) 
:.EA2 : 29 HLP7 ADD HL ,HL 
:2Efl3: AF XOR A 
2EA4 : Eo 52 SBC HL,DE 
:Efl6 : ".,-... ..; INC HL 
2EA7 : 30 02 JR NC ,HNEXT 
2EA9 : 19 ADD HL ,DE 
2EAA: 2B OEC HL " 
:EAB: Hl F5 HNEXT DJNZ HLP7 

" 

2EAo: AF XOR A 
2EAE: 3(; E6 20 LO A, (HSF2) 

'" :EB 1 : 9C sec A,H 
2EB2 : 30 09 JR NC,HSDR 
2EB4: 3E FF LD A,FFH 
2E86 : 80 CP L 
:E87 : :8 04 JR Z,HSOR 
2EB9: 3E 01 LD A,01 
21::8B: 85 ADD A,L 
2EBC: GF LD L,A 
2EBO: 26 00 HSDR LO H,00 
2EBF: ........ 14 21 HSDRI LO (HDRTS) ,HL ; SAVE DIVISION RESUL T (TEMP) 

-'-

~EC2: Fo '2A 84 20 LD 1 Y , ( 5 SVOSA) , 
2EC6 : FD 56 FE LD D,~IY+-2) ; GET THE PREVIOUS VALVE OPEN ING 
2EC9: FD SE FF LDE,(IY+-l) 
2ECC: 3A 12 21 LD A,<HRISTS) 
:ECF: FE 01 CP 01 CHECI< SIGN OF RI 
2EDI : 28 0B JR Z ,HSUB2 
2E03 : 1 9 ADD HL,oE 
2ED4: 7C LD A,H 
2ED5: FE ,00 i' CP 00 
2E07: 28 IF ~ JR Z,HSENOM 
2E09: 21 FF 0 Lo HL ,00FFH 
2EOC: 18' 1 h 3 JR HSENOM 
2EDE: AF HSUB2 XOR A 

1 2EDF: EB EX DE ,HL 
2EEO: EO 52 SBC HL,oE 
:EE: : 30 14 JR Ne, HSENDM 
:EE·t: :1 00 00 LO HL, 0000 0 

-

&::~ 



\ 
• 

2.EE7: 3E FF LO A ,FFH 
2EE9: 03 04 OUT (04) ,A SEND 0.0 SIGNAL TO THE SUPPL Y 'Jé'LVE 

2EEB: 3E 00 LD A ,00 CLOSE THE VALVE / " 

1. e. 
( 2EEO: 03 0A OUT (0t1H) ,A 

2EEF: 3E FF LO A ,00FFH (7,F) 
:EFI : 03 08 OUT (0BH) ,A i LET MR 100r. (IF MS=0--'NR=100l 
2EF3: 16 00 LD D ,00 
:EF5: 5F LD E,A 
2EF6: 18 10 JR HSTM 
:EF8: EB HSENDM EX DE,HL - i DE HAS THE ACTUAL VALVE SIGNAL 
:'.EF9: 21 64 0~ LD HL,0100 
:EFC: 3E 00 LD A,00 
2EFE: 03 04 OUT (04) ,A +VE VALVE SIGNAL 
2F00: AF XOR A 
2F01 : EO 52 sec HL,OE .. HL H,AS .NOW THE ADJUSTED SIGNAL 
2F03: DE STILL HAS THE ACTIJAL SIGNAL .. 
2F03: 70 LD A ,L 
2F04: D3 0A ~ OUT (0AH) ,A SEND THE SUPPLY V~LVE OPENHIG 
:F06: AF XOR A 
2F'07: 2,1 FF 00 LD HL ,00FFH (7F) 
2F0A: EO: 52 SBC HL,DE HL NOW HAS THE RS~J OPENING 
:F0C: 30 03 JR NC ,HMR 

" 2F0E: 21 00 00 LD HL ,0000 
:F 11 : 70 HMR LD A,L . 
2Fl:: 03 0B OUT (0BH) ,A SEND SIGNAL TO RSV 

-J/\ 2F14: ES EX DE,HL HL HAS SSVO 1\, DE HAS RSVO 

0 2F15: FD 2A 84 20 HSTM LD IY,< SSVOSA) 
2F19: FO 74 00 LD ( IY+00 ) ,H 
:F1C: FD 75 01 LD (IY+01 ) ,L STORE S. VAUJE OPENING 
2F1F: FO ..,-: 

_J INC IY 
:F21 : FD ..,-: 

.. .J INC IY 
:F:::;: FO 

..,.., 84 20 LO (SSVOSA),IY 
2F27: FD 2A 86 20 LD IY, (RSVOSA) 
:F2B: FO n 00 LD (IY+00) ,0 
:2F2E: FD 73 01 LD ( IY+01 ) ,E STORE RELIEF VAL\JE OPENING 
2F31: FD 23 INC IY 
2F:::3: FD ..,.., 

~.J INC IY 
2F35: FD -''' 86 20 LD (RSVOSA) ,IY .. -
2F:ï9 : 2A 0C : 1 LD HL, (HA 1 ETS ) 
:F3C: FD :P: BA 20 LD l Y , ( PCA 1 ESA ) . 
':::F-l-0: FD 74 00 LO ( 1Y+00 ) ,H STORE Al * El 7 

; 

':::FC: FD 23 INC IY ! 
:::F45: FD 75 00 LD <IY+00),L 
:F42: FD ...,..,. 

_..J INC IY 
':::F.lA: FO ..,.; BA 20 Lq <PCAIESA) ,IY -'-

:F4E: :A GE :1 LD Hl.,.. (HA2ETS ) :. 2FS J : FD 2A BC 20 LD IV,(PCA2ESAl J 
1 

:F55: FO 74 00 LD ( 1Y+00) ,H STORE A2 * E( 1-1 ) 
if' 

2FS3: FO ..,..,. WC IY _..J / 



e 
" 

.. 

~FSA: FD 75 00 ", , LD ( l Y+00) ,L 
2F5D: FD :3 INC IY 

... 
2F5F: FD ..,.., BC 20 LD ( PCA2ESA ) , IY 
2F63: 2A '1 Ql 21 LD HL ,( HR 1 TS ) 
?F66: FD 2rî BE ~0 LD IY,(PCR1SA) 
2F6A: FD 74 00 LD (-IY+00),H STORE Rl=Al*El-A2*E(1-1 
2F60: FD 23 INC IY 
::FEîF: FD 75 00 ,LD (IY+00),L 
~F72: FD 23 INC IY , 

" 
2F74: FD ..,.., BE 20 LD (PCR1SA) ,IY ,A '- ... 

1 2F78. 2A 14 21 ""- LO HL ,( HDRTS) 
2F7B: FD 2A C2 20 LD IY ,( PCDRSA) 
2F7F: FD 74 00 LD (IY+00),H STORE DIVISION RESULT 
2F82 : FO ..,..,. 

... .J INC ~Y 
2F8J.: FD 75 00 LD ( l Y+00) ,L , 
2F87: FD ..,7 INC IY ,. 
2F99 : FD 22 C: 20 LD (PCDRSA), P 

~ 2F80: 31'1 12 21 LD A, (HRI STS ) 

~ 2F9(2): FD 2A C0 20 LD 1 Y . ( PCR 1 S 5 A ) 
2F94: ~D 77 00 LD (IY+00),A ; STORE S lGN OF Pl 
2F97: FD 23 ING-IV 

, .....,.. 

2F99: Fb ..,..., C0 20 LD (PCR1SSA>,IY 
2F90: AF XOR A 
2F9E: C'3 RET 

-:::F9F' ,ED 
1 

58 44 21 PGCONT' LD oE,(PGTS) LOAD PG CURRENT PEI1D l' JI3 
:~~3· FD 2A 30 21 LD l Y ,( PGCRAO ) AoD OF PG 3TCIRr.GE 
:::FA7: FD 72 00 L,D ( lY+"00) ,0 
2FAA: FD "]..,. 

,.J 01 LD (li+01) ,E STORE PG 
2FAO: FD 23 INC IY 
2FAF: FD ..,-, INC ri <...J 

2FS 1 : FD ..,.., 30 21 LD ( PGCRAD ) , l Y 
2F85: FD 2A 7"1 

..J ... 21 LD IY ,(PGSPP) ADD OF PG SET POINT PROF ILE 
2FB9: FD 66 00 LD H,(IY+00 l 

2FBC: FD 6E 01 LDL,(IY+01\ LOAD PG SET Pr) un INTC HL 
2FBF: FD ..,- INC IY ... .J 

2FC 1 : FD '")"7 
'--' INC IY 

2FC:::;: FD ..,..., 
3~ 21 LD (PGSPP),IY ...... 

2FC7: FD 2A 34 21 LD IY ,(PGSPSA) l'lOD. OF PG SET POINT STilRAGE 
2FCB: FD 74 00 L.D ( l Y +00) ,H 
:::FCE: FD 75 12)1 LD (IY+01) ,L STORE PG SET POINT 
2FD 1. FD ~- INC IY ... .J 

:FO:::;: FD -'7 INC IY • .J 

:FD5: FD ..,.., :4 :1 LD (PGSPSA),IY 
:FD9' MF XOR A 
2FDA: ED 5:: SBC HL ,DE CALCULATE PG ERROR 1 

2FOC' 3E 00 LD 1'1,00 
:FDE. ::JO 0g JR Ne, SPGE IF E rs HIE 

0 ::FE0: MF XOR A 
:FE 1 : EB EX DE ,HL 
:FE:' 21 00 00 LD HL ,0000 
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2FE5: EO 52 sec HL ,DE 1 

2FE7: 3E 01 
. 

LD Pi ,01 IF E IS -V,E 1 

2FE9: 
.,., 48 :1 SPGE LD (PGETS) ,HL TEMP STORPiGE FOR PG El 

2FEC: ~2 38 21 LD (PGE55A) ,A 1 TEMP STORAGE FOR PG El SIGN 

2FEF: FD 2A 36 21 LD Ii ,( PGESA) f\'OP ,;OF PG E STORAGE 

2FF3: FD 74 00 LD ( IY+00),H ~., 

2FF6 : FD 75 01 LD (IY+01),L STORE PG ERROR 

2FF9 : FD 23 L INC IY ;-. 

2FFB' FD ::3 INC IY 
2FFD: FO 22 36 21 LD (PGESA), 1 Y 

::;001 : FD 2A 38 21 LD IY ,( PGESSA ) ADO.OF PG E SIGN STORAGE 

l,' 3005 : FD 77 00 LD (IY+00),A ; STORE PG E SIGN 
l , 

:;008: FD 23 INC IY 

1,,:;;00/1 : ~O 22 38 21 LD (PGESSA) ,IV 

:', ,300E: 01 00 00 PGMUI LD BC ,0000 
~.' ":;01 1 ; 21 00 00 LO HL ,0000 

301 -+: ED SB 48 21 LD DE, ( PGETS ) LOAD THE MUL TI PLI CANO (PG El) 

3018: 3A 20 21 PGLPI ,LD A, ( PGA 1 L ) LOAD PG Al ( THE LSB ) 

:;01 B: 1 9 P6LP2 ADD HL,DE 

:J01 C : 03 INC BC 

3010: B9 " CP C 

301EJ 20 FB JR NZ ,PGLP2 
,·C020: 3A'21 21 LD A, ( PGA 1 M ) ; LOAD MSB OF PG Al 

::;023. 88 CP B 
':;0:::4 ; 20 F::: JR NZ , PGLP 1 

- i ::;J:::6 : 2: .te :::1 LD (PGAIETS) ,HL ; TEr1P ST. O~ PG Al • El c:.\ 
,",\0" 1 ::;0:::9 : FD 2F1 :::;6 21 PGMU2 LD l Y , (PGESA ) 

:;0:::0;, FD 56 Fe LD O,(IY+-4) ;' LOPiD PG E ( 1-1 ) INTO DE 
:;030 : FD SE FD LD E,(IY+-j) 

3033 ; 01 00 00 LD BC. el Q)el el 
:::;0:::;6 : =1 00 00 f' LD HL,elel0el 

, 
:;0:;9, 3A 2: 21 PGLP3 LD A, ( PGA2L> ","'LOAO PG A2 ( LSB ) 

\ ~ c 

303C: 19 P6LP4 ADD HL lOE 
::;030 : 0-.' INC BC ' 

303E' 89 CP C 
::;0::;F: 20 FB JR NZ .PGLP4 
3041 : :JA 23 21 LD Pi, ( PGA2M ) LOPiD MSB OF PG A'2 

:::;044 : 88 CP B 
:}Ij.l5. :::0 F2 JR NZ, PGLP3 
:::047 : 22 4E 21 LD (PGA2US) ,HL TEMP ST. OF PG A2 • E ( 1-1 ) 

:::;04A: 2A 4C 21 LD HL,(PGAIETS l LOAD PG AI ·E1 INTO HL 

:::040 : ED 58 4E 21 LD DE. ( PGA2ETS ) LOAO PG A2*E( 1-1') INTO DE 

:::;051 . FO =A 56 21 LD l Y , ( PGSSA ) 

3055; FD 46 FE LD8,(I'(+-2) LOFID PG E 1-1 SIGN INTO 8 

:::;055 ; ::JA 4A 21 LD A. ( PGESTS ) LOAO PG El SIGN 

:::;058 : FE 00 CP 00 CHEO: S,IGN PG El 

:::;05D: 2C IC JR NZ ,PGNSI 

~05F : 78 LD A,B \ 

'; , , 
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1>, 

3060 : F.E 00 CP 00 CHECK SI6N PG E(l-l) " ~~~{ 
'1- ,; 

3062: '20 12 JR NZ ,P&NS2 '} 

3064: AF XOR A 
, 3065: ED 52 S8C HL,DE 

3067: 3E 00 LD A ,00 
3069: 30 28 JR Ne ,PGSR 1 
305B: ES EX DE ,HL 
305C. 21 00 00 LD HL ,0000 
306F: AF XOR A 
3070: ED 52 S8C HL,DE 
:eJ72 : 3E 01 LD A ,01 
3074: 18 20 JR PGSRI 
3076: 19 PGNS2 AOD HL" 
3077: 3E 00. LD A, 00 
3079: 18 1 B JR PGSRI 
3078: 78 PGNS 1 LD A,S J 
307C: FE 00 CP 00 • 

307E: 20 05 JR NZ ,PGNS 12 
". 3080: ADD HL,DE 19 ) . 

3081 : 3E 01 LO A ,01 
3083 : 18 II JR PGSRI 
3085: ES PGNS12 EX DE ,HL ( 3086: AF XOR A 
3087: EO 52 SBC HL,DE 
3089: 3E 00 LD A ,00 
:3088: 30 09 JR NC ,PGSR 1 
:J08D: EB EX DE ,HL 
::i08E: 21 00 00 LO HL ,0000_ 
3091 . AF xOR A 
3092: EO 52 sac HL,DE 
3094: :JE 01 LD A ,01 
3096: 

,..., 
50 21 PGSRI LO (PGRITS) ,HL TEMP ST. OF PG RI 

:J0 99: 
.,...., 

52 21 LO (PGRI STS i ,A TEMP ST. OF PG RI SIGN ..!~ 

309C: AF PGLM 1 ~. XOR A 
3090: :3A 24 21 LO A ,( PGSF ) LOAD PG SF 
30A0: 47 LO B,A 
30A 1: 7C LD A,H 
30A2: 98 SBC A,S 
30A3: 38 05 JR C ,PGLM2 
30A5: 21 FF 00 LO HL ,00FFH 
30A8: 12 33 JR PGSOR1 .< 

30AA: AF PGLM2 XpR A -
30AB: 7C LD'A,H 
::;0AC: DE 7F SBC A,7FH r \, 

30AE: 38 05 JR è ,PGDIV 
::;OBO: :: ' FF 00 LO HL ,00FFH . 
:::08:3: 18 :8 JR PGSDR,I 

, e 

\ 



a --..~ 

3085: 3A 24 ~1 PGDIV LD A, (PGSF ) \ 

3Ql88: 57- LD D,A -«" 
3089: 1 E 00 LD E,00 

",. 
--' 

3088 : 06 08 LD e ,08 
3080: 2A 50 21 LD HL. ( PGR 1 TS ) .' 
301:0: 29 PGlP7 ADD HL ,HL. 
'30C 1 : AF XOR A 
:::i0C2: EO S2 °sec HL ,DE -., 
30C4: 23 INC HL 
30C5 : 30 02 JR NC, PGNEXT ., 
30C7: \9 rîDD HL ,DE 
30C8 : 28 DEC HL 
30C9: 10 F5 F'GNEXT DJNZ PGLP7 
:::i0CB: AF XOR A 
30CC: 3A 26 21 LD A, ( PGSF2 ) LOAD PG SF/2 ct 

; 

30CF: SC S8C A,H j 

3000: 30 09 JR NC, PGSDR 
3002 : 3E FF lD A .FFH 
3004: BD CP L 
3005 : 28 04 JR Z ,PGSDR 
3007: 3E 01 lO A ,01 
300'9 : 85' ADD A,L 
300A: 6F LO L.A 

/' 

3008: 26 00 P6SDR LD H,00 
3000: 22 54.21 PGSDR 1 LD (PGDRTS) ,HL TEMP ST. OF PG OR \ .. 

~ ~ 

30E0 : Fr} 2A 84 20 lD IY, (SSVOSFI ) 
~ 30E4 : FD 56 FI; Lo D, ( IY+-2 ) GET THE PREVIOUS SSV.O. 1 

1 
30E? : FO'5E FP 

. 
LDE,(IYt-!) ,. 

! 
:J0EA: :::iA 52.21 LD A, ( PGR \ STS ) 

~ 
::iOEO: FE 01 -, CP 01 CHECK SIGN OF PG Rt 
:::OEF: 28 08 JR Z ,PGsue: l' 1. A 

f~ -::iOF 1 : 19 MD HL ,DE l' -1 

/ 
,- 1 ~ 

1 
30F2: 7C LD A,H 
::lOF3 : FE 00 CP 00 

i :-i0F5 : 28 1 F JR Z ,PGSENDM 
:::0F7 : 21 FF 00 LD Hl,00FFH 
:J0FA: 18 lA JR PGSENDM 
30FC: AF PGSUB2 XOR A 
30FO: E8 EX DE,HL .. 
30FE: ED 52 sec HL,DE 
:::il 00: 30 14 JR Ne ,PGSENDM " \ 

.3102 : 21 00 QJ0 LO H~ ,00010 IF M o PUT M=0 , 

\. 
310S: 3E FF LO A ,FFH 
31?)7: 03 04 OUT (04),A SENO 0.0 SiGNAL TO THE VALVE .' 
3109: ::iE 00 LD A,00 1. e. C,l.OSE THE VALVE 
::;108 : 03 0/1 OUT ((MH ) ,A 
3100: 3E FF LD A ,FFH ;7F LET MR= 100% (IFMS=0.0 --~'MR=10Q) 

::i10F: 03 0B -OUT (08H) ,A 
3111 : 16 00 LD 0,00 

a :::il 13 : 5F LD E,A 
,::;\ 1 <t: 18 ID JR P6STM 



/ 

1\ 3116: ES PGSENOM EX OE,HL 
3117: 21 00 01 LD HL ,0 100H 
311 A: 3E 00 LD ,A ,00 
311 C: 03 04 OUT (04) ,A +VE VALVE SIGNAL 

311 E: 'AF XOR Pi 
311 F: EO 52 sac HL,OE ; HL NOW HAS THE AOJUSTED SIGNAL 

312 J : ('DE STILL HAS THE ACTUAL SI GNAL 

3121 : 7D LD A ,L 
3122: 03 0A 

- OUT (0AH) ,A ; SEND THE VALUE OF PG v.o. 
3124: PiF o XOR PI 
3125: 21 FF 00 LD HL,00FFH ;I7F 
3128 : ED' 52 sac HL ,DE HL NOW HAS THE RSV üPENING 

312A: 30 03 JR Ne ,PGMR '1' 
312C: 21 00 00 LD HL ,0000 
312F: 70 PGMR LD A ,L 
3130: 03 08 OUT (08H) ,A 

3132: EB EX DE,HL 
IV, (SS~OSA) 

.. 
::;133: FO 2A 84 20 PGSTM LD 
3137: FO 74 00 LD ( IY+00 ) ,H i 

313A: FO' 75 01 o LD qV+0 J ) ,L STORE PG SSV OPENING 

3130: FO "'7 .. ;.; INC IV 
313F: FD .., ... INe IV .. ;.; 
3141 : FO 22 84 20 LD (SSVOSA), IV 1 

" 

3145: FO 2A 86 20 LO IY,(RSVOSA) 
3149: FD 72 00 LD ( IV+00 ) ,0 
314C: FO T3 01 LO (IY+01I,E STORE PG RSV OPENING 

::i14F: FO 
..,~ INC IV .. ;.; 

) 3151 : FO .,- INC IV .. .) \ 

::i153 : FO 
..,,, 86 :0 LO (RSVOSA) ,IV ...... 

3157: 211 4C : 1 LD HL,<PGAIETS) 
:J15A: FO 2/1 3A 21 LD IV ,( PGAIESA) . r ADD . OF PG Al*El STORAGE . . :J15E: 

~~; 
00 LO ( IY+00 ) ,H STORE PG Al*El 

3161 : INC n 
3153: F 75 00 LD (IY+0eJ) ,L ~ -
3166 : FO 23 INC IY 
3168 : F..D '22 3Pi l' LO (PGA 1 F:SA ) , IV -
~16C: 2A 4E 21 

, 
LO HL) ( PGA2ETS ) 

315F: FO 2A 3e 21 LD IV, (PGA2ESA ) AOD. OF PG A2*El-l STORAGE 

3173: FD 74 00 LD (IY+00) ,H STORE PG A2*E(1-1} 

3176: FO 23 INC IY 
3178: FO 7S 00 LO ( IY+'00 ) ,L 
3178: FO ..,-

i..,) INC IY 
3170: FD 2~ 3e ~ 1 'LD (PGA2ESA), IV 
3181 : :A 50 : 1 LD HL, (PGR 1 T5 ) 
::;184: FO 2A 3E 21 LO IV ,( PGR1SA) , . ADO. OF PG RI STORAGE , 
3188 : FD 74 00 LD (IY+00 ) ,H STORE PG RI 

318B: FO .., -;0 INC IY ~..J 

3180: FD 75 00 LO (IY+00) ,L 

1 ::il '30: FD 23 INC IY 
31'3:: FO 

..,.., :::iE ::;1 LO ( PGR 1 SA ) , l V 

:U9-6 : :A 54 =1 LD HL, ( PGORTS ) 
31'3'3: FO 211 42 21 LD IY ,\ PGORSA ) AOD. OF 'PG OR STOP AGE 



1 
-; 

3190: FD.74 00 LD (IY+00) ,H STORE ~6 OR 

- 31-A0: FD 23 INC IY 
--, 

,-

31A2 : FO'75 00 LD (IY+0Q),L 
1 

31A5: FD 23 INC IY 
31A7 : FD 22 42 21 LD (PGORSA), IY 

31 AB: 3A 52 21 LQ A,(PGRISTS) 
;' 
'. 

31AE: FD 2A 40' 21 Lo IY ,( PGRISSA) AOo. OR PG RI SIGN STORÂGE 

31 B:: : FD 77 00 LO (IY+00),A STORE PG RI SIGN ...;; 

3185: FD 23 INC IY 
3187: FO- 22 40 21 411...0 (P6R ISSA) , l Y 

318B: AF XOR A 
3IBC: C9 RET 

3180: 3A 53 20 PtJJ.AOR LO A ,( ISVOF) ; SSV INITIAL QPENING FOR FILLING 

31C0: FO 2A 84 20 LO IY, (SSVOSA ) iflOo. OF SSV OPENIN6 STORAGE Aoo. 

- 31 C4: FD 36 00 O0 LO (IY+0Q),00 

31CS: Fo 77 01 LO (!Y+01 ),A 

31CB: FO 23 l NC IY 

:JICO: Fo 23 ' ING IY 

31 CF: FO 22 84 20 LD (SSVOSA),IY 

3103: 3A 56 20 LOA,(IRSVO) ;, RSIJ INITIAL OPENING 

3106: FO 2A 86 20 LD IY, (RSVOSA) ; AOO OF RSV OPENING STGRAGE flOO. 

3IDA: FO 36 00 013 LO (IY+00>,00 .-
310E: FO 77 01 LOD (F{+01 > ,A 

:::;, El: FO 23 INC IY 
31E:J: FO :3 INC IY 

3IES: FO 22 86 20 - LD (RSVOSA>,IY 

3 1E9: 2,'1 96 ::::0 LO HL, ( f'NCRTS ) PN CURRENT REAOINS 

31EC: Fo 2A 74 20 LO IY, ( PNSPSA ) AOD. OF PN SET POl NT ST ORAGE 

31F0: FD 74 00 LO <IY+00) ,H " a 
31F:::;: FO 75 01 LO <IY+01 ) ,L 

31F6: FO 23 INC IY 
:J1F8: FO 23 INC IY 

31FA: FO 22 74' 20 LD (PNSPSA),IY 

4 ~ 1 FE: 1=0 2A 76 20 PNIAORI LD IY,(PNESA) AOO. OF PN ERROR STORAGE~ 

3202: FO ':;6 00 00 LO t IY+00 ) ,00 

3~06: FO ~e,01 00 LO (IY+01 ) ,~0 

3::~A: Fo -23 - INC IY 
320C: FO 23 INC IY ': 

~ .. + 320E: FD 22 76 '-2O LD (PNESA),IY 

f. 3212: FO 2A 78 20 LD, IY'l( PNESSA) ADD: OF PN ERROR SI GN STORAGE 

i 3216: FD 35 00 00 LO (IY+00 \ ,00 ' \ 
~ 

S, 

~ 321A: FD 2:; INC IY 

321C: FD :2 78 20 LD (PNESSfI) ,IY 

'-. 3220: Fo 2A 7A 20 LD IY,(PNAIESA) ADO. OF PN AI *El 

:;::4: FD 36 00 00 LO (IY+00) ,00 
': 

:::28~ FD 35 01 00 LD (IY+01 ) ,00 

32:C: FD 23 INC IY 

~a 
:J22E: FD 23 INC IY 

3230: FO :2 7A 20 LO (PNA 1 ESfj) , IY 

J:::i4: FO 2A 7C 20 LO IY ,( PNA2ESA) Aoo. OF PN A2*E(t-l ) 
-;:-"-Q. FD 35 ~h~ 00 LD \ IY+00) ,00 
"'~.,.J~. 



f 

323C: FO ~6 01 00 Lo ( IY+01 ) ,00 
, 
~ 

3240: FO 23 INC IV \-, 

3242: FD 23 "INC Ilf 
, 

3244 : FO 22 7C 20 LD ( PNA2ESA ) ,IY 
- 3248: FD 2A 7E 20 LD I Y ,( PNR 1 SA) , AOD. OF PN' R1 =A 1 *E l-A2 *2'"1-1 

324C: FD 36 00 00 LD (IY+~0) ,00 
" 

3250: FD 36 01 00 LD ( IYHll ) ,00 
) ~ .... l ". 

3254,: FD 23 INC IY ; 

3256: FO 23 INC l y , 

3258: FD ~..., 7E 20 -LO (PNR1SA),IY 
325C: FD 2A 82 20 LD I Y ,( PNORSA ) AOo. OF PN OR STORAGE 
3260: FD 36 00 00 LD ( IYt00) ,00 
3264: FO 36 01 00 LD ( IY+01 ) ,00 
3268: FO ~-.... .) INC IY 
326A: FD ~7 _.J INC IY 
326C: fO :2 82 20 LD ( PNoRSA ) , IV 
3270: FD 2A 80 20 LD IY,(PNR1SSAl> AoO. OF PN RI .1 IGN ST ORAGE 
3274: FD 36 00 00 LD (IY+00),00 "- --
3278 : FO .,-.... .) INC IY 
327A: FD ,..,., 80 20 . LD (PNRISSA) ,IY ... -
:J27E: C~ RET .1,.-" 

3:ïF: 21 sc 01 PCIADR LO HL,01'8CH 
3:82: FD 2A- B4 20 LD iY,(PCSPSA) AoD. OF PCI SET PO l NT ,S TOPAGE 

::;:96: FD 74 00 LD (IYt00) ,H I .... '~ 
Jf' 

~~ 3289: FD 75 01 LD ( IYHll ) ,L 
::;:8C: FD 23, INC IY -0 

328E: m .,..,. INC 'IY ... .J 

3290: FD ...,~ B4 20 LD ( PCSPSA ) , IV 
3294 : FD 2A B6 20 PC'I AOR 1 LD IY ,(PGESA) ADD. OF PCI ERRoR STORAGE 
3298 : FD 36 00 00 LO ( IY+00) ,00 

. , :;29C: FD j6 01 00 LO ( IYt01 ) ,00 
3:A0: FD .23 INC IY 
3:A2: FD 

.,.., 
INC IY .:...J 

32A4 : FD -.., 86 20 L·O (PCESA) , l Y , ~ 
32A8f FD :A 88 20 LD IY,(P6ESSA) ADD. OF PCI ERRoR SIGN STORAGE 
32AC: FD 36 00 00 (..#l"" LO ( IYt00) ,00 

./ 3280: FD 23 INC IY 0 

328: : FD 
...,.., 

88 20 LO (PCESSA) ,IV 
3286: FD 2A BA 20 LD .<IY ,(,PCA 1 ESA) AoO. OF PC! Al*E:l' )' 

V ~::.." ~ .... 

32HA: FD 36 00 00 LD (IY+00) ,00 ;, , 
, 328E: FD 36 01 00 LD (IY+0!).00 
'3:C2~FD .,- INC IY .... .::J \ , 
3~C4: FO 

..,.., 

.... .J INC IV . ." 
32C6 : FD 

.,., 
BA 20 LD ( pep,! ES A ) • IV 

1 

3:CI1: FD :A BÇ 20 - LD IY,(PCA2ESA) AoO. OF PCt A2*E(1-1) , " 

32CE: FD 36 00 00 ,r," LD ( IYt00) ,,00 ' . 
3:0~: FD 36 01 00 LD \ !Yt01 ) ,00 
3206: FD .,-

_.J INC IV 
3208: FD ""- INC IV ~.;.-"'---.... ..; . ... 



, 

a 
3:0A: FD 22 BC 20 LO (PCA2ESA), IY 

( 

32DE: FD 2A BE 20 LD l Y • ( PCR 1 SA ) AOD. OF PCI Rl=Al *El-A2*El-l 

32E2: FD 36 00 00 LD ( IY+00) ,00 

32E6 ! FD 36 01 00 LD (IY+01 ) ,00 

32EA: FD "'7 INC IY .... .j 

32EC: FD 
..,~ ... ~ INC IY 

32EE: FD 
.,.., 

BE :0 lO ( PCR 1 SA ) .1 Y 

3'2F2 : FD 2A C2 20 LD IY ,( PCDRSA ) AOO. OF PCI OR STORAGE 

32F6 : FD 36 00 00 LD (IY+00) ,00 

32FA: FD 36 01 00 LD (IY+01),00 

32FE: FD "7 INC IY .... .j 

3300: FD 
..,.., INC IV .... J 

3302 : FD 
..,., 

C2 20 LO ( PCDRSA ) ,1 Y 

3306 : FD 2A CO 2O LD IY ,(PCRISSA) AOO. OF PCI RI S IGN STORAGE 

330A: FO 36 00 00 LD (IY+00) ,00 

330E: FD .,.,-
... .j INe IY 

:310: Fo 
.... ..., C0 :20 LD (PCR 1 SSA ) ,1 Y 

3314: C9 RET 
3315: :A 9C 20 PGIADR LD Hl,( PCICRTS) LOAD PC 1 CURRE~n READING 

" 
3318: ED 58 9E 20 LD DE, ( PC:CRTS ) LOAD PC: CURRENT READING 

331C: AF XOR A 
3310: ED S: SBC HL,OE ç 

3.::31 F: FD 2A 3O 21 LD IY • (PGCRAD) AOD OF PG 5TDRAGE 

3323: FD 74 00 LD (IY+00),H 
" 

3326 : FD 75 01 LD (IY+01 ).L STORE PG 

~g: Fu 23 INC IY 

FO .,- INC IY ...J .. 8: .. ~ 
33:0: FD 

..,., 
3~ 21 LD ( PGCRAD ) , l Y ...... 

3331 : FO :A 34 21 LD IY ,( PGSPSA ) AOo. OF PG SET POINT 5TORAGE 

3335 : FD 74 00 LD ( IY+00) ,H 

3338: FD 7S 01 LD ( IY+01 ) ,L *TORE PG SET POINT 

3339 : FO :3 INC IY 

3330: Fo "7 INC IY ... .j 

333F: FD 
.,.., 

34 21 LD (P6SPSA j , l Y 
.) 

3343 : FD 2A .36 21 LD IY • (PGESA) AOo. OF PG ERROR STORAGE 

3347: FD 36 00 00 .LD (IY+00),00 

3348 : Fo 36 01 00 LD (IY+01 ) ,00 

334F: Fo :3 INC IY 

3351 : FD 23 INC-IY 

3353: FD :::: 36 :: 1 LO (PGESA). IY 
ft; 

3357: FD 2A 38 ~I LO IY ,( PGESSA ) ADo. OF P6 ERROR S I,I3N STORAGE 

3~B: FD 36 0~1 LD (IY+00) ,00 

335F: FD ::3 INC IY . -3361 : FD :: 38 :'1 Lo (PGESSA),IY 

3365: FO 2A 3A :: 1 LD IY '. (PGAIESA) AOO. OF PG Al *El 

3369: FD 36 00 O0 LD (IY+00),00 

3360: FD 36 01 00 LO (IY+01),00 

3371 : Fo :3 INC IY 

3373: FD 23 INC IY 

3375: FO 22 3A 21 LO ( PGA 1 ESI1 ) , l Y 

, ,> 



\ i 

", 

21 LD IY ,( PGA2ESA) 
00 LD ( IY+00) ,00 
00 'LD (IY+01 ) ,00 

INC IY 
INe l'y 

21 LD (PGA2ESA), 1 Y 

1 
21 LD IY ,< PGR1SA) 

" 00 LD (IY+00) ,00 
00 LD (IY+01),00 

INC IY 
INe IY 

~ 1 LD (PGR 1 SA ) ,1 Y 
21 LD IY, ( PGDR5A ) ADD. OF PG DR Si~RAGE 
00 LD (IY+00) ,00 
00 LD (IY+01 ) ,00 

• INC IY 
INC IY 

21 LD (PGDRSA), Ii 
21 LD IY,,<PGRISSA) ADD. OF PG Rl'SIGN STORAGE 
00 LD (IY+00) ,00 

INC IV 
2 f LO (PGR ISSA) ,1 Y If' 

RET 
END 

, t 


