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fI MEl1IOD FOR PIIOCRSS COMPUTER ALARM ANflLYS IS 

By 

P. K. ANDOW 

ABSTRACT 

Computer-controlled process plants are sometImes equIpped wIth 

alarm systems. The purpose of these systems is to warn the 

operator of abnormal plant conditIons in order that he may take 

remed1al actl0n or shut down the plant. The systems are based 

on programs whIch compare the values of process variables wIth 

preset alarm limIts. Abnormal condItIons are usually reported to 

the oporator by means of a specIal teletype. On most plants, the 

operator 15 then expected to analyse the "pattern" of alarms and 

thereby diagnose the cause of the trouble. The time avaIlable 

for thIS diagnosIs may be extremely lImited and the penalty for 

maloperatl0n may be high. The operator 15 therefore under 

conslderable stress. 

Some of the nuclear power stations currently beIng built 

use computer-based alarm analysIs systems. These systems requIre 

large amounts of Information on the cause-and-effect relationships 

between alarms. The preparation of thIS data is a laborious task 

requIrIng several man-years of effort. The present work IS aimed 

at reducIng thIS effort in order that the use of alarm analysIs 

schemes may become a more attractlve proposltlon. 
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Methods based on mathcmat1cal models have been developed 

WhlCh arc applicahlo to any process plant. "!b<> type of model 

used d0pcnds on the naturo of the 1nformat10n roquired for a 

partlcular appl1cation. Two types of model are considered in 

detail for the present study. "!be methods used rely heavily on 

spec1al computational techniques first developed by workers 1n 

the f1eld of Artif1c1al Intelligence. In particular, the use of 

lists and chained data structures is central to the solution of 

the problem as presented here. 

"!be present study is entirely based on an off-11ne computer 

S1nce the emphas1s of the work is on the preparation of the data 

for the on-l1ne mach1ne although some mod1f1cat10ns to the methods 

used by the on-11ne machine are proposed. "!be work is also 

orientated towards the use of cathode ray tubes as alarm d1splay 

devices since these are more suited to an orderly presentat10n of 

1nformation than the conventional type of alarm panel. 

l.U 
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CIIAJ>'I'J~R I 

IN'I'I!ODUC'I'ION 

The modern chem1cal processing plant 1S generally an 

expensive. complex system. The wldespread use of analogue 

controllers and the increased tendency to locate control and 

monitoring equipment in one central control room has led to 

a reduct10n 1n the number of personnel requ1red to operate such 

plants. 

A consequence of the use of small plant operat1ng teams 1S 

that, when a plant fault or d1sturbance occurs, the available operators 

are heav1ly loaded. In many cases, an operator will be required to 

manltor several hundred variables. In order to dlrect hlS attentl0n 

to the f1rst signs of trouble, many plants are equ1pped with alarm 

systems. These systems rely on the assumption that, dur1ng normal 

operation, the measured var1ables will not stray outside of a certa1n 

band of values. '!'he limits Within which the plant is deemed to be 

normal are known as "alarm I1mits u. Equl.pment manufacturers 

frequently inSist on particular alarm 11mits. When a variable 

strays outside of its alarm limits, the operator's attentlon is drawn 

to the fact by the use of aud1ble and visual warn1ngs. '!'he audible 

warnlng normally conslsts of a klaxon or 51ren. The vlsual 

warning 1S displayed to the operator via a coloured (normally white 

or yellow but sometimes red) glass panel, 1nscr1bed With an alarm 

message appropriate to the variable concerned, which is illum1nated 

from the rear when the alarm is actiVe. When a new alarm occurs, 

the usual practice is for the alarm panel to flash on and off, 
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accompan1cd by the aud1b10 warn1ng, unt11 the operator denotes h1S 

"acceptance" of the alarm by pushing a button on the panel. l111s 

causes the aud1ble warn1ng to stop and also leaves the alarm panel 

continuously lighted until such time as the variable concerned 

returns to a normal value. 

When a fault occurs, a number of variables w111 start to move 

away from the1r normal values and a succeSS10n of alarms w111 then 

become active. It 1S one of the operator's responsib~lities to 

d1agnose the cause of the fault from the "pattern" of alarms displayed 

and from his knowledge of the order in wh1ch they appeared. The 

way 1n which he arr1ves at h1S dec1sion 1S not clear but, 1f he is 

to be consistently successful when perform1ng this task, it is 

apparent that he must use some k1nd of conceptual model of the plant. 

If the operator cannot d1agnose the fault or 1f no remed1al act10n 

1S poss1blo, then the plant may have to be shut down either for 

safety reasons or 1n order to prevent or m1nim1se plant damage. 

Automa11c "tr1p" systems may be employed to shut down the plant when 

certa1n combinations of cond1t10ns occur or after a f1xed t1me delay 

1f no remed1al action is taken. 

The amount of plant that a s1ngle operator 1S responsible for 

1S still increasing and so his diagnosis problem 1S becoming 

correspondingly more d1ff1cult. The penalty for maloperat10n must also 

1ncrease w1th plant S1ze and eventually 1t becomes necessary to 

prov1de the operator w1th some ass1stance in h1S d1agnosis task. 

Th1S p01nt 1S more likely to be reached f1rst on complex or h1ghly 

hazardous plants and so 1t is not surpr1sing that the f1rst known alarm 

analys1s schemes appeared on nuclear power plants. Only one 

reference to an alarm analysis scheme has been found for chemical 

process1ng plants and th1S was for an exper1mental computer control 
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pro.Jt'ct. 'Ibe process comput(~r ] S Ideally .,Ul tpd to the rapId logicaJ 

Opf'ratI0ns nC'C"dcd to dotermlno causC's from effects In such s1tuatJOn5 

It may be useful to note that, on the nuclear power plants, the alarm 

analysis and d1splay systems are not part of an 1ntegrated computer 

control system but use a small computer solely for this one function. 

On computer-controlled chemical process1ng plants, the requ1red 

computer and analog 1nputs are already present for other purposes. 

S1nce the hardware costs for a system w1ll be a large fraction of the 

total cost, it would appear that the addition of an alarm analysis 

function to an existing computer control system could be comparat1vely 

cheap. 

The alarm systems used on computer-controlled chemical 

process1ng plants are more flex1ble than those used on plants uS1ng 

convent10nal controllers. The computer's ar1thmetic capac1ty may be 

conveniently used to provide "deviation" alarms (an alarm occurs 1£ 

the measured variable moves outside of a band of values above and below 

the set-po1nt value) The computer alarm system consIsts of a 

program wh1ch scans the measured variables per10d1cally and compares 

the values w1th alarm l1m1ts. Off-normal var1ables are then reported 

to the operator V1a a spec1al alarm telepr1nter. This appears to be 

a poor system from an ergonom1c viewpoint. No attempt 1S made to use 

the powerful logical capac1ty of the computer to assist the man 1n 

h1S all-1mportant d1agnosis of the orig1nal fault. Th1S 1S surpris1ng 

since the operator may be under considerable stress in this s1tuat1on 

and h1s d1agnosis may therefore be erroneous. The computer's 

operations will not be affected 1n this way and, for a correspond1ng 

sequence of checks, will be considerably faster than the operator. 
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Sevoral rcasonc; may bp postulated for thIS apparent anomaly: 

1) '!ho carly proeess computers Wf're slow, small (sornotlmos wIth 

only 4 or 8K of core store), expens1ve and often unrel1able. 

Many unforseen problems were encountered and hence some systems 

never performed to the orig1nal specificat1on. Naturally 

the mon1tor1ng and slmple control funct10ns were attempted 

first and many projects d1d not get beyond th1S stage. 

Process computers are now faster, blgger, cheaper and more 

reliable. 

2) Partly because of the reasons glven in 1), most of the 

app11cat10ns in use at the present time were programmed 1n 

machine code or low-level language. Slnce h1gher order 

control funct10ns are generally very complex, such appl1cations 

1nvo1ve high software production costs. H1gh level languages 

and software packages are now becom1ng ava11able 1n 

ever-increasing numbers. 

3) The problems assoc1ated with complex programs wlth noisy 1nput 

slgnals in a real-tlme environment requlre careful conslderat10n. 

Experlence w1th such problems is gradually lncreas1ng. 

4) The plant dynam1cs need to be known for many SOph1stlcated 
, 

control funct1ons. ThlS data may be very difficult to obtain 

unless a plant model 1S available. In recent years, many 

flowsheet1ng and simulation packages have been produced. The 

use of these packages reduces the magn1tude of this problem to 

some extent. 
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It IS thoroforf' l)('comJng more attract lve to Implement 

soplnstlcatod (.ontrol functIons, part1cularly on plants which have 

high pcnaltlcs for malopcration. 

The present work orlglnated from a more general study of the 

process operator carried out by Dr. F. P. Lees. It had been 

real1sed that the operator was an 1mportant component In the 

control system but that 11ttle was known about hlS actlvites, 
) 

partlcularly wlth regard to his declslon-maklng functl0ns. An 

In-plant study of the operator was made by the author as part of 

thIS general lnterest ln the operator. Simultaneously, the llterature 

was searched for artIcles concern1ng human deC1S10n-making In 

complex sItuatIons, such as those encountered on processIng plants. 

Work of Interest IS carrIed out ~n the fIeld of "Operational 

Research" and lt was also noted that work In the fleld of 

"ArtIficial IntellIgence" was relevant. '!hIS work revealed that 

problems 1nvolved in human and mach1ne chess-playing had been 

extensively studied because of the complex decisions that must be 

made. It was found that the computational problems lnvolved were 

of a completely different type from those encountered in numerical 

progranuning problems. The use of specIal "lIst-processIng" 

languages 1S almost unlversal for Artificial Intelligence problems. 

It was rea11sed that thlS type of computatlonal techn1que was 

central to the solution of such problems. The In-plant study of 

the operator had revealed the importance of alarms and it was 

therefore decided to apply l1st-proc~technlques in order to solve 

alarm system problems on computer-controlled plants. L1StS and 

data structures have been extenSively used as a tool, for the 

work reported here, and found to be a powerful addltlon to 

conventional numerlcally-orlentated programming methods. 
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Tho obJect of tho work doscribed 1n this thes1s was to 

InV(''itlgato the variOUS problf'm areas assoc1ated w1th alarm analys1s 

and to propose methods aImed at rcdu(ang the ("ffort needed for an 

alarm analys1s app11cat1on. 

The content of th1S thesis 1S arranged 1n a manner that is 

1ntended to preserve the central theme of "alarm analysis". 

D1scussion of aspects of the work Wh1Ch are per1pheral to this 

theme w111 mainly be confined to the Append1ces. This 1S most 

not1ceable 1n the short literature survey Wh1Ch follows 1n , 
Chapter 2. The papers considered are all concerned with specific 

alarm analys1s appl1cat10ns rather than art1f1c1al 1ntell1gence, 

list-processing, computer control, displays or ergonomics,wh1Ch are 

all relevant topics but of lesser interest. 

Chapter 3 examines some afthe problems involved in alarm 

analys1s and prov1des background information on many aspects of 

alarm systems. Chapters 4, 5, 6 and 7 contain deta1ls of the work 

done for the present study. Th1S work is intended to m1n1m1se some 

of the problems 1ntroduced 1n Chapter 3 or to propose alternat1ve 

methods that c1rcumvent the problems completely. A procedure 1S 

recommended for sett1ng up a complete alarm system for any plant. 

Chapter 8 reV1ews the problems that remain w1th some suggest10ns for 

further work. Chapter 9 1S devoted to a d1scussion of the work and 

subJect area as a whole. 
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C " APT E R 2 

LITERATURE SURVEY 

Th~s chapter will be conf~ned to a reV1ew of I1terature 

d1rectly concerned w1th alarm analysis applicat1ons. References 

to art1cles concerned w1th other aspects of th1S tOP1C w1ll be 

1nsertcd where relevant to the text. 

A Ilterature search has revealed only a small number of 

papers Wh1Ch make any reference to alarm analysis schemes although 

1t 1S expected that other references may eX1st. 

WClbourne(l) referred to the alarm analys1s system to be 

used at Wylfa nuclear power station as part of a large computer-based 

system at that plant. Th1S paper was wr1tten 1n 1964 some years 

b~fore the plant became operat1onal. No deta1ls of the procedure 

were glven although 1t was noted that the computer output was to 

cathode ray tubes (C.R.T. 's) for display to the plant operators. 

Early in 1966, Kay(2) publ1shed a paper spec1f1cally concerned 

w1th alarm analys1s and display at the Oldbury-on-Severn nuclear 

power stat1on. He p01nted out that the 1ncreas1ng Slze and 

complexity a[ modern process plant was making the operator's Job 

more diff,cult and that the penalty for 1ncorrect operat1on was 

naturally showing a correspond1ng tendency to 1ncrease. Unt11 th1S 

t1me, the pract1ce had been to install a centralised control room 

conta1ning conventional control equipment and alarm panels. The 

alarm panels were 1nscribed w1th appropr1ate warning messages to the 
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OJlPr.ltor a.nd wC'ro .tndlVldually illum.tnatod from the rear of tho 

I).mol. 'I1tp sy~t('m lls('d wac; as 1ollows: 

dlarm l~m~t, the corresponding panel flashes and an audJ.blo 

warn1ng sounds unt11 the alarm 1S tlacceptedlt by the operator. '!he 

operator accepts the alarm by push1ng a but{on which causes the 

alarm to become continuously 11luminated and the audible warning to 

cease. It 1S then the operator's respons1b111ty, to d1agnose plant 

faults from the appearance of these alarms. For the system descr1bed 

by Kay, some 3,000 alarms have to be d1splayed, a large number of 

Wh1Ch would be tr1ggered almost lnstantaneously for some faults. It 

was therefore decided that a different type of alarm system was not 

merely des1rable but necessary. It was dec1ded to use an 

A.E.!. 1040 process control computer as the bas1s of the alarm system. 

The computer 1S then used to scan all alarm slgnals and to arrange 

them for dlsplay to the operator 1n a manner that assists his 

1nterpretat10n of the~ C.R.T. 's are used as the display dev1ces. 

The Old bury system employs 2 spec1al Burst Cartridge Detection 

(B.C.D.'S) computers and 2 temperature scanners 1n addition to the 

3,000 alarm contacts. All of the alarm 1nformation from these sources 

1S fed to the central control computer for transm1SS10n to the 

d1splays. The system is des1gned to sort the alarms accord1ng to the1r 

1mportance w1th respect to the operator's understand1ng of the fault 

and its propagation through the plant. Each C.R.T. may be used to 

d1splay 32 lines of 39-character messages. The left-hand slde of the 

screen 1S always used for B.C.D. and temperature 1nformat10n and the 

r1ght-hand slde shows alarm messages der1ved from the alarm contacts 

on the reactor un1ts. All important alarms that are related to a 

part1cular cause are d1splayed together 1n a group with the "cause" 
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alJ.rm elt the head of the group and succeeding "offect" alarms bC'low 
\ 

Lt. Al.lrms whlch ar<' ('ffpets arc not d1splayf'd unless thC'y arc 

considered to be ~mportant to the operator's understandIng. Those 

alarms arc known as "suppressed" alarms. 

In order to analyse the alarms as they occur, the computer is 

provided with data on the cause and effect relationship between 

alarms. Messages of adv1ce or warning are provided for the 

analys1s program to transm1t to the display system as required. 

These messages can be used e~ther for single alarms or for 

combinations of alarms. Messages displayed only when particular 

comb~nations of alarms are present were known as "deduced" alarms. 

One C.R.T. is used for alarms for each of the stat~on's two 

reactors. The 1nformat10n on these d1splays 1S dup11cated on the 

rema1ning two d1splays which are situated on the supervisor's desk. 

Some "stat~on" alarms not associated with el.ther reactor are also 

displayed on both of these C.R.T. 's. Th1S system ensures that 

fa1lure of anY,one of the four displays does not result 1n any loss 

of ~nformation. 

The computer also performs checks on its own equl.pment and 

displays appropr1ate warnings to the operator 1n the event of an 

1ncorrect response. Complete computer fa1lure is monitored by a 

t1ming circu1t 1n the scanner and 1S followed by a warn1ng to the 

operator. The data used by the analys1s program 1S protected from 

destruct10n, 1n the event of a computer failure, by the isolation of 

the wr1ting heads of the drum stores on wh1ch the data is stored. 

Th1S system was stated to be the first power station information-

hand11ng system uS1ng C.R.T. 's. It was also pointed out that 
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tho m..tln computer was lls(>d pntlroly for purely log1cal operatl.ons. 

(3) 
Kay and lIeywood presented a paper, also concern1ng the 

Oldbury plant, at a conference in March, 1966. In th1s paper, the 

authors emphas1sed the 1mportant p01nt that the Oldbury system 

employs a general alarm analys1s program and data corresponding to 

the part1cular plant concerned. Th1S system enabled the wr1t1ng of 

the program to be started very early in the life of the proJect 

before the basic cause-and-effect relatl.onshl.ps between process 

var1ables was known. The other major advantages are that the bas1c 

analysis program is suitable for other plants and that the data may 

be changed qU1te s1mply whereas program alterat10ns may be very 

inconven1ent. Th1S paper also discussed three possible methods of 

analys1s. These methods will be discussed in deta11 in Chapter 3. 

For the Oldbury system, a method known as "tree analys1s" 1S 

used. It 1S also noted that the messages for display to the 

operator number 4,000 for th1s system. This would have requ1red 

18,000 (44-bit) words of storage if the messages had been stored 

l.ntact. In order to reduce this volume, a "dictionary" of requl.red 

words 1S used and the var10US messages assembled as requ1red. The 

dictionary itself, not includlng the references to 1tS entries, 

occup1es a mere 256 words. 

In 1967, Barth and Maarleveld(4) presented a paper concern1ng 

alarm analys1s on chemical process plant. The work reported had been 

carr1ed out for an experimental computer control project at the Pern1s 

ref1nery 1n Holland. The central theme of the analysis scheme used 

was aga1n based on the separation of cause and effect but the approach 

used was somewhat different from that discussed previously. 

10 
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'110 hardware sysll'm u~ed was physJcally dlffercnl >n that, 

.l11hongh C.IL'r. 'e.; w('rf' u~()d for grnJlll1cal'd~sJllay of vurJah](' hIstory, 

I 
none Wl'rp lIspd for the dlsplny of alarms WhICh woro loggod on a 

typewriter. The authors also placed conslderable emphasis on the 

t1me-order1ng of alarms. 

The bas1s of the approach used is to sp11t the plant 1nto small 

sect10ns and to deduce the likely effects of var10US faults or1g1natlng 

both insIde and outsIde these sections. For each varIable, a lIst of 

checks is then obta1ned which are executed when the var1able becomes 

off-normal. ThlS technlque was apparently successful for thlS 

experlmcntal proJect but would be unsuitable for a large plant due to 

the large number of possible 1nteractlons and the correspondlngly 

enormous volume of storage space required by the data. 

Barth and Maarleveld also point out that the computat10nal 

technl.que known as "ll.st processing" is very convenient for use In 

the analysis program S1nce lt permits the use of non-consecutive 

core store locations for the format10n of a IlSt. The full 1mp11catlons 

of thlS P01nt are discussed ln Appendix 1. 

welbourne(5) published a second paper concern1ng the data 

process1ng and computer control system at Wylfa nuclear power statlon 1n 

November, 1968. ThlS paper concerns itself specifically with the 

alarm analysis and display aspects of the system. This system is 

s1m11ar 1n many respects to the one described by Kay and Heywood, 

the major d1fference being that a standby computer and automat1c 

change over system 1S employed in the event of computer fa1lure. 

The marked slm1larity 1n the Wylfa and Oldbury systems 1S almost 

certalnly due to a common Central Electricity Generating Board 

spec1f1cation for new nuclear power stat1ons. At the time that 
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Welbourne wrote the paper, the system was operat10nal for use 1n 

the commiss,on,ng stage of the plant. The various possible 

analys,s methods descr,bed by Kay and Heywood were d,scussed and 

the tree-analys,s system aga,n chosen as the most su,table method. 

Welbourne also noted that the "action phrases" used to guide the 

operator to the fault were chosen on the assumpt10n that the plant 

was normally loaded pr,or to the fault occurr1ng. 

The d1splay system adopted at Wylfa 1S somewhat different from 

that at Oldbury 'n that all "prime cause" alarms (those which are 

deemed to have caused all the others in any related group) are 

d,splayed on one C.R.T. and all others on a second. The second 

d1splay can be cleared by the operator after acceptance of the 

alarms. It 1S also stated that up to six 1ndependent d1splays 

can be provided for each of the two reactor un,ts although only 

two of these are reserved for alarms. The system 15 designed so 

that, if anyone of the ind,v1dual tubes fails, then the relevant 

1nformat,on can be displayed on any of the others. 

The dictionary system employed at Oldbury is not favoured at 

Wylfa although some common action phrases (used ,n addit,on to the bare 

alarm ,nd,cation) are ava1lable. 

patterson(6) publ,shed a paper 1n December, 1968, on the 

system at Oldbury Wh1Ch was, by then, in use with the f,rst of the 

two reactors at the station. This paper was concerned with the 

general aspects of the system prev10usly discussed and w1th some 

examples of alarm trees. Some m1nor display system modif1cat10ns are 

also revlewed. 
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CIIAPTER 3 

SOME PROBLEMS OF ALARM ANALYSIS AND DISPLAY FOR CONTINUOUS PROCESSES 

This Chapter ~s ~ntended to h~ghlight some of the problem areas 

~n alarm analys~s. Possible solut~ons to some of these problems are 

suggested in the Chapters wh~ch follow. S~nce the problem areas are 

interrelated, they must ult~mately be viewed in the context of the 

complete system but, for conven1ence, they w111 be considered 

separately. The problem areas cons~dered are fa~rly well-def~ned: 

1) The "model" of the plant needed to obtain the data. 

2) The def1n1t1on of the alarm system details. 

3) Deduced alarms. 

4) Storage of alarm data for analys1s program. 

5) Analys1s. 

6) D1splay. 

A subsect10n will be devoted to each of these areas. 

13 



:1.1 Plant Models 

Alarm analysis methods ultimately depend on a knowledge of 

the plant characteristics. Th1S requires that either a formal 

mathematical model is ava11able or that an engineer uses his mental 

model of the plant. The latter approach is the one used for the 

appl1cations 1n Chapter 2. The d1fficulty with this approach is 

that extensive consultat10ns are needed between eng1neers and 

systems and control personnel. All plant 'changes during des1gn and 

commiss1on1ng requ1re further consultat1ons. A further problem 1S 
, 

that the eng1neer's menial model may be 1naccurate. These problems 

are reduced 1f formal mathematical models are used 1ntell1gently. 

There are two main reasons why such models are more conven1ent for 

use 1n alarm analys1s schemes: 

1) The model may be tested prior to use, 

2) Once the model 1S correctly def1ned by the eng1neer, 

the systems and control personnel may use it whenever 

they w1sh. 

The type of mathematical model most commonly used by eng1neers 

1nvolves simultaneous solution of equations der1ved from mass and 

energy balances on plant streams. For a computer-controlled process 

plant, the number of equat10ns is l1kely to be large and hence the 

t1me requ1red for model production 1S likely to be excessive 1f a 

complete model 1S used. In order to reduce the time requ1red to model 

a plant, some slmplif1cat10ns may be made. These may be split 1nto 

three distlnct categor1es and are cons1dered in the follow1ng three 

subsect10ns. 

14 



:1. 1. 1 Slmpllllc.ltJOnS that Itoduco thr Ordl'r of tho Plant Modal 

The number of equat10ns may be reduced in several 

ways. The engineer 15 accustomed to making qU1te severe 

slmplificatl0ns, such as the assumption of perfect mixing, with 

very little hesitatIon. Methods of reducing the order of systems 

. (46) of equatIons (mainly Ilnear systems) are also avaIlable , 

although not yet widely used. It may also be noted t~at, since the 

maJorIty of plant measurlng devIces are for flow, temperature, 

pressure and level, rather than concentration, then Indlvldual 

component mass balances may not be necessary for models requlred 

for alarm systems. It lS also useful to note that, SInce many 

common process plant fallures are of a purely mechanical nature, 

such as pump failures, leaking or jammed valves, broken thermocouples 

or faulty level devices, then the models of Items such as 

dlstillatlon columns or absorbers may not need to be so accurate. 

3.1.2 Slmpliflcations that may be made by Using a Different 

TYpe of Plant Model 

Plant models may be classIfied into 5 categories for the 

purpose of thIS dIScuSSIon: 

a) Mental models - only Included here for completeness. 

b) Functional models - models based on the kno~ledge that a 

partIcular varlable IS a function of several others. The 

function lS undefIned for thIS type of model. For the 

15 



lifJUld level ~n a tank: 

L = fl (Q. ,Q t) 
l.n aU 

and for the outflow: 

Q = f
2

(L) out 

It w111 be noted that no quant1tat1ve information 1S 

assoc1ated w1th th1S type of model. Since the equations, as wr1tten, 

do not 1nd1cate whether the left-hand slde w111 1ncrease or decrease 

when the r1ght-hand slde is increased, then they may also be 

consl.dered as hav1ng no "direct1onal" l.nformatl.on associated wl.th 

them. The functional model 1S the loosest form of equatlon that may 

be conveniently expressed on paper. A crude analysis program could 

be wr1tten on the bas1s of such a model but it would appear more 

fru1tful to use 1t as a startlng-point for a model uS1ng plant data, 

obtal.ned durl.ng cornmissioDl.ng. 

c) Enhanced functional models - these models are slmilar 1n 

form to functional models but also,contaln directional 

1nformation, 1f this is known. TblS type of model may be 

represented as: 

• 
L = 

and: 

In the examples above, a u+" Sl.gn indicates that the 
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df'JlPndnnt varlablp In(!reasps .tS the paramctor concerned increases. 

A ':-" sign In<.iJcato<; thp 0PP0.,llc ('I.ficct. In somC" casot" Lho 

d~roct10nal 1nformatl0n may be unknown or dependent upon other 

varlables :' 

+ 
Y = f 3 (Xl , X2 , X3) 

The enhanced functional model contains all the 

necessary lnformation needed to perform a basic cause-and-effect 

analysls although the lack of quantltatlve lnformation may cause a 

dlagnostlc program to fall for dlfflcult cases. Such models may be 

derlved far more easily than conventlonal full-equatlon mathematical 

models but are unsuitable for obtalnlng deduced alarm informatlon, 

particularly if tlme-ordered alarms are to be used. (A tlme-ordered 

alarm 1S one wh1ch is only displayed if, say, "AIf, "Btt and "c" all 

occur in a partlcular specified order). An alarm scheme based on 

an enhanced functlonal plant model might be set up very economically 

lf an automatic method of producing the cause-and-effect data from 

such a model were avallable. 

d) Statlstlcal models - these models are based on regression and 

correlatlon of data accumulated by logglng plant varlables, 

either durlng comm~sslonlng or on a slmilar plant elsewhere. 

They may be represented by least-squares correlations with 

additional parameters such as standard deviation, correlatlon 

coefficlent etc. Such models may be used as the baS1S for 

alarm analysis schemes and are cons1dered in a sim11ar manner 

to full-equatlon mathematlcal models. 



0) l"ull-C'quatIon modC'ls th1S type of model 1S more d1fhcult 

to dor1vP sincn lt rcqu1res an accurate conceptIon of the 

dynam1cs of the system. The full model w1l1 cons1st of a 

set of sImultaneous differential and algebra~c equat~ons. 

As noted earlier, the product10n of such a model would be a 

maJor effort. Th1S type of model may be available S1nce it 

m~ght be required for another purpose, such as opt~misation. 

A compar1son of these types of models shows that funct10nal 

or enhanced funct10nal models require cons1derably less effort to 

assemble than full equation or stat1st1cal models. The 

d1sadvantage of uS1ng such functional models 1S that, by the1r 

nature, they are not sU1table for s1mulat10ns of plant behaviour. 

3.1.3 , 
, 

S1mpl1f1cat10ns that may be Made by Assembl1ng the Complete 

Plant Model from Commonly-Encountered Un1ts 

Th1S type of s1mpl1ficat10n would be part1cularly useful for 

a large organ1sat10n that 1ntended model11ng a number of plants 

contaInlng many "standard" unlts. "Modules" of equations 

, correspond1ng to the un1ts could then be der1ved and used as 

requ1red to bU1ld up the complete model with any special modules 

pecul1ar to a particular plant. 

The ch01ce of type of model and s1mpl1f1cat10ns made must 

ult1mately depend on the process 1nvolved, the penalty for maloperat10n 

and any other relevant data which 1S ava1lable. 

18 
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3.2 Defin1ng the Alarm System 

Three dlstlnct steps are lnvolved 1n deflning an alarm system 

for a plant: 

I 
The measured varlables to be used for alarms are chosen, 

The type of alarm used for each var1able must be spec1f1ed, 

(i11) The levels must be set for each alarm 1n the system. 

These aspects of system des1gn do not appear to have been 

stud,ed by workers 1n the field. It 1S l1kely that a cons1derable 

1mprovement 1n alarm systems could be made by devis1ng a method of 

def1n1ng the system as a whole. At th1S t1me, some of the problems 

spec1f1c to the 1nd1v1dual steps w1ll be cons1dered. 

3.2.1 Choos1ng the Variables to be Used for the Alarm System 

Dur1ng the des1gn stage of a computer control system, 

the measured variables are selected and arrangements made for thelr 

1nput to the computer. These var1ables may be measured for a var1ety 

of reasons. In some cases, the preclse location of the required 
( 

measur1ng dev1ce w1ll be def1ned by the maJor use for which the 

measurement is intended but 1D others consIderable latltude is 

available for the cho1ce of locat10n of the measuring dev1ce. 

It is also noted that, 1n some cases, a measurement 1n a particular 

vessel or stream 15 required but that there 15 some freedom in the 

part1cular property measured (at the t1me of design). It may be 

hypothes1sed that the analys1s of alarms m1ght be 1mproved 1f the 
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.lnaIY...,I ... l)rohIc'mc, 'lrc' c·on..,ldc·rc-d at th(' tlm(> of UCO'ilgn whf'n 

Ihc ... .,(' mC'.l...,Ur·lng- dovicf' Iypt>.., and 10catJon!-' arco eho'iPl1. It 1':0 .llc;o 

~UR'gestcd that 5ince tho <lc ... s Lgn enginepr IS likely to USC' a dJ.fIprcnt 

type of mental model of the plant from that of the operator, then 

the var1ables that the operator is interested 1n are 11kely to be 

different. It may therefore be worthwh1le to 1nvest1gate d1fferent 

sets of measured var1ables 1n order to select the set wh1ch 

maX1m1ses the eff1ciency of the alarm system wh1lst fulf1111ng all 

other criter1a. In order to do th1s, a method of evaluat1ng d1fferent 

sets of measured variables ~s necessary. 

Process computers are also used to der1ve "1nferred" 

measurements of plant parameters from the measured variables. Th1S 

facil1ty may be used when the parameter des1red 1S diff1cult, 1mposs1ble 

or costs too much to measure d1rectly. It 1S aga1n suggested that 

fuller uSe of such measurements m~ght lead to ~mprovements 1n analys1s 

problems. The requ1rement here 1S for a method of analys1s Wh1Ch 

would suggest, during tr1als, a need for inferred measurements of 

partlcular parameters. 

3.2.2 Choos1ng Alarm Types 

After the measured var1ables for a part1cular plant have 

been selected, and any inferred measurements defined, then the 

alarms to be associated with the variables must be chosen. The 

various types that may be spec1fied are as follows: 
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1. Abc;olutc Alarm., - (ho oporator 18 warned 1£ the var1ablc 

movcs beyond cprtaln flxcd l1m1ts. Thcse may be f1xed by the 

equ1pment manufacturer. 

2. 
." 

Dev1at10n Alarms - the operator 1S warned 1f the variable 

moves outs1de of a band about the set-po1nt value. 

3. Zero/Full-Scale Alarms - the operator 1S warned 1f the 

measuring dev1ce is at the l,m,t of 1tS range (shows a 

full-scale or zero read1ng). 

4. Rate-of-Change Alarms - the operator 1S warned 1f the rate of 

change of the measured variable exceeds a certa1n 11m1t. 

5. Deduced Alarms - the operator 1S Warned 1f a 10g1cal statement 

concern1ng other alarms 1S found to be true. 

In order to choose the type of alarm best sU1ted to a part1cular 

var1able,three factors must be considered: 

a) The purpose of any alarm system 1S to prov1de the operator w1th 

useful 1nformat1on about malfunct10ns as early as poss1ble but 
, 

w1thout saturat1ng h1m w1th informat10n or g1v1ng too many 

f"lse alarms. 

b) The cho1ce of alarm type w1ll, to some extent, be f1xed by 

the qua11ty of the 1nput signals used. In particular, n01SY 
I 

signals must be carefully treated 1f used w1th rate-of-change 

alarms. 

21 



c) If a varIable lS very important, then multlple alarms may 

bo assoclated with It. These may consist of elther pre-alarm 

levels ln addltlon to normal alarms or different typos of 

alarm. 

3.2.3 Settlng Alarm Levels 

Setting the values at Wh1Ch alarms occur 15 lmportant 

If the maXImum InformatIon is to be derived from the system. If the 

levels are too close to the steady-state operatlng values, then large 

numbers of "false" alarms wIll occur. Although such an approach 

mIght be favoured from the "safety fIrst" viewpoint, 1 t may be 

detrImental for the system lf the operator beglns to ignore such 

alarms. In contrast, lf the alarm levels are set too far from the 

steady-state value, then the operator wIll not receIve warnIngs until 

the fault IS falrly well-developed. SInce any alarm analYSIS scheme 

IS based on cause-and-effect, it IS also deSIrable, but not essentIal, 

that alarms are set correctly relative to one another so that 

"cause" alarms do, in fact, occur before "effect" alarms. '!he 

optlmum setting for the alarm-level must also depend on the number 

of other alarms In that regl0n of the plant and on the relatIonshlps 

between the var1ables involved. In order to set alarm levels that 

fulflll these crlterla either the plant dynamics must be well known 

or trlal runs used durlng commISSIonIng of the alarm system. In any 

case, the alarm system should be deSIgned so that a properly authorised 

person can adJust the alarm levels lf necessary. 
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3.3 Deduced Alarms 

Deduced alarms are those which are only displayed to the 

operator when a comhlnation of other alarms occur. This type of alarm 

1S not directly related to any particular measured var1able. 

Fer th1S reason, these alarms are llkely to be more w1dely used on 

chem1cal plants than 1n the nuclear power plant applicat10ns 

already descr1bed since chem1cal plants are not as heav1ly instrumented. 

Deduced alarms are part1cularly sU1ted to the process computer Slnce 

the cond1t1ons for the1r d1splay may be arranged 1n the form of a 

loglcal statement. If the statement 15 found to be "true" durlng 

analysis, the message 15 dl.splayed, 1f "false" then the message 15 

not d1splayed. Examples of deduced alarms are shown in F1g. 3.1. 

There are three problems associated with deduced alarms: 

1) The loglcal cond1t1ons requ1red may not be read1ly found unless 

an accurate plant model 15 avallable or on-l1ne testlng is 

posslble. 

11) Slnce there 1S a strong possib1l1ty that the stored condit10ns 
/ 

w1ll be incorrect, it 1S necessary to be able to change the 

condltions easlly. 

111) Unless care 1S taken when the alarm system programs are organ1sed 

an exceSSlve number of transfers between core-store and backlng 

store may be requlred. 

Th1S condit10n w1ll ar1se 1f the alarm data for groups of 

var1ables that are closely connected 1n the model 1S stored 1n 

several sectlons 1n the backlng store. 
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arm Cond~t~ons for Alarm 
No. to be d~sp1ayed 

1 A and B 

2 (A and B) or (B and C) or (A and C) 

3 A and (B or C) 

4 A and Band (not C) 
/ 

5 CA or B) and (not (C or D) ) 

A B 

9 C. 

Nomenclature 

~- Deduced Alarm -
A d~sp1ayed if ~nput 

active 

A gate - output 
act~ve l.f ~ of 
j ~nputs actIve 

t ord~nary alarm 

A. B Co f "not" condltion 

FIG. 3.1 

Examples of Deduced Alarms 
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(:1) 
KdY and lIeywood draw attcnilon to the <mportant d,gilnct10n 

between stor1ng the data 1n a manner that may be used by a 

general-purpose analys1s program and writ1ng special programs for 

each set of symptoms. The advantages of a general program are: 

i) The program may be started before the data 1S ava1lable. 

1i) The program may be used for other Jobs of the same type. 

111) Alterat10ns to analys1s data are easier than program alterat10ns. 

1V) The data may be eas1ly prepared solely by plant operations 

personnel rather than 1n d1rect collaborat10n w1th the software 

team. 

Process computers generally have qU1te small core-stores when 

compared to their off-11ne counterparts. In the past, some mach1nes 

had only 4 or 8 K and at the present t1me 24 K 1S qU1te large. 

Programs wh1ch use large volumes of data must therefore be organ1sed 

so that the data may be kept permanently 1n back1ng store. Small 

port10ns of the data may be transferred to core store as required. 

Welbourne(5) stated that the data for the Wylfa system occup1ed 

approximately 140 K (44-bit word length). The f1rst constra1nt on 

the form of alarm analysis data 1S therefore 1mposed by the system 

characteristics. For the remainder of th1s section, it w1ll be 

assumed that this constraint 1S sat1sfied. It w1ll also be 

assumed that care has been taken to pack the data 1n such a way 

that large numbers of transfers to back1ng-store are av01ded dur1ng 
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cln.llY'iI~ and dl .... p1aY. 

Th(' mothods avatl.lhlC' [or storage of alarm data may now bo 

conb!dered Ln deta~l. 

3.4.1 Probab1l1ty Method 

For th1s method, each message to be displayed is associated 

with several condit1ons. Each cond1t10n corresponds to a part1cular 

state of one measured variable. An eng1neer evaluates the probab1l1ty 

that each cond1tion is sat1sf1ed when the fault described by the 

message occurs. The probab1l1t1es are stored with the correspondlng 

condl tlons and a "target" sum assoclated Wl th the whole group. 

During the analys1s, the message is displayed if the sum of the 

probabilities of all the actlve alarms w1thln the group exceeds the 

target sum. The data for such a system mlght be as 1n the example 

shown in Flg. 3.2. 

Message Cond~tlons and Probabll1 ties Target 

1 A B C D E - 2.1 

.7 .45 .8 .3 .65 -

2 A F B G - - 1.85 

.3 .9 .75 .8 - -

3 B C E F H I 1. 75 
" , 

.2 .45 .65 .7 .65 .3 

FIG. 3.2 

Form of Data for Storage US1ng Probabl11ty Method 
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Th1S system 1S very flex1ble but requires a large amount of 

storage space. It 1S also d1fficult to arr1ve at the probabil1t1es 

and target sums, requ1red for pach group, with any degree of certainty. 

3.4.2 Log1cal Statement Method: Cause-Effect 

This method 15 SImIlar to the preVIOUS one except that 

lnstead of probabIlItIes, logIcal expressIons are used. ThIS 15 

equ1valent to the use of probab111t1es I or o. The message assoc1ated 

with each express10n 1S only d1splayed if the express10n 1S found to be 

true. An alarm 1S equivalent to a boolean variable, active alarms 

are TRUE and inactive alarms are FALSE. The log1cal'express1ons are 

assembled from alarms and the boruean operators AND, OR and NOT. 
I 

Fig. 3.3(a) shows a log1cal statement and its value for several 

sets of conditions. Th1S method avo1ds the problems involved 1n 

estimat1ng the probab1lit1es, as 1n the preV10US method, but still 

1nvolves a large volume of data. The loglcal statements may also 

requ1re cons1derable effort since they are 11kely to be more 

complex than 1n the example. The complex1ty is magn1fied by the 
" 

necessity to 1nclude negative conditions in order to avoid displaying 

mult1ple messages. This 1S demonstrated by the loglcal statements 

1n F1g. 3.3(b). Slnce the statements correspond1ng to faults 2 and 3 
\ 

are contained w1th1n the f1rst statement, all three messages would , 

be d1splayed when fault I occured. In order to avo1d th1S, 

add1t1onal cond1t10ns are added to make each statement un1que. This 

1S demonstrated by the amended statements shown in Fig. 3.3(c). 
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Loglcal statement: 

A AND (B OR (C AND NOT(D) ) ) 

A D C D Value of Statement 

T F F F F 

F T F F F 

F F T F F 

F F F T F 
I 

T T F F T 

I , T F T F T , 

T F F T F 

F T T F F 

T T - T T T 
~ 

FIG. 3.3(a) 

Values of Logical Statement for Varlous Conditions 

. , 
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Fault LogH'al Statement 

1 A AND (ll OR C) ,AND D AND (E OR F) AND G AND I 

2 / D AND (E OR F) AND G 

3 (E OR F) AND G 

FIG. 3.3(b) 

BaS1c Logical Statement Data -'NOn-Un1que 

Fault Log1cal Statement 

1 A AND (B OR C) AND D AND (E OR F) AND G AND H 

2 NOT(A) AND D AND (E OR F) AND G' 

3 NOT(D) AND (E OR F) AND G 

FIG. 3.3(c) 

Enhanced LOg1Cal Statement Data - Un1que 
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3.4.3 Log1cal Statement Method: Effect-Cause 

The scheme described in the previous section was essentially 

based on stor1ng all the pj'fects associated with one cause 1n one 

place. During analys1s, the statement is checked and displayed 1f 

the result is true. An alternative method 1S based on not1ng the 

time-order1ng of the effects associated w1th all of the causes 

considered. Each effect that occurs last 1n one or more symptom sets 

is then considered separately. A number of poss1ble causes are 11kely to 

eX1st when th1s last alarm has occured. The data 1S arranged 1n the 

form of a complex log1cal statement as below for a simple example: 

IF < some condition occurs~ 

TIlEN IF < some other condition> 

TIlEN Cause I 

ELSE Cause 2 

ELSE IF < some further condition) 

TIlEN Cause 3 

ELSE IF (some f1nal cond1t10n '> 
THEN Cause 4 

ELSE Cause 5 

It 1S seen that th1s corresponds to stor1ng sets of causes w1th 

the last effect. The time order1ng of the effects 1S used to f1nd the 

form of the log1cal statement. Th1S type of method was used by 

(4) 
Barth and Maarleveld . 
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3.4.4 Tree Analysis Method 

The basic reason why the previous methods require so much 

space is because much of the stored information 15 duplicated. 

The 1nformat10n used to derive the sets of symptoms is obtained from 

a knowledge of the relat10nships between the var10US causes and 

successive effects. The tree analysis method stores these 

relationshlps in the form of a "tree". Each alarm appears 1n the 

tree linked, by branches, to other alarms. Alarms 1n thc lowcr 

levels of the tree cause alarms on h1gher levels to occur. Each 

alarm haS 1tS own message and a small block of data glvlng informatlon 

on 1tS relat10ns w1th other alarms. An example 1S shown 1n F1g. 3.4. 

Deduced alarms are handled uS1ng supplementary 1nformation 1n the form 

of a Log1cal Statement. Th1S allows the volume of data to be 

cons1derably reduced but retains the flex1b111ty of the Log1cal 

Statement for spec1al cases. The ma1n problem w1th th1s method 1S 

the product10n of the tree. 

The method used for storage of data also 1nfluences the rpsult 

of on-11ne analyses. S1nce the f1rst three methods discussed only store 

data for spec1f1c faults, the analys1s program fa11s if a d1fferent 

fault occurs. W1th the data stored in a tree, as in the fourth method, 

the analys1s program can at least draw the operator's attent10n to 

the pr1me cause alarm. 
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Simple Alarm Tree 

32 

alarm 

gate - output 

if i of j 

are active. 



.1;) J\1I.tlY~I" 01 Alarm"" 

Tho problems concerned w1th the d1d~nostic program may bo 

conven1ently split into 2 categor1es: 

(1) Those due to a poorly def1ned system, 

(2) Those due to plant conditions at the t1me of d1agnosis. 

Problems 1n the first category include alarms that occur 1n a 

m1slead1ng order due to a poor ch01ce of alarm levels and 1ncomplete 

d1agnosis due to the use of too few alarms in a part1cular area of the 

plant. These topics are cons1dered elsewhere and are only noted here 

for completeness. Problems in the second category man1fest themselves 

1n the same way but are more difficult to erad1cate. These problems 

include: 

1) Alarms that are not active due to fa1lure of a measuring dev1ce. 

If the fa1lure 1S known, the analys1s can be modified to minim1se the 

problem. If the failure is not known, the analysis program will not 

recognlse the fa1lure unless a special deduced alarm 15 prov1ded for 

the purpose. Malfunct10n detect10n techn1ques may solve th1s problem 

but they are not w1th1n the province of the alarm analysis program as 

considered here. 

11) Noisy 1nput signals may cause alarms to become active in an 

order that does not correspond to that obta1ned by cause-and-effect 

methods. The analys1s program would then dec1de that the new alarm 

was not a "latest effect" and would then erroneously treat the new alarm 

as a pr1me cause. This will be corrected when the m1ssing alarms appear. 

Th1S problem may be m1nimised either by 1ncorporat1ng a time delay 
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before new alarms are considered by the analys1s program or by uS1ng 

a mod1f1ed program that attempts to find poss1ble m1ss1ng alarms. 

It is noted that the use of a digital filter to smooth input s1gnals 

will 1n any case cause a slight time delay. 

i11) Dur1ng any disturbance, due either to a fault or to a change 

in the steady-state operat1ng level, the cause and effect data 

may be 1ncorrect. The analysis program may have extreme d1ff1culty 

1n such cases. The problem here 15 one of prov1d1ng the program 

w1th the correct data at the t1me that it ~ requIred. 

3.6 Display Problems 

The value of any alarm analys1s system must ult1mately be 11m1ted 

by the efficiency of the display system used., It was noted 1n 

Chapter 2 that one of the problems of alarm d1splay US1ng panels, 

1nscr1bed w1th warn1ng messages, was the large number of these panels 

requ1red. The other basic problem with th1s type of system 1S that 

the relat1ve posit10ns of the panels are fixed. This leads to a 

situat10n where a number of alarms caused by one part1cular fault may 

appear scattered around the panel. 

If multiple faults occur, the problem 1S further comp11cated. 

The operator becomes confused between cause and effect and his 

attent10n may be drawn away from sign1ficant alarms by the mass of 

mlnor alarms. 

34 



Several other problems are associated with the display of 

alarms: 

(1) The d~splay used must be capable of being rap~dly updated, 

particularly for plants where large numbers of alarms occur 

in short per~ods of time, but must not change so qUlckly that 

the operator cannot digest the informatlon presented. For 

this reason, cathode ray tubes are much better than 

teleprinter's prov1ded that provision 15 made for "freez~ng" 

the dlsplay when des~red. 

(2) If a C.R.T. lS used, lt must be "freshened" repeatedly ln 

order to prevent fllckerlng. ThlS introduces a tlmlng 

constraint into the deslgn of the display system. 

(3) If a C.R.T. dlsplay ~s full, other alarms must be queued Fnd 

the operator lnformed that the queue eXlsts. Faclllties must 

also be provided to inspect the queue as desired. 

(4) Since the display system lS vltal, it must be ensured that 

adequate standby faclllties are provided in case the primary 

dlsplay falls. 

(5) An unchanging display may indicate elther a static plant state 

or an analysls system failure. In order to distingulsh 

between these two posslbl.ll.t1es, some 1nd1catlon of computer 

actlVlty must be given on the display at all t~mes. 



In operat10n, a C.R.T. d1splay, show1ng purely alphanumer1c 

1nformation m1ght appear as in F1g. 3.5. This d1splay shows two 

sets of alarms (for a hypothetical plant) which the analysis program 

cons1ders have been caused by separate events. For the f1rst set 

of alarms shown, the cause of disturbance appears to be the 

gass1ng-up of the reactor feed pump. The deduced alarm correspond1ng 

to th1S cond1t10n 1S displayed because 1tS symptoms are sat1sf1ed by 

the state of the alarms shown above it on the d1splay. For a 

well-designed alarm system, the three absolute alarms would occur 
1 

1n the order shown, wh1ch corresponds to cause-and-effect. 

If the alarms d1d not occur in the correct order, the analysis 

program might still be able to find the order shown by inspect10n of 

the alarm tree. 

For the second set of alarms shown, 1t 1S assumed that the 

actual cause of the d1sturbance 15 monitored, 1n thlS case, the raw 

material temperature. As for the first example, the alarms appear 

in cause-and-effect order. 

The analysis and d1splay system performs several distinct functions. 

In order to emphasise th1S important point, several features of the 

example will be noted: 

1) The analys1s program has split the act1ve alarms lnto two 

dlstlnct groups, correspondlng to separate causes. 

11) The absolute alarms 1n each group are displayed 1n 

cause-and-effect order. 

111) Deduced alarms may be d1splayed after all absolute alarms 

as long as the type of alarm is also shown. This is tYP1cal 
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• A267 

A132 

A096 

D04l 

• A274 

A004 

A068 

Notes: 

REACTOR FEED FLOW LOW 

COOLING WATER FLOW LOW 

SEPARATOR FEED FLOW LOW 

REACTOR FEED PUMP GASSED UP 

RAW MATERIAL TEMP. HIGH 

SURGE TANK TEMP. HIGH 

PREHEATER STEAM FLOW LOW 

• 1nd1cates prime cause alarm 

A - lndlcates absolute alarm 

D lndlcates deduced alarm 

Each alarm has unique 3-flgure reference number 

FIG. 3.5 

C.R.T. Display showlng Typlcal Data Format 
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of the systems dcser.hod 1n Chaptor 2. 

IV) Il IS a<;~umcd thal, for tins oxamplo, no suppreSS10n of 

alarms occurs. It is not necessary to reduce the volume 

of d1splayed information unt11 a larger number of "minor" 

alarms are active. Some alarms are marked in order that 

they w111 always be displayed when active,irrespect1ve of the 

pr1me cause. 
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CHAPTER 4 

FORMULATION OF THE PROCESS MODEL 

It has been noted that the effort requ1red to set up an alarm 

analysis scheme from an intu1t1ve model of a plant 18 exceSS1ve. 

It is therefore reasonable to assume that alarm analysis schemes 

w111 only be used when an alternative method requir1ng cons1derably 

less effort is used. If a method based on a formal model of the plant 

1S used then the inequality below must be sat1sfied: 

where: ES is the effort required to def1ne the alarm system 

from a formal plant model, 

, 
ED 1S the effort required to produce the analys1s data 

from the alarm system, 

EM is the effort requ1red to produce the plant model, 

El is the effort requ1red to produce analys1s data 

from an 1ntuit1ve model, 

K 1S a correction factor such that: 

K = 0 If a model 15 already ava1lable, 

o > K ~ 1 if a model .IS noodC'd for othor purpost'~, 

K ='1 jf a modol ~s produced spcelally for al.lrm 

analys.ls . 
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Since El and K are constant for any g1ven plant, E
S

' EO 

and EM must be minimised in order to make the prOV1S1on of alarm analys1s 

schemes a pract1cal proposition. The rema1nder of this Chapter 1S 

devoted to work done on m1nimising EM' Chapters 5 and 6 conta1n 

work done on min1mis1ng ES and EO' Chapter 7 1S used to demonstrate 

the use of functional models for alarm analysis. This type of model 

may be useful for prov1ding an alarm analys1s scheme for plants that 

do not warrant the production of a full-equat10n model or do not 

depend heav11y on deduced alarms. Details of the programs used 

i 
for the work are in the Appendices with list1ngs and data 1nput 

requirements. 

4.1 Sett1ng Up the Process Model 

It was dec1ded to wr1te a flex1ble computer program that would 

allow a relatively 1nexper1enced user to set up a plant model in a 

form suitable for use with alarm analys1s problems. One of the 

d1ff1cult1es of other programs used for plant modelling is that the 

user may have to be,qu1te prof1cient 1n the computer language, used 

for the program, in order to use it successfully. It was therefore 

dec1ded at the beginn1ng of the work that, as far as poss1ble, all 

user-supplied information would be input to the program as data 1n a 

s1mple format. This restriction requ1res that some flex1b111ty will 

be lost but., in practice, th1s has not proved to be ser10US. 

In order to reduce the effort requ1rod to sot up the modol, 

thp form of Lho delta must bo sJml.lar to that Wllld, tht' 0nglll('cr would 

U$P, '1110 hubboc110n.., which 1'01 low d(·..,('rlh(' Ihp hU-,It{ or lhp mod ... 1 '1J1g-

1() 
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method used and the program used to assemble the model. 

4.1.1 Modelling Method Used 

It was dec1ded to use the modular approach, outlined in 

Section 3.1.3 as the basis of the plant models required. This 

approach was found to be convenient for 5 reasons: 

i) The individual modules used may be based on the famil1ar 

"unit operatl.ons" commonly found 1n text books. Each 

unit modelled 15 defined by a name and a series of 1nput 

and output streams linking it to other units. 

i1) Ind1vidual modules may be tested by supply1ng dummy 

modules for each 1nput and output stream. In th1S way, 

the response of the unit to var10US process d1sturbances may 

be found. 

11i) Simple models of units may be used 1n1tially and may be 

replaced by more complex ones where necessary or as knowledge 

of the process increases. 

iv) A llbrary of commonly-encountered un1ts may be bU1lt up. 

v) 

This naturally leads to a reduction 1n the amount of 

effort requ1red to assemble a "new" model. 

Modifications to the plant may be copied 1n the model by 

addition or subtraction of the corresponding modules. Tb1S 

factor 15 Important and must be borno In mind when writing 

the program or the desired flexib1l1ty wl11 be lo~l. 

11 



The modular approach was used for stud1es on both 

full-equation and funct10nal type models. 

4.1.2 Convent10ns used w1th General-Purpose Models 

A constraint on the use of general models is that a convent10n 

must be adopted to ensure that, for instance, a var1able is not set 

1n more than one un1t. The conventions used for the work described 

here are: 

1. 

2. 

Each stream between un1tS has 6 tlfl-eIds" associated wl.th 

1t. Each f1eld 1S used to store the value of a particular 

property in that stream. The indiv1dual fields are 

accessed by use of a "f].eldname". For stream ttA" the 

f1eldnames are QA, PA, TA, XA, YA and ZA. It is stressed 

that the number of fields associated w1th each stream and the 

fieldnames used to access them may be eaS1ly changed. 

The propert1es flow (Q), temperature (T) and conc0ntrat10n (X) 

are set in un1t output streams Wh1lst pressure (P) 1S set in 

un].t 1nput streams. For convenience, the fieldnames used 

correspond to letters normally used to denote these 

propert1es (y and Z are spare f1elds). 

In certa1n cases, the strict use of a convention such as th1S 

may lead to unnecessarily complicated models. It 1S recommended that 

the convention 1S relaxed 1n such a s1tuation and the model, if used 

as part of a l1brary, be marked as one unsuited for general use. 

The eX1stence of the convention is 1mportant, even When such exceptions 

are made, S1nce 1t highl1ghts the areas in wh1ch difficult1es are 
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11kely to occur. An example show1ng how the convent10n adopted for 

the present work may be relaxed 1S shown in F1gs. 4.1(a) and 4.1(b). 

The former conta1ns a fUll model of a slid1ng-stem control valve 

wh11st the latter shows a slmpl1f1ed model. In the latter case, 

the convention 1S relaxed by the assumption that the 11ne pressure 

P is set at the controller output. c 

Mass flow in 11ne: Pc = g(Qc) 

c. Bonnet Pressure: dPBON kBON (pc - PBON) 
= dt 

A B Area of Flow: 
dA 

G(PBON) AJ 
v 

dt = kA -+ ~ 

PA - p ! 
Flow rate: Q

B = A C ( B) 
v v 

~ 
Temp: TB = TA 

dP
A 

H1gh ga1n equat10n to preserve cont1nulty: dt = GA (QA - QB) 

FIG. 4.1 (a) 

Slld1ng-stem Control Valve - Full Model 



c : 
~ f(p ) 

PA - Pn 
) Flow rate: Q

B = C ( 
c v 

~ 

--+ C*1 ~ Temp: TB = TA 

A B dP
A 

Continuity: = GA (QA - QB) dt 

FIG. 4.1 (b) 

Slid~ng-stem Control Valve - S~mple Model (Convent~ons relaxed) 

By relaxing the conventions, the model ~s s~mpl~f~ed by 

~gnor~ng the mass flow of air to the control valve and its effect on 

the pressure. In the event that the valve dynam~cs are ~mportant, the 
I 

bonnet pressure change and its effect on the area for flow may be 

modelled as in Fig. 4.1 (a). For most situations, these effects 

may be considered as ~nstantaneous wh~ch allows ~he s~mplif~cat~on to 

the model shown ~n F~g. 4.1 (b). 

4.1.3 Execut~ve Program Functions 

The function of the executive program is to assemble the 

complete plant model from the ~nd~v~dual unit modules. Th~s funct~on 

may be subd1V~dcd 1nto sevena d1stinct operations as follows: 



1. Ident,fy,ng tho ,nd,v,dual un,ts to be modelled and 

thp "roec5s siroams lInking tho units togcthe>r. For this purpose, 

<-'ach un.lt ~s 5:1\tcn a un~que namo c(JOslsl.lng of IJ. characters, 

e.g. TANK, CV21, DRY2, DED4 or COND. Each ,nput and output stream 

to be cons,dered 's ,dentified by means of a s,ngle character. As 

an example, conslder the dlsttllation column rebol1er shown 1n 

F'g. 4.2. For all programs for the present study, the un1t name, 

REB1, is used as the unique identifier for the computational 

module assoc,ated with this un1t. The dec,sion to classify the process 
\ 

streams ll.nkl.ng a unit with its neighbours as "l.nputs" or "outputs" 

rather than as "streams" was made for 2 reasons: 

a) the convention adopted for sett,ng variables 1n ,nput or 

output streams, depending on the property concerned, 18 consistent 

with th,s class1ficat,on, 

b) since every ,nput stream must co,respond to an output stream 

on another unit, some sl.mple checks may be wrl.tten 1nto the executl.ve 

program. 

Using the f,eldnames d1scussed previously, the temperature 

1n the bottoms stream B would be denoted as TB. All names for 

var,ables are restr,cted to 2 characters for the sake of conven,ence 

whether or not they are associated w,th a process stream. It may be 

noted that, since variables 1n process streams have one name 1n each 

unit, the complete variable consists of two names and one value. 

The temperature at output B in a unit will be TB and the same 

var,able at input A of the adjacent un1t will be called TA. 

The variable name 1S stored as the 4 characters TATB. Where 4 

characters are pr1nted out, the first 2 are always the name of the 

variable in the input stream and the last two the correspond,ng name 

in the output stream of the other unit concerned. 
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2. Assembly of the model from the units and streams def1ned 

above. The work1ng space 'requ1red for the stream variables 1S also 

created by the executive program dur1ng this stage. Fig. 4.3 shows 

2 un1tS that are part of a larger model. It may be seen that 

output stream B on un1t REBI is 1dentical to 1nput stream A on un1t 

CVOI. This identity must be preserved 1n the computer model of the 

plant and the correspond1ng stream propert1es must be common to both 

un1ts. Th1S means that, in general, stream variables w111 possess 

two names. This situat10n could, of course, be avo1ded by 

redef1ning all stream names until each output was connected to an 

1nput w1th the same 1dent1f1cation character but this would have 

meant that general modules could not be used. The execut,ve program 

was therefore des1gned to be able to d1st1nguish between the two 

varlable names used for each stream var1able. 



Unique unit name: REBl 

F 

'" Go 

r----

V 

Inputs: L Outputs: v 

F B 

G 

'-~ 

V 
7
L 

~ 

_ .../"\./V' 

1'1 
v 

) 
).. ... 

FIG. 4.2 

Ident1fY1ng Units and Process Streams 

- ---------- r---------, 
I I 

I L I Co I 
I 
I 

F I 

I B I A 
I G- I I 

'RE B' I C. VC I ' I '- - - - - - - - - - - - - - - - - J - _______ __ J 

FIG. 4.3 

L1nk1ng Up the Unit Modules 
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3. Defining the relationsh1ps between the var1ables for each 

un1t. With~tpe skeleton model set up the model equations are 

spec1fied for each un1t. The executive program must perform several 

funct10ns on the equat10ns supplied: 

a) Recognise algebra1c and d1fferential equations of vary1ng 

length and complex1ty, 

b) D1stinguish between variables, operators and functions, 

c) Transform the equation into a form suitable for machine 

evaluation (see Appendix Sect10n A.I.2.3). 

d) Create a set of 1nstructions w1th1n core store that correspond 

to th1s equ1valent form of the equat10n. This step requ1res 

that the program must be able to search through the var1ables 

1n each un1t 1n order to f1nd those used 1n the equat10n. 

If the var1able w1th the correct name cannot be found among 

the streams entering and leaving the unit, then a variable 

local to that un1t must be created and stored w1th1nthe 

computat10nal module. The search program must also check 

that the des1red var1able has not already been created local 

to the un1t due to a previous occurence in the equat10ns for 

the un1 t. 

4. The steady-state values of the var1ables must be fed in and 

checked. This aga1n requ1res a search to ident1fy each variable as 

its value 1S supplied. The checking 1S done by integrat1ng all the 

equat10ns and not1ng 1f any of the variables change signif1cantly. , 
The var1able values found at this stage are then stored as the "true" 

steady-state values. Whenever the var1ables are re1nit1al1sed during 

program use, it is the true values that are restored rather than 
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the approx1mate values 1n1t1ally read 1n. 

5. Testing the complete model. In add1t10n to the 

steady-state check noted above. the complete model must be tested 

to ensure that ~ts response to varl0US disturbances 15 Slml1ar to that 

expected of the real plant. Th1S facil1ty is only used for 

full-equat10n models since no slmulations are poss1ble uS1ng 

funct10nal models. 

4.1.4 Example of Program Use 

Cons1der the section of a plant shown 1n F1g. 4.4. This may 

be split 1nto un1t,S as shown 1n F1g. 4.5. The part1cular cholCe of 

units shown 15 rather more detal1ed than mlght be requlred for many 

appl1cat10ns. ObV10US slmpl1f1cat10ns that could be made are: 

1) the assumption of constant level 1n condenser holdup tank 

(TANl) and constant flowrate to the column (MTFl. CROI. 

CVOl) etc. 

11) the use of emp1rical equat10ns to describe the overall dynam1cs 

of the d1stillat10n column 1f the dynam1cs of th1S un1t are 

not 1mportant when considered in the context of the complete 

plant. 

The data suppl1ed to the program for th1S column sect10n 1S 

of the type shown 1n Append1x 3. LISTINGS 2 and 3. LISTING 2 shows 

the form of the data needed to define a skeleton plant'model followed by 

the equations used for the model. The programs used are completely 

data-drlven and hence certal.n "keywords" are used to lnform the program 



FIG. 4.4(a) 

Column Section of Plant-Arranged for 

Control of Both Product Compositions 
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Flow Sheet 
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of the deta1ls of the facil1ties requ1red for each run. The keyword 

used to set up the model in this way is MASTERMODEL. As may be seen 

from the LISTING, this keyword 1S the f1rst one used for this 

part1cular run of the program. Details of the use of all the 

keywords available to the user are given in Appendix 2. The program 

output corresponding to the data for the column section is shown 

in FIgS. 4.6 and 4.7. The correspondence between the streams shown 

1n Fig. 4.5 and the skeleton model data shown 1n Fig. 4.6 1S ObVIOUS. 

The model equations, shown 1n F1g. 4.7, are also self-explanatory. 

The system steady-state data is suppl1ed by uS1ng the keyword SYSTEMDATA 

followed by the data for each un1t as shown 1n LISTING 3. The 

output correspond1ng to the data for the column sect10n is shown 

1n F1g. 4.8. 

The output shown 1S used for check1ng purposes and as a 

conven1ent llstlng of unlt parameters. Note that stream varlables 

need only be given a value 1n one of the two units involved but, 

for the reasons glven above, it may be convenient to glve these 

variables the same value in each of the two un1tS concerned. When 

defining values for th1S type of var1able, only the 2-character name 

used 1n the unit currently cons1dered 1S used even though the 

complete name consists of 4 characters. The program automat1cally 

finds the correct variable by inspectIng the stream names for the 

The true steady-state, found by 1ntegrating the 

complete model is shown as the final set of values 1n F1g. 4.9. 

This output 1S maInly used for debugging 1he data. 
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TB+TA 
X B(-Xf, 

FEEO 

O(XC)/OT+(nOw(XO-XC)+QE*(hF-XCl+QA*(XA-XC)_QB*CXB_XC» IHT 
O(QC)/OT~(QA+QE-QCl/UL 
TC+AO+X C*(A1+X C*(A?'+XCw(A3+XC wA4l» 
XB+BO+XC*(Bl+XC*(B?+XCw(a3+XCw~4l» 
QB+CQA*TA+QO*(TD+HL/CPltQE*TF-nC*TCl/(TB+HL/CP) 
T8+"{C 
PF+KP 
Xe~M2*XF/(M2*XF+Ml*(UN_XF) 
Qf~QF*(XF/~1+(WN-XF)/M2l 

CEN1 



m ... 

QD~(K1*QStTT-K2*(PD"PS)~K3*QStTO)rKH 
D(PS)/DT~K>*(QS-QD) 
XD<-XS 
T;)<-TS 

Pl01 

Pl02 

PLS1 

PLS2 

/ D(XC)/OT~(QD'(XD-XC)+QA*(XA-XC)-QB.(XB_XC»/HT 
D(QC)/OT~(QA-QC)/Wl 
TC~AO+XC*(~1+XC*(A2+XC.(A3+xC*A4») 
X6+BO+XC*(81+XC*(B2+XC*CB3+XC*R4») 
ZS~XC*SF _ 
Qe~(QA*TA+QD*(TD+ltl/CP)-QC*TC)/(TB+HL/CP) 
Td+TC 

CR01 

CR02 

CR03 

CR04 

CROS 



VARIABLES COIl~iOtl TO ABOVE IJUIH: 

SU~SU+(ZA~lB)*CGT+HH~LT) 
PI+KH+KC*«ZA-ZB)+KI*SIJ) 
PC"W2*SLtrHpI] 
IT+GT+UH 

MTF1 

QS+Kflo CPA~PB)tKH 
DCPA)/DT+GA*CQA~QB) 
TB+TA 
X8+XA 
ZC+SF*QB 

REB1 

DCXR)/DT+CQC*CXC~XR)-QD*CXD~XR»/fIR 
DCHR)/DT+(QC-QO_QR) 
LR+HR/ AR/rID/VF 
TR+AO+XR*(A1+XR*CA2+XR*(A3+XR*A4») 
QR+KR.(CKP~K1*LR)-PO)tKH 
FF+(TF-TR)/CTG-TR) 
EC+UC*AC*(CTF-TG)/$LINCFF]) 
XO+80+XR*(01+XR*(B2+XR*(B3+XR*R4») 
QO+EC*RO/Hl 
TP+TR 

~ 

" o 
" ~ ... 
" C 
Q 
C. 
~ 



, 

ZR~LR*SF 

Q &"QR -Clf1 .. XR + C Wtl- X R) *11;» 
T<jfoTR 
X&.XR*rl1/CM1*XR+M2*CWN_XR» 
D(PF)/DTfoGF*CQF_QG) 
QG~KG*(PF-PG)tKII 
T ... CQt*RF*CF*TF-eC)/QG/RF/CF 

DJ V1 

QB·KO*CPA-PB)tKH 
QCHC .. CPA-PC)tKH 
DCPA>/DT .. GA*CQA-QB_QC) 

"l 
H 

TSHA 
TC"TA 

" en Xe"XA w 
XC"XA ... . ... 

~ 

0 
TAN' 

0 
:> ... 
.... DClC)/DT"CQA-QB)/AT 
:> 
c DCTC)/DT .. QA*CTA-TC)/LC/AT 
<> 
"-

DCXC)/DT"QA*(XA-XC)/LC/AT 
~ Qa"KB*(CPA+K1*lC>-PB)tKH 

rafoTC 
XB"XC 
PA<-KP 
ZS"lC*SF 

SETC 



Z1 "Z1 
Z2<-22 
23<-Z3 
7.4"Z4 
Z5<-Z5 

PAHP 
QO"QA 
T3+TA 
Xil+XA 

EX01 

EC+HL.QA/RO 
D(PC)/DT<-CC*CQC-QD) 
Q~+KD*(PC-PD)tKH 
TO+(QC*RC*CC*TC+EC)/CQO*RC.CC> 

PB+PB 
. PO+PD 

OUTF 

OUTl 

TA~TA 

QA~KA*(P1-PA)tKH 
XA"XA 

\ 



m 
en 

OUT2 

Ql.K1*(PO-P1)tKH 
T1 (oT1 
Q]+K3*(PO-P3)'KH 
n·n 

oun 

( 



SYSTEtlDATA PRINTOUT 
********0***'**** •• 

UNIT HE!> 
.*******. ." ... 

0 

QE +1.7500000000& -2 +4.5000000000& -2 +5.2500000000lt -2 '" QI) QC ... 
" QA +3.5000000000& -2 ~R +t,.5000000000& -2 PF +1.01 32 500000& +2 i3 

QF +1.4 700000000& +0 XA .. 6.2000000000& -1 XB +6.8000000000& -1 ~ XC +4.80000000\)0& -1 XI) .S.3000000000~ -1 XE +5.81)00000000& -1 <+ 
'tl "l XF +5.2000000000& -1 i(p +1.0132500000& +2 ~11 +7.8000000000& +1 " H 
<+ Q 

m 112 +9.2000000000& +1 ,,0 .3.83454941"1 I'. +2 A1 -4.44088109'4& +1 en m A2 +1.4605005592& +1 A~ .5.6036366689& +0 A4 -6.26!>908021S5& +0 ::r 
0 60 +'.1 03714383t.& -3 £;1 .. 2.28820383l1& +0 B2 -2.39'850629v5r. +0 " ~ ... 83 +1.5636367851& +0 114 -4.5485841648r. -1 Hl +4.00000000\10& +8 ::> CO 

'" CP +'.8;;80000000& +6 HI +3.6600000000& +2 Te +3.66000000008 +2 en 
~IL +3.0000000000& +2 HT +1.5750000000& +1 .... 

'" " Co 
'< 

I 
en 
<+ 

" <+ U/aT CEN1 '" •••• ***** "- <: 

" ... ... 
K' +2.0000000000& +0 K2 .1.0000000000& -, K3 +1.9'500000000& +0 ., 

0' QO +1.4700000000& +0 Q~ .'.4700000000& +0 PO +1.5000000000& +2 .... 
'" PS +1.0345000000& +2 lI~ +5.2000000000& -1 XD +5.2000&00000& -, <: TO +3'.0700000000& +2 j. ~ +3.6700000000& +2 1;,5 +2.50000000vO& +0 " .... 

TT +6.6 700000000& -1 j 0 • 2.vOOOOOOOOOR +0 " " '" 



UNIT SETC 
.... **,r..*** 

Z1 
Z4 

+7.3500000000& +0 /.2 
+3.0000000000& +0 7.5 

.7.;000000000& +0 Z3 
+7.5000000000& +0 

+1.1550000000~ +1 

• 



u.~ I T oun 
*.**-**** 

lA 
KA 

+3,6 7 00000000& +2 QA 
+3,1 7 00000000&"1 PA 

UNIT REil' 
.**** •• *. 

HR +6,C~00000001& +0 X~ 

+',4700000000& +0 XA 
+',0345000000&.2 P1 

+'.0000000000& -, LR 

+5,2000000000& -, 
+,,2501)000000& +2 

+',OOOOOOOOOOP. +0 



TR +3.7900000000& +2 Q~ +7.5000000000& -3 FF +2.0000000000& +0 EC +1.aOooOoooooe +4 Xn +2.1000000000~ -1 QI) +4,5000000000/: -2 TO +3.7900000000& +2 LlR +6.0000000000& -1 TB +3. noooOOOOO& +2 liB +8.6099>99999& -2 "F .1.110000000001: +2 aG +1.8750000000& -1 TG +3, 89 00000000& +2 fiR +6.0000000001P. +0 VF +1.00000000vO& -1 KP +1,0135000000& +2 UC +1.'>'860000000& +3 TF +3,9~()00000uO~ +2 KO +1,OOOOIlOOOvO& +3 ~G +9.3150000000& -2 pG +1.0500000000& +2 QF .'.8750000000& -1 flF ·1.2000000000P' +3 CF +8,00000000018- +0 AC +6.3 600000001& -1 '10 ·'.0000000000& +, GF +'.OOOOOOOOUO& +0 PS +'.(',100000000& +2 1(1 +8.0000000001& +0 KR +2.5;'00000000& -3 ZR +7,5000000000& +0 !;F +7.5000000000& +0 

\ UNIT eX01 m 
'" .,*,,***** 

-, ." -=> PA +1,0132500000& +2 QR .4.5000000000& ~2 TB +3.5800000000& +2 .;. XB +9,0000000000& -1 I:C .'.8000000000& +4 RO +' ,OO(JOOOOOvOE, +3 
'" 

r.:A +4, 50 00000000& -2 ilC +'.2000000000& +2 PD +1.10000000(}0& +2 
~ 

KD +9,01;99999999& ~2 RC ·'.0000000000& .. 3 CC +4.1868000000& +0 " c I;!C +2, 87001)001)00& -1 an .2.11700000000& -1 TC +2. ~'3000000UO& +2 " ~ KP +1.01 3l 500000& +2 fo +3,11800000000& +2 GC +2.0000000000~ +0 ~ 

" " 
~ 

Uti IT DIV1 
.,**.**** 

QB +3,5000000000& _2 Qr. .1,0000000000& ~2 TB +3,5800000000& +2 Te +3.51\00000000& +2 XR .9.(;000000000& -, xC +9.0nooooooOO& ~1 



.., 
0 

KB 
pc 
PA 

.2.549Q~9999Q& -2 KC 
+1.v450000000~ +2 ~R 
+1.0900000000& +2 

UNIT TAN1 
*111******* 

AT +1.5000000000& +1 QA 
TA +3.Si!OOOOOOOO& +2 re 
xe +9.0000000000& -1 KR 
PA +1.01 32 500000& +2 .: 1. 
16 +3.5800000000& +2 XI'! 
ZS +7,5000000000& +0 ~F 

UNIT QUlF 
*'******* 

pB +9.5000000000& +1 pfl 

UNIT eV01 
*.*.*.*** 

QB 
fA 

+1.4700000000& +0 PA 
+3.6 700000000& +2 XA 

~4.7180000000&"3 GA 
~1.u750000000& +2 KP 

.. 4.~00OOOOOOO& "2 lC, 
+3.5800000000& +2 XA 
+3.~100000000&~"2 08 
+9.0000000000& +0 PB 
~9.0000000QOO& -1 KP 
+7.5000000000~ +0 

~1.0050000000& +2 

+1.2500000000& +2 TB 
~5.2000000000& -1 XB 

+1.0000000000& +0 
+1.0132500000& +2* 

+1.0000000000& +0 
+9.000nOOOOOO& -1 
+4.5(')00000000& -2 
"1.0~OOOOOOOOf. +2 
+'.0132500000i! +2 

+3.6700000000~ +2 
+5.20000000~0& -1 

." -Cl 

.:. 
0: 

~ 

(') 

0 
:> ... 
~ 
::l 

" " "-
~ 



... ... 

KV 
GA 

+6.0 700000000& -~ pr 
+'.00000000001: +0 OA 

UNIT fHF1 
.,,******* 

QB +1. 47000000001: +0 "" f'B +',2~0000000O& +2 (lA 
TB +3.6700000000& +2 I A 
XB +5.2(100000000& -1 ze 

UNIT eR01 
.".", .... **** 

\.12 +'.OnooOOOOOO& +2 ZA 
PC +5.00000COOOO& +1 PI KI +5.0000000000& -2 KC 

UNIT OlJT2 
•• * .. "'**** 

Q1 +1,8 750000000& -1 T1 
r3 +2. 93 00000000& +2 f' 2 
K1 +6. 62 00000000& -2 ,,3 

+5.0000000000~ +1 pB 
.1.4700000000& +0 

.2.9400000000& -, pA 
+' . ()OOOOOOOOO& +0 oA 
"3.6700000000& +2 XA 
+7.3500000000& +0 SF 

.. 7. 35 00000000& +0 Zll 
+5.(,000000000& -1 SU 
+4.liOOOOOOOOOIl -3 

+3.'/900000000& +2 03 
.. '.0 500000000& .2. P4 
+9.()800000000& -2 PO 

+1.013lS00000& +2 

+',5000000000& +2 
+'.47000000001: .. 0 
+5.2000DO()OuO& -, 
+5.0000000000& +0 

.." 
~ 

~ 

"" 
'" 
~ 

+7. 35 00000000& +0 " 0 
:> +0.0000000000& +0 ... .. 
~ 

c 
E. 
~ 

+2,8700000000& -, 
+1.0 45 0000000& +2. 
+1.3000000000& +2 

> 



p' +1.2200000000& +2 p3 .1.2000000000& +2 KH 
I ' +5.0000000000& -1 

Ut'li T CV04 
*''11*****" 

QB +'. 87 50000000& -1 Kv .1.042000000(ig -3 pC +5.00000000001: +1 ~B +'.0 9000000(,0& +2 PA .'.22()0000000& +2 GA +5.0000000000& +0 CIA +1. 075 0000000& -1 TR .. 3.9900000000& +2 TA +3.9900000000& +2 }(B +' .00000000[,0& +0 XA .. 1.0000000000& +0 

"J 
~ 

" .. 
'" UNIT eR04 

********* .. 
'" 
~ 

lA +3.0000000000& +0 7.FI +3.GOOOOOOOOOg +0 pI +5.0000000000& -1 () 
0 PC +5.0000000000& +1 ~u "O.llOOOOOOOOO& .. 0 KI +'.OOOOOOOOvOE; -3 ::l 
rt-KC +5. oooooooooolf -1 ... 
::l ,C 
Cl> 
Co 
~ 

UNIT CV05 
'ft,._ •••• * 

tlB +6.81)00000000& -1 Kv +5.5700000000& -3 pC +5.0000000000& +1 F-A +1.0 100000001)& +2 ,,~ +9.~0000001)00" +1 GA +5.0001)0000vO& -1 QA +6.8000000000& -, TR .. 3. '19 00 Cl 0 0 0 Cl 0 & +2 TA +3. nDOOOOOvO& +2 XB +8.6099999999& -7. XA .. 8.b0999999<f9& -2 



.., 
w 

UNIT CR05 

lA 
~' I 
KC 

+7. 50 00000000& +0 ~n 
+5.0000000000& -1 ~If 
-5.0000000000~ -1 

UI; IT CV02 
"*·'nC' •• *** 

Cl El +3.5000000000& -2 Kif pA +1.Cl 750000000& +2 ;>R 
~A +3.5000000000& -2 ;(A 
I A +3. 5R OOOOOOOO& +2 iR 

UNIT CR02 
•• *****.-

ZA +7. 50 00000000& +0 ZR PC +5.0000000000& +1 5U . t:C -2.0000000000& +0 

+7.5000000000& +0 pC 
+O.~OOOOOOOOO& +0 KI 

+4.7200000000& -4 PC 
+1.0530000000& +2 GA 
+9.ljOOOOOOOOO& -1 XR 
+3.5800000000& +2 

.7,5000000000& +0 pI 
+0.0000000000& .. 0 KT 

+5.0000000000& +1 
+2.00000000JO& -2 

+5.0000000000& +1 
+5.0000000000& +0 
+9.0000 vOOOOO& -1 

) 

+5.0000000000& -1 
+5.0000000001& -3 

." -Cl . 

"" a: 
~ 

" 0 

" ,... .. 
" c 
0 
Q. 
~ 



U~1i CV03 
*.**'**~* 

{,jB +1,0000000000& _2 Kif 
PI; +1,(,450[,00000& +2 i'~ 
QA +1 ,'~11C10uOOOOO& -2 XA 
TA +3. %00000000& +2 ,'R 

UNIT DUn 
.... ******* 

p2 +'.0 500000000& +2 p4 

UNIT CR03 
** .... **11'**. 

lA +1.1550000000& +1 
pC +5.0000000000p. +1 
~C -9.0000000000&-1 

ZR 
KI 

+1.00000000001; ./, pC 
+1.\.050000000f, +2 GA 
+9.00ClOOOOOOOI; -1 XB 
+3,5800000000R +2 

+1,1000000000& +2 

+1,1550000000& +1 Pt 
+1.uOOOOOOOUO& -3 SU 

* J~DrCATes PRECEEDJNG NAME NOT FOUND IN EQUATIONS 

+5,OnooooooOOr. +1 
+2.00000000008, +' 
+Q.OOOOOOOO('Oi. -, 

+5.0000000000& -1 
+0,0000000000& +0 

... 
(» 



R~JN~YSTEII bRINTOUT 
*'**~***.w***~**~. 

UNITS AND VARIAIlLES TO BE USEo FOil INTEGRA TI ON 
A ANI> D DEIIOT!: AlG. OR Pit. E,)IIA T 1 011 

'"j ... 
0 

" FEED ... ., *'** El A QE A XE A pF"R " TDT8 A QPUS A X[)l(B A TATe 0 c P QAQC 0 XAXC ... 
'0 
c PlO1 ... ..., 

"" " -'" •• ** 
Ho ::l 
<+ A TIlTB ,A QI>QB A zS A XDXS A TATC 0 QAQC I> X"XC " ... .. OUT1 c:: 
t/l '" CD *1:*. 

A XSXA A 0 USQA A TSTA Ho 

~ PL02 0 
'< 

" ***. ... 
0 A TI>TB A QI>QB A zS A XI>XS A TATC o QAQC P XAXC "" 
'" P LS2 
~ 
er. **** 

A TPT(l A Q[)QIl A ZBZ~ -< A XflXB A TeTC [) IlCQC I> XCXC er, 

t;l 
RES1 ;s: 

."*. 



A T2TG A 02QG 0 pF;>n ~ XAX[l A TATfl A QAOB A ZIIZR A T 0'( 0 A aDOO A XD"o " El. A FF A OI3QR A TfslR A LR 0 HR 0 XB,{R 

SETC 
•• *? 

A ZAZS A ZAZ4 A Zll~~ ~ 71\72 A ZAZ1 

Ct{04 
.,** 

A LT A pCpC A pI A SU 

CV04 
**** • XFXB A TFTfl o pAP1 A OFQ[l " 

". -.., CROS 
" IS> 

*.** 
A LT A PCPC A pI A SU "" 

<0 

~ CV05 
" •••• 0 
:l .... A XaXB A TBTa D PAPA A OBQe .. 
:l 
C 

" OUTF c:. 
*t** ~ 

A POPB A PBPS 

C~N1 

*'** 
A TATO A XAXO o PSPA A QAQO 

PLS1 



*.""~ 
A TATC A QMa A znzs ~ XAXB A HTC D QAQC 0 XAXC 

E}. 0 i 
*"*<tt 

A T4TD A Q4QD D pCP3 A EC A XAxn A TATS A QAOB 
'" PAPB 

v 

TANi 
*1l-k* 

A ZBZS A PAPa A X"XR A TATB A QAQIl D XC D Te D LC 

CR02 
"*** 

A LT A PC PC A pI " su " .... .... -.. . DIV1 
... ** "'" A XAXC A XAXB A TAiC " TATB o PAPB A OAQC A QAtle ~ 

~ 
~ 

CII03 g 
~ ••• * 
~ 

" A XDXB A TOTa 0 pApc A ODDIl c: 
~ 
~ CI\03 

... ** 
A LT A PC PC A pi A SU 

O\JT2 ..... 
A Tcn A QCQ3 A TAT1 A QAQ1 



OUT3 
*.~. 

A P4PD A p2PG 

evo, 
* ... *1''-

A XFXR A TFT(l o PA,~R ~ QFQB 

CH01 
.,..* 

A LT A PC Pc A pi ~ SU 

MlF1 
**** 

'"" ~ A zaze A XAXB A TA)'R [) PAPD A QAQ[l '" .., 
CV02 .:> 

ex> 

'" *'** A XAXB A TATB D PAI'R ~ QAQB ~ 

" 
TH1E = +0.00000& +0 

"0 

" ,.., 

" c: VALues SET aY DIF~ERENTIAL FQUI\TIONS: c 
Q. 
~ 

PAPa +'.07 500& +?- PAPD +1. <;0000& +2 PAPB +1.25000& +2 PAPC +1.04500& +2 PAPS +1.09000& +2 I C +'.oOOon& +0 TC +3.58000& +2 XC +9.00000& -, pep3 +'.2()000& +2 XAXC +7.7000il& -1 QAQC +3.50000& -2 P$PA +'.03450~ +2 PAPB +1. 01000& +2 pAP' +1. ?2000& +2 X6XR +1.00000& -1 HR +6.00000& +0 PfPB +1.09000& +2 XC XC +2.0000"& -1 QCQL +5.2'000& -2 XAXC +3.300uO!; -, QAQC +5. 2 )t~OO& -2 XAXC +6.200u!\& -1 QAQC +3.50000& -2 XAXC .. 4./l0000& -1 QAQC +5.25()00& -? 

VALUES SF,. BY ALGEBRAIC EQUATIONS: 



QAQB +3.50000& -2 TATS +3.51\0001: +2 XAX6 +9.00000& -1 QAClB +1.470001; +0 
T,TO +3.67000& +2 Xf.Xfl +'> .;>OOU'~& -, laze +7.3;i~00& +0 su +O.OIJOilOi; +0 
PI +5.00000& -1 peDe +5.0000r,& +, I.T +0.0(,000& +0 OF OB +' .470vO? +0 
HTB +3.6"loOO~ +2 l( F X B +5.2000"& -, p2PG +, .050001', +2 Pt.PC +1.100001. +2 
OAIl1 +1.8;-'>00& -, TH1 +3.9900,1& +2 O~Q:S +2.8 7000& -1 Ten +2.930001: +2 
su +0.00000& +0 pI +5.000011& -, pCPC +5.00000& +1 LT +0.00000& +0 
OvQO .. 1.0,)000& -2 TOTB +3.<;8000& ... 2 XDXB +9.0UOOO& ~, QAOS +3.50000P. -2 
Q4QC +1.0\)000& -2 TATS +3.58001)& +2 TATC +3.58000& +2 XIIXB, +9·000001: -, 
X4XC +9.00000~ -1 sU +0.00000& "0 PI +5.00000& -, PCPC +5.000001< +' 
LT +0.00000& +0 QAQa +4.5000n/\ -2 TATB +3.SIl00O& +2 XAXB .. Q·OOOOol< -, 
P~PB +'.0'1325& "2 zB7.S .. 7.500onP. +0 PAPS +, .0'325& +2 OAOB +4.sooong ~2 

THE! +3.58000>: +2 xAXil .. 9'.oOOon& -, EC +1.BonoOI:. +4 Q40D +2.!\701J0~ -, 
T4TD +3.08000& +2 TATC +3.~80oor. "2 XAXB +9.00000& ~1 Z 137. S +1.1 ~5il,1P, +1 '. -Q4Qll +4.5coOO~ -2 TAT6 +3.58001l& y2 QAQD +1,'47000& +0 XAXD +S.2(jOOO~ -, ::-
T ~TO +3.67000& "2 pBPa +9'. ~OOor,& ... , pDPe +".(lO~OO& +2 QUOs +6.80000!: -, .., 
TBTa .. 3.79000& +2 XBXfJ +a.("OO~& -2 SU +0.00000& +0 +5.00000~ -, .:. 

'" PI 
pepc +5.00000.', +1 IT +0.000008- +0 QFOU .. ,.8'500& -, TFTB +3.99000f. +2 .:: 

XfXB +'.OCO()I)& +0 <;U +O.OOOO(,p. +0 pI +5.0.)0()0& -, pCPC +5.00000& .. , 
~ 

LT +0.00000& +0 zAZ1 +7.3500(1& +0 ZAZ2 +7.50000& +0 Z A 7.3 +1.15500& +' g 
ZAZ4 +3.0()I)OO& +0 z475 +7.~00O()& +0 LR +'.00000& +0 TBTR +3.79000& +2 -
QSQR· +7.50000& -3 Ff +2.00001l& +0 EC +1.8(,000& +4 XOXO +2.100IiO~ -1 ~ 

~ 

Q.)QO +4.5\}1l00& -2 TOTD +3.7900-1& +2 ZillR +7.50000& +0 QAQ6 +6.80000& -, 
6. TATS +3.79(100& +2 X4Xb +8.('1000')& -2 QZQG +1.~7500P. ~1 T2TG +3.S\9000P. +2 

Toe +3.75000& +2 xoxo +3.70000& -, lBZS "3.00000& +0 OOQS +4.S0000R "2 
TDTB +3.75000& .. 2 TATC +3.70501)P. +2 XDXH +5.35000& "1 B +4.Q5000& +0 
OvQG "4.50000& -2 TDTB +3.705001P. +2 TSH +3.6;'000& +2 05QA "1.47000!. +0 
XSXA +5.20000& -, TATe +3.62000& ~2 XOXtl +8.00000? -, 7S +9.300001; +0 
Q~QB +4.5(1)00& -2 TDTfI +3,1>20c.'& .. 2 TATC +3.661)00& .. 2 xuxe +6.80000& -, 
QOQS +4.501)00& -2 TDTB +3.1,600r.& +2 PFPS .. , .01325& +2 XE +5.ROOOO~ -1 
OE +'.75000& -2 



TIME = +1.44375& ", 
VALUES SET aY ()IFHR(tlTIA~ EQUftTIONS: 

PAP~ +1.07500& +2 PAPD +1. ~OOOO& +2 pAPB +1 .21,999& +2 PAPC +, • 04500~ +2 PAPd +1. 0'1000& +2 Le +' .000011\ +0 Te +3.58000& +2 XC +8.99998& "1 PCP3 +,.20000& +2 XAXC +7.7000">& w1 QI\QC +3."5uOOO& "2 PSPA +1.034 51 & +2 
PAPS +, .010001\ +2 PAP1 +1.22000& +2 XBXR +1.00007& -, HR +5.999b~~ +0 
P~P8 +1.09000~ +2 XCXC +' .99907& -1 QCQC +5.2;000& w2 XAXC +3.30000& "1 Q;QC +5.25000-': "2 XAXC +6.2000?& -1 QAQC +3.50000& -2 XAXC +4. 79995,~ w, 
Q4QC +5.250001\ "2 

/ , V,HUEs S E'( BY ALGEBRAIC EQUATlnu<;: 

"" -Q~Qa +3.50774& "2 rATB +3.5800(,& .2 XAXB +8.99998& "1 QAOB +1.47002f. +0 :' Q) 

Tft'TB +3.67000& +2 xAxB +5.200,)r,& zBZC +7.35010& +0 Su -7.97016~ "6 
0 -1 

'" PI +5.00000& "1 oCpC +4.999QO& +, LT +1.44375& ", OFQB +1.47671& +0 -TiTB +3.67r.00& +2 xFXB +5.20000& w1 p2PG +1.05000& +2 p4pO +' .10000& +2 ~ QI\ Q1 +'.87747& -, TAT1 +3.99000& ~2 QCQ3 +2.8('134& ", TCT3 +2.93000& +7 " c SJ -2.5'1551& -6 PI +5.000.H& -1 PCPC +5.00054& +1 IT +1.44375R -, ::J 
~ Q~QB "1.00011& -2 TOTS +3.58000& .. 2 XDXB +8.99998& ~1 QAOB "3.49063~ -2 ~ 

QAQC +1.00('84& -2 rATS +3.5800 11 & +2 TATC +3.58000& +2 XAXB +/1.99998& -1 c 
0 X~XC +8.99998& ~1 sU "6.Q670n& -6 PI +5.00215& -1 PCPC +5.1)0337 f, +1 c. 
~ Ll +1.44375& -, QAQB +4.;0094& -2 TATS +3.5ilOOO& +2 XAXB +8.9Ci998& -1 PAPS +1.01325& +2 ZBZS +7.~OO11& +0 pAPS +1.0132Sr. +2 OAQB +4.65591\1: -2 TIIT8 +3.58275 .. +2 XIlXB +8.9501,7& -1 EC +,.86239& +4 04QO +<.8e,8t!(I~ -, T4TD +3.08829& +2 TATC +3.5827<;& .. 2 XAXB +B.9!>Q62& -1 ZBlS +1.155001, +1 0;Q8 +4.65599& -2 TATS +3.5B27<;& +2 OAQD +1.468,7& +0 XAXO +C;.20000~ -, nro +3.6i'flOO~ +2 pBPB +9'. ~OOO()& +1 pDpS +1.00500& +2 OBoe +6.81 y6n -1 TaT a +3. 79 165& +2 XBXB +8./l09dfl& -2 SU +1.23785& -5 PI +4.;>9901,1; ~1 pe PC +4.9'i1150~ +1 LT +'.1.43'1~& -1 QfQO +'.878808- -1 !FTS +3.99000& +2 Xfxa +1.00000& +0 Su +7./l746?p' -6 PI +5.000586 -1 PCPC +5.00092& +1 



LT +1.44375p. -1 ZAZ1 +?>;500ne +0 ZAZ2 +7.51)000& 01-0 7A7.3 +1.15~OO& +1 ZI>.Z4 +3.000Q09, +0 71125 +7.C;(JOOO& +0 lR +9.9'1975(; -1 TElTR +3.7\1165& 01-2 QdQR +7.46(.20& -3 n +'.90BilP& +0 EC +1.8,.511& +4 xoxo +2.07506~ -1 Q'Q[) +4.6i7i'6~ -2 TDTD ~·3.7916S& +2 ZilZR 01-7.411981& +0 QAQB +6.7806H -1 TATt! +3.79165& +2 XA}(B ... 8.~(j91if.& -2 n2QG +'.87501& -1 T2T6 ~~.IW556i\ +2 HT(. .. 3.75'92& +2 XDxa +3.7467M • -, ZIlU +2.9\1988e. +0 none +4.6(J217i: -2 TOll3 +3.7~1'i2P, ""2 TATC +3.7051R& +2 XDXB +5.459 24& -1 25 +4.~50()0f; +0 Q;'Qfl +4.5 90 50& -2 TDTa +3.705111& +2 TSTA +3.67000& +2 QSQA +1.471;4& +0 XSXA +5.2~000& -1 TATC +3.(',945& +2 XDxe +8.03392& -, zs +9. :~QOO4& +0 QOQ8 +4.62 617& -2 TDT8 +3.61 945& +2 TATC +3.65791& +2 XOXB +6.957;;:5& -1 Q~QB +4.61761& -2 TilTS +3. "'57')1 & +2 PFPil +1.01325& +2 Xe +5.60976& -1 Qi. +1.754~3& -2 

MAXIMuM STF.PSIZE = +' .1.416?597('6~ -1 
-. -Cl 00 T HIE = +1.00164& +0 .... 
"" VALUEs SET BY DIFFERENTIAL EQUATIONS: <= 
~ 

r. 
0 P.~PB +1.07499,1\ +2 pAPI) +1.49998& +2 PAPS +1.24993& +41 PAPC +1.1)45001: +2 ~ 
~ 

PAPS +1.09000,1\ +2 LC .. 1.00012& +0 TC +3.58001& +2 XC +8.99985& -1 ~. 

" 
PCP3 +' .20001 & +2 XAXC +7.70011,& -1 QAQC +3.50002& -2 PSPA +1.03451l& +2 " c PAPll +1.00 998& +2 pAP1 +' .;;,9971: +2 XBXR +, .0,)044& -1 HIl +5.998661: +0 Q. 

~ 
PiPEs +1.09000& +2 xCXC +'.9994H -1 QC QC +5.25000& -2 XAXC +3.~99'iil!' -1 QAQC +5.2:>000& -2 XAXC +6.;>001<;& -1 QAQC +3.5uooO& -2 XAXC +4.79959f: -, QAQC +5.(51)02& -2 

VALUEs SET BY .aLGE:RR.I,IC EQI).l.TII)NS: 

QAQa +3.51 973& -2 rATB +3.58001& +2 XAXB +11.99985& -1 QAQB +1.47013& +0 rArD +3.67(j00& +2 xAxa +5.20001)& -1 z£>zC +7.35067& +0 SlI -3.671 Bo& -4 PI +4.99997& -, PC PC +4.0999(,& +, LT +1.00164& +0 OFQB +1.476;2& +0 



nrB +3.6(1)00& +2 XrXB +5.20000& ~1 P?PG +1.0:>000& +2 p4PD +1.10000f: +2 
QAQ1 +1. B7?63& ~1 TAn +3.99000& +2 QCQ3 +2.8fI26& -I TeTJ t2.Q30\)0'~ +2 
Su -1.13197& -4 PI +0;.00221i. -1 pe Pt +5.0v347& +1 LT +1.00164(, +0 
QDQ£l +1.00071& -2 TDTB +3.5800 1 & +2 XDXEI +8.9c985& -I QAOO +3.491/1& -2 
QAQC +1.0v084& -2 TATS +3.58001& +? TAlC +3.58001& +2 XAXB +11.99985& -I 
XAXC +8.9'1'11)5& -I su -3.1\913R& -4 PI +5.01820& -I PCP(. +5.028601, +1 
Ll +1.00~6f • .<\ +0 Qf\QO +4.50241.& -2 TIITB +3.58001& +2 XAXB +8.99905& "1 
PIIPB +1.01.5251; +2 7SZS +7.50091& +0 PAPR +'.01325P. +2 QAOf; +4.7£247& "2 
TATS +3.S827U +2 XAXB +11.95069& ~1 EC +1.88899& +4 Q4QO +2.8c>827i: -I 
T4TD +3.0:;035& +2 TATC +3.58271.& +2 XAXB +8.95069& -I ZBZS +1.15502'; +1 
QhQt3 +4.72247& -2 TAT6 +3.~82n& +2 QAOIJ +1.46789& +0 XAXD +5.2(}OOO& "1 
TA T[> +3.67t)00~ +2 pBPJ) +".1;0000& +1 PDPS +1.005001~ +2 oeOB +f-.1I028 Q I: -1 HlTe +3. 79 163& +2 XBXS +8'6130R& "~ SU +7·06372& -4 PI +1..99159& "1 
PCPC +4.9-3679& +1 LT +1.00164& +0 OFQO +1. M073& "1 TFTB +3.99000& +2 
XFXB +1.0JOOO& +0 su +3.1l97'11& -I. PI +5.00428& -1 PC pC +5.00677.& +1 
Lr +1.0G164& +0 ZAZ1 +7.~5000& +0 ZAZ2 +7.5,)000& +0 7.A Z3 +1.15500& +1 '"<I .... 
lAZ4 +3.0.>000& +0 zAZ5 +7.50000& .. 0 lR +9.99777& -I TIlTR +3.7\11638 +2 Cl 

00 

'" OtlQR +7.4 8409& -3 FF +1.86019& +0 EC +1. 86671& +4 XDXO +2.07634& -, 
QDQD +4.66677& -2 TOTO +3.79163& .. 2 ZuZR +7.49833& +0 Qf,QIl +6.78054& "1 .... . 
TATa +3.7"1163& +2 XAXB +8.I.130R& "2 Q2QCi "1.875'1& -1 T2TG +3.I198n& +2 la 

Ten +3.n194& +2 XDXil +3.7460'P, -1 ZIlZ5 +2.99914& +0 OIJQ8 +4.65650/; "2 
~ 

-() 

TDTB +3.75194~ +2 TATC +3.7()51RP. +2 XuXB +5.45921& -, z<; +4.949'17& +0 0 ::s 
Qo)QEl +4.65130& -2 TOTil +3.70511\& .. 2 TSTA +3.67000& +? QSQA +1.4712 9& +0 .... ..... 
XSXA +5.~00OO& ", TATe +3.6194~& ... 2 X£lXB +8.03 /.01& -1 zs +9. ~OOZH +0 ::s 

c 
QDQB +4.6016/.& -i' TDTB +3."194~& +2 TATC +3.6S792& +2 XDXB +6.9569H "1 

Cl> 

'" QDQB +4.67;>69& "2 T01f! +3.65797& ... 7 PfPB +1.01325& +2 XE +5.60916& -, ~ 

Q~ +1. 75471& -2 

,'-



CHAPTER 5 

DEFINITION OF THE ALARM SYSTEM 

5.1 Introduction 

US1ng the program facilities described in the preceding 

Chapter, the plant model may be assembled 1n a useful form within 

the computer core store. Additional programs were written that use 

th1s basic model as a tool for the production of the data needed 

for an alarm analys1s app11cation. The primary aim of these programs 

was to provide faci11ties that would enable var10US alarm system 
r 

configurations to be tested with little additional effort from 

the user. Emphasis was also placed on the acqu1sition of time-ordered 

alarm data and the definition of symptom -'sets for deduced alarms. 

5.2 Methods Used to Define and Improve Alarm Systems 

The problems involved when des1gning a complete alarm system are 

many and varied, as noted in Section 3.2. In such circumstances, it 

1S unhkely that any "one shot" method will produce the best result 

and hence an iterative techn1que is recommended for f1nd1ng the best' 

system. As a starting point, the features of the system which are 

f1xed must be spec1f1ed. These features 1nclude: 

1. The majority of the measured variables, 

2. The alarm types and levels which are required by the equipment 

manufacturers, 

3. The locations and ranges of most of the measur1ng devices required 

for the above purposes. 
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The system, as defined by these condit10ns,will be referred to as 

the "basic" system. The basic system is then improved by adding other 

alarms on existing measured variables that are important for the 

process. The levels for some of these alarms may be obv10us. 

In particular, full-scale alarms are easily set but w111 only 

be useful 1f the full range of var1able values is less than the 

scale range of the me~~pring dev1ce. In order to pinpoint such 

restrict1ons, it may be useful to def1ne a "basic" system consist1ng 

of all fixed character1st1cs of the plant and 1tS 1nstrumentat10n and 

then uS1ng the analys1s programs to test the effectiveness of 

add1t10ns to the bas1c system. Such a definition of the system would 

1nclude all alarm types and levels in add1t10n to the measur1ng 

dev1ces and their locations. 

5.3 Execut1ve Program Functions 

The functions of the executive program may be classified as 

follows: 

1. A facil1ty to allow the user to specify the measured var1ables 

and to set their types and levels. 

2. A facility to allow the system to be tested by simulation of 
) 

normal operat1ng cond1tions. 

3. A fac11ity for finding deduced alarm symptoms. 

These functions w111 be described in deta11 1n the sect10ns wh1ch 

follow. 
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5.:L 1 Uplinlng the Alarm flystom 

A progrdm faclI i ty J5 provjdod which allows the user to 

1nput the follow1ng informat10n: 

a) The un1t name of a module wh1ch has one or more measured 

var1ables equipped with alarms. The deta1ls of the 

indiv1dual alarms are specif1ed as below. 

b) The message to be assoc1ated with each variable. 

c) The name of each variable to be equ1pped with alarms. 

d) The type of alarm used for each variable. 

e) The alarm levels for each alarm. 

The program which carr1es out these funct10ns 1S a procedure 

called "ADDALARMS". The format of the data required by this procedure 
',,- .... ~ \ 

-,~~'- "~''''''-'-'--... ---''''''''--~~",,---- .... ~ 
1S g1ven in Appendix Sect10n A.2.3 and an example of this type of data 1S 

g1ven 1n LISTING A.4.4. 

5.3.2 Testing the Alarm System 

The system may be tested by s1mulat10n of normal operat1ng 

condit~ons. Even at "steady state" process var~ables on real 

plants fluctuate slightly. If such fluctuat10ns cause alarms to occur 

then the alarm levels must be reset. Other alarm levels might be set too 

far from normal operating values. These may also be reset 1f desired. 

In order to carry out such tests, the program may be used to 

apply disturbances to variables in input and output streams. 
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This funct~on may be performed by use of selected model 

equations and/or the use of addit~onal data input. Two procedures 

are used to perform these funct~ons, "RUNSYSTEM" and "SYSTEMDATA". 

The former ~s described in Appendix Sect~on A.2.3 and the latter 

in Appendix Section A.2.2. Examples of such ~nputs are shown ~n 

F~g. 5,1. Tests carr~ed out for the column section shown ~n 

F~g. 4.4 gave the results shown 1n Fig. 5.2. 

Tests such as these given above are used to define 

approx~mate levels for indiv~dual alarms. In general, this leads 

to a band of values in which a particular alarm limit must be set. 

The relative alarm limits of adjo~ning alarms may be tested by use 

of the same program facilities noted above. For th~s type of test 

the disturbance appl~ed to the plant will be more drast~c than before. 

As each d~sturbance is applied, the system equations are evaluated , 
and alarms checked at specif~ed time intervals. The user adjusts 

the alarm levels until the order of the alarms corresponds as closely 

) 
as poss~ble to that deduced by cause-and-effect methods. 
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Steady-state equation: TA~KT 

SinUSOldal varlatlonS: TA~KT + GF • $ SIN [GTJ 

Functional variat1on: TA ~ Al + AT • GT + $ LIN [GT] 

For a step change: TA.. t- KT 

For the latter case, KT is set in the normal way when 

steady-state values are input to the program but the setting used 

differs from the steady-state value. 

FIG. 5.1 

Perturbation of Input Stream Variables 
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FIG. 5.2 

Response of Bottoms Flowrate to Step Change 1n Feed Flow 

from 0.0175 to 0.0200 Kg-moles/sec. 



When setting up the alarm system, several points may be 

cQnsidered: 

i) Important alarm levels should be set first. 

ii) Results from a series of simulations may be used to find 

alarms Wh1Ch occur too frequently or in an incorrect 

cause-and-effect order. 

ii1) If good relative alarm limits cannot be found, the system 

may have to be changed. When considering what changes to 

make, 1t is convenient to start with alarms that are 

less important or fit least well into the present system. 

iv) When considering system changes, several possible courses 

of act10n are available apart from the obvious ones of . 

scrapping the alarm or changing its levels: 

5.3.3 

a) Alter type of alarm, 

b) Resite measuring device, 

c) Measure different property, 

d) Use multiple levels or separate type of alarm on 

"copy" of the variable. 

F1nding Symptom Sets for Deduced Alarms 

In order to find symptoms for deduced alarms, a complex 

program has been developed that allows the s1mulation of a series of 

plant faults with minimum effort on the part of the user. The program 

used to carry out this funct10n, MASTEREFFECT, is shown in LISTING A.3.11. 
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A flowchart of the program 1S also shown 1n F1g. A.4.2. Tb1S 

program carries out the following tasks: 

1) Initial1ses all variables at the start of each s1mulat1on, 

11) Accepts 1nformation on process faults 1n the-form of equat10ns 

and/or variable changes, 

i11) Selects the system of equat10ns to be used for the simulat10n. 

(This facil1ty is used where a fault will only propagate 

through a 11mited part of the model. In the event of the 

system selected by the program be1ng inadequate, the program 

automat1cally alters the system used and restarts the 

simulat10n - for a more complete d1scussion of th1s facil1ty 

see Section A.2.1). 

1V) Runs the s1mulation and prints the results obtained, 

v) Stores all symptoms found, in the manner needed by the 

analysis program, 

V1) At the end of the s1mulation, any equat10ns changed for the 

run are restored to the1r in1t1al form. 

The disadvantage with using this facil1ty is that the 

1ntegrat10n time 1nvolved 1S very long. The use of algebra1c and 

high-gain differential equations gives rise/to a "stiff" problem. 

The 1ntegration steplength 1S therefore reduced considerably and the 

1nt~grat16n proceeds very slowly. If time-ordered deduced alarms 

are requ1red, th1s must be tolerated since the cost of computer t1me 

is 11kely to be considerably lower than the cost of plant failure. A 

fuller discussion of this topic 1S included 1n Chapter 9. 
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This fac111ty may also be used to f1nd controller sett1ngs, 

uS1ng the reaction-curve method. In th1s case, the d1sturbance 

/ 

considered 15 a step chango 1n control valve bonnet pressure. 

The response of the measured variable 1S then plotted as a funcuon 

of time and the controller settings found 1n the normal way. 

5.4 Example of Program Use 

"-
The example for this Section uses the section of plant shown in 

F1g. 4.4. The program output following the use of keyword ADDALARMS 

is shown in Fig. 5.3. The alarms are defined in sets for each unit. 

After the unit name, each variable to be equ1pped w1th alarms, whose 

value is set in that unit, is considered separately. The bas1c alarm 

title (excluding quaI1fiers such as "low", "h1.gh", "very low" etc.) 

is g1ven f1rst and, on the 11ne follow1ng, the variable name in that 

un1t and 4 real numbers. The full interpretation of these numbers 

is g1ven 1n Section A.2.3 but, as a guide, they may be subd1vided 

1nto 3 classes: 

I 
1) For a s1mple absolute alarm, the last two numbers are zero. 

11) For a rate alarm, the first two numbers are zero. 

111) For an absolute alarm with two high levels and two low 

levels, all four numbers are non-Zero. 

F1g. 5.4 shows the program output dur1ng,use of keyword 

MASTEREFFECT. An example of the data used with this keyword is shown 1n 

,LISTING A.3.G. The fault cons1dered 1S a control valve w1th a 

leaking port. A short di8cus810n of this type of fault 18 given 

.. 91 
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In Soct10n A.5.3. 

F1g. 5.5 shows a selection of possible faults and input 

d1sturbatlces for the plant section of the example. 

( 

I 
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ADDALARNS OUTpUT 
*""'·*****Idt"'**** 

UNIl FEED 
*.******* 

Ft:ED pLATE TEMP 
Te +3,6000000000r. +2 +3.70000001'00~ +2'+(\,0000000000& ... 0 +0,0000000000& +0 

'" -"l 
0 

0< ... ., 
e 
0 

" UNIT PlS1 ... 
~ 

, .. . ***-***** • ., ... ., 
.." '" ... -0 :J ... 

TuP PLATE CONC 
'" XC +7,50000000001'. .. 1 +7,OOOOOOOuO()& -1 +0,0000000000& +0 +0,0000000000& ... 0 '" 

c:: 
"' ~-

'" :.. 
0 

TOP PLATE TEMp 
Te +3,52000()00001? +2 +3.6400000uOO& +2 +O,OOOOOOOOO(;I! +0 +0,0001,)000000& +0 

...., 
:>: 

" UNIT PLS2 
'< 

'" ... **", •••• 
0 ... 
Q. 

> 
'" '" 

BUTTOM PLATE CONC 
XC +1,0500000000P' -1 +~.0500000000~ .. 1 +0.0000000000& +0 +O,OOOOOOOOOO~ +0 

> 
t""' 

~ 
;:: 
Ul 

BUTTOM Pl~TE TEMP 
Te +3,7COOOOOOOO& +2 +3.8000000(iOO~ +2 +0.0000000000& +0 +0,0000000000& +0 

UNIT f1TF1 



'.< 

CD ... 

**'It*~**** 

FEE~ ST~FA~ TE'lP 
TB +3.4065000000& +2 +3.5782500001& +2 +3.76'7S00000~ +2 +3.R53)OOOOOO& .2 

FEFD STREAM FLOIIRATE 
Qrl +'.4~OOOOOOOO~ +0 +1.5400000000~ +0 +0.0000000000& +0 +0.0000000000& +0 

U!>OIT TANl 
'IIt,.*.** •• 

CONDE~SER CATCHPOT LEVEL 
Le +o.OJnoovooooP' +0 +O.noOooOoOOO~ +0 "'.OI)OOOOOOOu& "2 +1.0000000000& _l 
CONDENSER CATCHPOT TEMp 
Te +3.50ooooo000~ +2 +3.6500000000& +2 +O.OOOOOOOOOI!& +0 +0.0000000000& +0 
CONDENSER CATCH POT CONe 
xc +8.75000a0001p. ~1 +9~2500000001g -, +O.OOOOOOOOOu& +0 +0.0000000000& +0 

UNIT EX01 
"'******. 

CONDENSER COOLANT FLOW 
QD +2.8000000000& _, +2.9500(lOOuOO& -, +O.O()OOOOOuOO& +0 +0.00000000001: +0 
CONDENSER COOLANT rE'1p 
TD +3.0000000000& +2 +3.1500000000p. +2 +O.OOOOOOOOOf)& +0 +0.0000000000& +0 

UNJT DIV1 

'" w 



****"***" 

TuP PRODUCT FLOW 
Qt +9.71. 0 99'19999& ~3 .1.0250000000& .2 +O.OtJOOOOOOOOr. +0 +O.OOOuOOOOOO& .0 
RF.FLUX FLOW 
Qd .. 3.4JIJOOOOOOO& "2 .3,5500000(}OO& .2 +0.0000000000& +0 +0.000000000011 .0 

-.~ . . 
UNIT RF!!1 
•• ******* 

REBO'tER CONC 
XR +9.7500000000& .2 +1.02 50000000& ·1 +0.0000000000& +0 .11.0000000000& +0 
ReBOILER LEVEL 

." '" Lit .9.50)000000011 ., +'.0500000000& +0 +0.0000000000& .. 0 +0.0000000000& +0 -'" 
::l 

REBOltER TEMP 
~, H +3.70nooOOOOO& +2 +3.900000000011 +2 +O.O(JOOOOOOOO& +0 +0.0000000000& +0 w 
~ 

" BuTTONS FLOW 
0 
:> QB +6.6')1:0000000& -, +7.0000000000& -1 +0.0000000000& +0 +0.0000000000& +0 ... 
'" :> 
c REBO'LER EXCHANGER FLOW 
" C-

QG +'.a~OOODOOOO~ -, .'.95000001;00& -1 +O.OUOOOOOOOG& +0 +0.0000000000& +0 ~ 

REBOltER EXCHANGER EXIT Tt~p 
TG +3.8JOOOOOOOO& +2 +4.0000000000& +2 +0.00000000001: +0 +0.0000000000& +0 



HA!;TEREFfCCT OUTPUT 
•• *w~c*~*'.~******* 

FAULT NES~I\Gr: 
VALVE CV02 LEAI(ING BADLY 

Cv02 NEI~ EQUA Tt O~: 
~ 
0 - - ' 
~ D(PA)/DT~G~·(KH.QA_Qa) '1 
0> 
El 

CV02 VALUE OF OB IS NOJ = .1.7500000000& -2 fi' CvO' CV04 "L02 PLs2 RER' evoS FEED our3 our2 GUTF CR01 CRD4 ... 
'tl CROS SETC r.VD3 TAN1 EX n, Cg03 pLO'j PLS1 DIV1 eRO? eV02 c ... 
0> Cv01 C.V04 oLD2 Pls2 pEel ~v05 FEE [) 0llr3 OUT2 CUlF CR01 Cn04 .. ... ." '" C!I ~ 

ell CkOS SETC CV03 TAt! 1 EX0 1 i;P03 PL01 PLS1 DIV1 CR02 CV02 '1 " 
CvO' CV04 PL02 PLS2 flEa, ~vOS FE EO OUT3 OUT2 OUTF CRO, CnO /, ~ 

CD 

'" 
CkOS sETC CV03 TAN1 eX/l, CR03 PLO' PLS1 DIV, tR02 CVOZ 0 .. .. 
evOl eV04 PL02 PLs2 REa, <:vOS FEED OUT3 OUT2 OUlF CR01 CR04 :>; 

C!I CROS SETe r.V03 TAIl' Exo, CII03 PL01 PlS1 DIV, CR02 CVOl ~ 
0 
'1 CV01 tV04 PL02 PI.S? RE 111 I.VOS FEEI' 0lJT3 OUTi OUlF CR01 CR04 Co 

;: CrlOS SETC CV03 TAN1 EX01 ~I!03 PLO' PlS, DIV1 CR02 CV02 i;; 
C vO 1 CV04 PL02 PLS2 RER1 ,:vOS FEED OUT3 OUT2 OUTF CR01 eR04 t;j 

'" CROS SETC CV03 TAN' EX01 i;1l03 pLOl PlS1 DIV1 eR02 CV02 '" ." 
." 

'" CVO 1 CV04 Pl02 PLs2 R ER1 evos FFED ollT3 OUT2 OUTF CRD1 CR04 n 
o-j CROS sETC CV03 T AII1 EX01 ':1103 ;>L01 PLS1 Dlv1 CR02 CV02 



CVO, CV04 "L02 PLS2 p.En1 ,;v05 FEED OUT3 OUTZ OUTF CR01 CR04 tROS sETt CV03 TM:1 E xn" Cq03 PlO1 plS1 DIV1 CR02 CV02 
CVOl CV04 "L02 PLs2 kEnl Cl/OS ~ EE[J OUT3 QUT2 OUlF CRO, CIl04 Cl(05 SETC r.V03 T AII1 fX01 :;Q03 PlO1 plS' Dlv1 CR02 CVO.! "-

Cv01 CV04 r'L02 PlS2 REal cv05 FEED OUTl OUT2 OUTF CRO, CR04 eR05 SETC CV03 TAN1 EX01 i. Q 03 PL01 plSl OlV1 CR02 CV02 

UNITS AND VARIABLE'> TO BE USED FOR INTEGRATION 
A AriD o DENOH ALG. OR OIF. EQUAT I Ol~ 

"l CV01 -'" :l ... • ••• 
A XFXa A TFTB o pA:>a A QfQ8 

'" CV04 A 6.*. ~ 

0 
0 A XFXa A TFTB o pllp1 A QFD8 :0 
~ .. 
:0 PL02 c 
" .,** 

A TOTa A QDQn A ZS A XIlXB A TATC 
Co 

D QAQC o XAXC 
~ 

PLS2 
••• * 

A TOTa A QODS A ZBZ<; A XOXB A TCTC o QCQe o XCXC 
REDl *.*. 



, -

" T2TG A Q2QG 0 prPfl "- XIIXIl A TATn A ClAOD A ZUZI! A T[l1"O " ClOQD A XDJ(D A EC A FF A Q8QR It H1 '! A Lfl 0 HR D XBXI; 

Cv05 
..... "'. 

A XBXII A TaTB 0 P',r>B JI QUQe 

FLED 
.t** 

.. , A QE A XE A pFPBr A TtlTB A QOQB A XDXn A TATe D QAQC 0 XAXC 

nun 
.,** 

"l 
A P4PD A P2PG 

~ 

::'l '" CD OIJT2 
".*. 

~, . 
'" 

A TCT3 A QCQ3 A TAH A QAQ, 

OUTF -. 
" 0 *, .... 
:> ... 
>-

A POPB A PBP!) 
:> 
c 
" CflO 1 
c 
~ ".,.*. 

A LT A PCPC A pJ A SU 

CR04 
••• * 

A LT A PCPC A pJ A SU 



eHOS 
••• * 

A LT A PCPC A pJ " SU 

HTC 
••• * 

A ZAZS A ZAl4 A z"n 1\ ZAZ2 A ZAz1 

Cv03 
... '** 

A XDXS A TOTO D PAI'C A QOQ8 

~ TAN' .. *. 
A ZIlZS A PAPIl A X',XI! A TAT8 A QAQ8 o XC D TC 

CD I> LC ~ CD .... 
'" EXO, ...... 
~, 

A T4Tt> A Q4QD D pCp~ A EC A XAXB A TAT8 A QAQ8 .:. 
A PAPB ..... 

" 0 
CP.03 " .. 

" ..... * 
" A LT A PC PC A Pt 1\ Sll t: 

" Co 
~ 

PlO1 
*'*'1: 

A TOTB A QDQf> A zs A XDXB A TATC D OAOC D XAXC 

p lS1 
,.,.** 

A TATS A QAQ!! ,A Z81.~ 1\ XAXB A TATC El QAQC D XAXC 



DIV1 
.. *** 

A XAXC A XAXa A TlIfC " TATa D PAPD A QAQC A OAQO 
CR02 
* .... 

A LT A PCPC A pI A SU 

CV02 
'*.*. 

A XAXS A TATB D pAPR A QAQS 

.... UME = +0.00000& +0 
"l ..... 8 

VI\1.UES SET BY DIFFERENTIAL EQUj\ Tt ONS I 
Cl 

'" PAPB +1,07499& +2 pAPB +'.09000& +2 XAXC +7.70016& -, QAQC +3.50002& -2 ' . A XAXC +6.20015& -1 QAQC .3.0;000(1& -2 PCP3 +;.20001 & +2 lC +1.00012& +0 ~ 

" 
rc· +3.51'0011\ +2 XC +8.099B~1i -1 PAPC +~.O4500& +2 XAXC +4.79~5n -1, 0 QAQC +5.25002& -2 pAPa +'.009911& +2 xaxR +1.00044& -1 +5.99806& :> HR +0 .. .-PHB +1.09000& +j? XCl(C +'.99943& -1 QCQC +5.25000& -2 XAXC +3.29998& -, :> 

" 
QAQC +5.25000& -2 PAP1 +' .21997& +2 pAPB +1.24993& +2 0 

'" VALUES SET BV ALGEBRAIC E~IIATIONS: ~ 

QAQB +1,75000& -2 TATa +3.58001& +2 XAXB +8.9'i9858 -1 SU -3,89'38& -4 PI +5.011\20& -, PCPC +5.02860& +' LT +1.001£.4& +0 QAOB +3.49111& -2 QAQC +',00084& -2 TATB +3.58001& +2 TATC +3.58001& +2 XAX8 +8.~99a5& -, XAXC +8.99985& -1 TATC +3.0;827/.& .2 XAXB +8.95069& -, ZBZS +'.15502& +1 QAOS +4.72?47& -2 TATB +:;.0;827 .. & +2 TATC +3.61945& +2 XDXil +8.0340'& -, 



\ 

IS +9.30023J: +0 nOQs +4.('8161.& -2 TOTIl +3.61945& +2 SU -'.,81\1?g -4 pi +5.0vi!21r, -1 pC pC +5.n0347& +' Lt +' .00161./l .0 pApa +1.1)1 31.~/: +<! QIIOB +4.72747& -2 TAT8 +3. 58274P. +2 XAXB +8.95069& -1 EC ., .R8890& +4 QltQO +2.116e(!7& -1 T4To +3.090·S'i& +2 oAQI.l +1 •• 50244& -2 TA TB +3.58001& +2 XAXB +/!.99118H -, pAPR +1.0137'iP. +2 ZBIS +7.50091& +0 Q[)QB +,.00071& -2 TilTB +3. 5&r'01 ~ +2 )(OX8 +8.999bC;~ -1 ZAZ1 +7.35000& +0 ZAZ2 .7.50000" .0 ZA13 +1.1:>SOOr. +, 7.I\Z4 +3·00000& +0 ZAZ) +7.5,)000& +0 SU .7·063'7& -4 PI .. 4.99159& -, pCrc +4.08679 & +1 LT +'.00164& +0 SU +3.89711' -4 PI .5.00428& -, pC pc +5.0067;>& +1 LT +1. 00164& +0 su -3.67,80& -4 PI +4.99997& -1 pC PC +4.9999~& +1 LT +1.0()164& +0 PBPB .9.5000U ., pppe +1.00500& +2 nA01 +1.A721l3P. -1 TAT1 +3.99000& +2 OCQ3 +2.87126fi.. -, TeT3 +2. 93000& +2 P2PG +1'0 5000& +2 P4PO +1.10000& +2 TATC .3.6) 711 2& +2 xoxe +6.95695& -1 QDQS +4.67269& -2 TilTB +3.6!l792& +2 !>FPe ., .01325& ·2 x~ .5.60976& -, QE +'.7547,& ~2 QSQ8 +6.80289& -, TBT8 +3.79163& +2 XSXB +8. 6130a~ -2 U! +9.99777& ~, TSTR +3.79163& +2 QBQR +7.484~9~ -3 "l .... Ff +1.86019& +0 EC +' .86671 & +4 XPXO +2.07634& -, aOOD +4.66677& _? Cl 
... 
0 ToTO +3.7H63& +2 ZIIZR +7.49833& +0 QAQB +6.78054& -1 TATS +3.79,61& +2 
... 

tI1 XAX8 +8.61308& -2 QZQG +1. A7S, 1 & -, T2TG +3.89827& +2 TeTC +3.75194& +2 
'" 

XPX8 +3.746(;2& -, Z82S +2.99914& +0 QDQe +4.65650& -2 TOTB +3.751111.& +2 TATC +3.705,8& +2 XDXIl +5.4592'& ~, zs +4.94997& +0 QDQ£! +4.6:,,30& -2 ~ 

" 
TOTD +3.70'>18& +2 QFQU +'.88073& -1 TfTS +3.99000& +2 XFxa +1·000uO~ +0 0 

:0 QFQ8 +1.47652& +0 TfTB +3.67000& .. 2 XfXB +5.20000& -1 .. ... 
:0 

" " c. 
TIME = +2.91504& -, ~ 

VALUES seT aY DIFFERENTIAL EQUATIONS! 

PApa +1.07474& +2 pAPS +1.n9000g +2 XAXC +7.70020& -1 QAQC +3.50003& -2 XAXC +6.20019& -1 QAQC +3.50000& -2 PCP3 +'.20001& +2 le +1.000'1,& +0 re +3.5 300a +2 xC +8.99981)& -1 pAPe +1.04500& +2 XAXC +4.79946g -1 QAQC +5.2 5002& -2 pAPB +1.00991\& +2 XBXR +'·O()(j54& -1 HR +5. 998 168 +0 

• 



pfPB +1.09001& +~ XCr.C +1.9992~P. -1 acac +5.25000& -2 XAXC +3.29996& -, 
QAQC +5.2S000~ -2 PAP1 +1.2199~& +2 pAPB +1.24992& +2 

VALUES SET BY ALGERRAIC EQUAT/ONS: 

QAQ6 +3.50632& -2 TATS +3.S8001& +2 XAXS +11.99980& -1 SU +2.12170& -4 
PI +5.02469& -1 PCPC +S.()387R& +, I.T +2.91504& -1 OAOB +3.52127& -2 
QAQC +1.00084& -2 TATtl +3.58001& +2 TATC +3.58001& +2 XAXB +8.999dO& -1 
XAXC +8. 99988& -, TATC +3.58274& +2 XAXB +1I.9!>8 7Z& -, ZB1S +A .,55113« +, 
QAQ[l +4.7334 &. -2 rATO +3.58274& ·2 TATC +3.6, 45.& +2 XOX8 + .034113& -1 
H +9.30028& +0 QDQB +4.'70096& -2 TOTO +3.61Q45& .. 2 SU +4.62265& -5 
PI +5.0v215& -t pCpC +5.00432& +1 LT "2.9,504& -1 pAPD +, .0132H +2 
QAQD +4.73349& -2 TATS +3.582i'4& +2 XAXB +1l.9!>072& -1 EC +1.89340& +4 
Q4QD +2.86830& -, T4TO +3.0906~& +2 QA08 +4.50312& -2 TATS +3.58001& +2 
XAXB +8.99980& -1 pAPS +1.n,3zt;P, .. 2 lBZS +7.50124& +0 ODQB_ +' .0C/OIl8& -2 ':J ... ... TDTB +3.5B001& +2 xDXB +8.0998(J& -1 zAZ1 +7.35000& +0 lAZZ +7.50000& +0 '" g lAZ3 +"15500& +1 zAZ4 +3.00000~ +0 lAZ!> +7.50000& +0 SU -3.95581& -4 
Pt +4.93853& -, pCPC +4.08,QI\& +' LT +~. 91504& -1 SU .. ,.824401t -4 '-" 
PI +5.0056H -, pcpC +5.00880& .. , LT +~.91504& -, SU .'.07615& -4 ,.,.. 
PI +4.99997& -, pC PC +4.999911& +, LT +2.9,504& -1 P8PS .. 9.50000& +1 ...., 

" p[)PB +1.00500& +2 OAQ1 +1.117297& -, TAT1 +3.99000& +2 OC03 +2.87'21.& -1 0 :s TeT3 +2.93000& +~ pUG +1.05001)& +2 p4pD +1.10000& +2 TATC +3.65797.& +2 .. .. ' XilXB +6.95683& -1 QIlOS +4.69187& -? TI>TB +3.6,792& +2 PFPO +'.1)'325& "2 :s 
c XE +5.6(,976& -1 oE +1.75464& -2 QBOB +6.79617& -1 TBTi! +3.79'03& +2 " c. XIlXS +8.61398& -2 LR +9'. Q06S13/1 -1 UTR "3.7'i163& +2 QGQR +7.48391& -3 ~ 

Ff +1.84~69& +0 eC +1.1\742H +4 XI>XI> +2.07653& -1 OOO!> +4.68558& -2 
TOTO +3.79163& +2 zBZR +7. 497'/OR. ·0 OAQB +6.78037& -1 TATa +3.79103& +2 
XAXB +8.61398& -2 QZQG +1.117515R. -1 T2TG +3.89922& +? TeTC +3.75,115& +2 
XIiXIl +3.74576& -, 7BZS +2.998811& +0 OOQB +4.67542& -2 TOTil +3.751\15~ +2 
TATC +3.70 518& +2 xDXS +5.4,>9,1\& -, ZS +4.94994& +0 QDQB +4.67038& -2 
Til T i! +3.70518& +2 QFQiI +1.1I1l14?'& -, TFTB +3.99000& +2 XFXB +'.00000& +0 
QFQ£l +1.47646& +0 TFTB +3.6700('& +2 XFXtl +5.20000& -1 



TIME" +5.2.8372& .,.0 

VAlUE:; Sfl IlV IlIFF~r.ENT"lI. EQUHIONS: 
PApEl +1.07087& +2 pApll +1.08989& +2 XAXC +7.70017& -1 OAQC +3.4991;>& -2 XAx C +6.20010& -1 QAQC +3.5000(J& "2 PCP3 +1.2000 3& +2 lC +1.001$2& +0 TL +3.58005& +2 xC +8.Q9901& -1 PAPC +1.04499& +2 XAXC +4.79635~ -1 QAQC +5.25009& "2 pAPS +'./110111& ·z XBXR +'.011051& -, HR +5.98005& +0 NPS +,.01"or~ +2 xcxc +1.995211& "1 Q(.QC +5.25000& -2 XAXC +3.?98518 -1 Q~QC +5.25000& "2 PA P1 +1.21961 & +2 PAPS +'.24962& +2 
VALUES SET BV ALGEBRAIC EQlJATIONS: 

QAQD +3.35266& -2 TA TB +3.5800'i& +2 XAXB +8.99901& -1 su -2.26579& -2 PI +5.19 958& -1 pC pe +5.31329& +1 LT +5.28372& +0 OAQD +3.93033& -2 "! 
~ 

.... QAQC +9.9;696& -3 TATB +3.5800';& +2 TATC +3.58005& +2 XAXS +8.99901& -1 Cl 

0 
c.o XAXC +8.99901& -1 TATC +3.58274& +2 XAXB +8.95070& -1 ZBZS +, .15503& +1 

on 
QAOS +5.02628& -2 TA TB +3.58274& ·2 TATC +3.61945& +2 XDX8 +8.03397& -, 

'" 
ZS +9.30015& +0 QDQB +5.08714& -2 TDTS +3.61945& +2 Su "2.1,507& -3 

~ 

PI +5.00229& -, pCPC +5.0036/1& +1 LT +5.28372& +0 PAPil +1.0~3l5& +2 
" 

QAQ8 +5.02 628& -2 TATS +3.58274& +2 XAXB +8.950 70& -, EC +2.0~05U +4 ," g , ... Q"QD +2.86 866& -, T4T£1 +3.09965& ~2 oAQB +4.53937& -2 TATB +3.5 8005& T2 ... 
" 

XAXil +8.99901& -, pAps +' .0132';& +2 ZBZS +7.50987~ +0 ODQS +1.000631; -2 
" 

c 

" 
TOTB +3.50005& +2 XDXB +8.99901& -1 ZAZ1 +7.35000& +0 ZAZ2 +7.50000& +0 c. 

~ 

ZAZ3 +1.,5500& +1 zAZ4 .. 3.00000& +0 ZAZ5 +7.S0000& +0 SU +5.1 Y1l8& -2 ' , PI +4.87011& -1 pCPC +4.79 60;>& +1 LT +5.28372& +0 SU +1.76857& -2 PI +5.03549& -1 PCPC +5.05575& +1 LT +5.28372& +0 SU -3.23017& -3 PI +4.99997& -1 pCPC +4.9999';& +1 LT .. 5.28372& +0 PBPB +9.500001; +1 P[>PB +1.00 500& +2 QAQ1 +1.117693& -1 TAT1 +3.99000& +2 QC03 +2.87087& -1 HT3 +2.93000& +2 p2PG +1·05000& +2 P4PD +1.10000& +2 TATC +3.6~801& +2 XI>XB +6.95"14& -1 oDOB +5.07591',& -2 T[lTB +3.65801& +2 PFpB +1.01325& +2 XC +5.60?76& -1 QE +1.7535'i& -2 OBOB +6.55328& -1 TBTB +3.79163& +2 



XBXB +8.61370':: -2 LR +9.0667~& -1 TBTR +3.79163& +2 QBOR +7.4641 0 & -3 
Ff +1.55652& +0 Et +2.0247<;& +4 XI>XD +?076/.7/: -, QDQD +5. 061117~ -2 
T;> 111 +3,79, 63& +2 lBlR +7.4750 /.& -.0 QAQB +('.76250& -1 rATEI +3.79'63~ +2 
XAXO +8.61370P, -? cZQG +,.1\7661?' -, T2T6 +3.919071\ +2 TCTe +3.752108 +2 
XDXt, +3.73979;: -1 7llZS +2. QQ29n .. 0 noos +5.0540l,& -2 TDTa +3.75210~ +2 
TATC +3.70S23& +2 XDXB +5.457s:>p. -, ZS +4.94777& +0 OOQB +5.05221& -? 
TOTd +3.7052H +2 ofQB +,.1\9611& -1 rHa +3.9'1000& +2 YFXB +'·00000& +0 
QfCHl +1.47555~ +0 TFTB +3.~70tlO& +2 XFXB +5.20000P, -1 

MAXIMUM sr~pSIZE = +9.7363'42506& -1 

UHl = +'1.00589& +1 

VAlUES SE-,- BY DIFFERENTIAL EQU~TrOfls: "l .... ..... 
2 Cl 

pApa +1.06777& +2 pApS +1 .1)896~& +2 xAXC +7.69879& -1 CAQe +3.49741R -2 '" xAxC +6.19855& -1 aAQe +3.49998& -2 pCP3 +1.20005/!, +2 lC +1.00347& +0 '" Te +3.58/)10& +2 xC +~.99821& -, PAPC +1.04500& +2 XAXC +4.79148& -1 ~ 

QAQC +5.25013& -2 pAPB +1.0111~& +2 XBXR +9.96789& -2 HR +5.94284& +0 " 0 
PfPS +'.07020& +2 xcxc +1.98941.& -1 QCQC +5.25000& -2 XAXC +3.29487.11 -1 " ... 
QAQC +5.25000& -2 PAP1 +, .21 900& +2 PApB +1.24938& +2, ~ 

" c 
'" VALUES SE"( BY AlGEBRAIC EQUATIONS: Q, 
~ 

Q~QB +3.34353& -2 rATB +3.58011)? +2 XAXB +11.99821& -1 sU -9.81436& -2 
1'1 +5.52970& -1 pCPC +5.1\282H .. 1 LT +1.0()589& +1 OAQB +4.21537~ -2 
QAQC +9.9()983& -3 TATS +3.58010& +2 TATC +3.58010~ +2 XAXIl +8.'l98Z1& -1 
XAXC +8.99 Fl21& -1 rATC +3.5827~& +2 XAXB +8.94995& -1 1B2S +1.154!l2& +, ., 

-, Q4QtI +5.50 4128- -2 TATS +3.~827P./( +2 TATC +3.61949& +2 XDXB +8.03291& -1 
25 +9.29783& +0 OOQB +5.~6654& -2 TOTB +3.61 9 49& +2 SU +1.~6557& -3 
PI +4.98368& -1 pC PC +4.o743A& +1 LT +1.00589& +, PAPB +1 • 01325~ +2 



QAClB +5.50Q2& "2 TATO +3.0;82711& +2 XAXB +8.94995& -1 EC +2.20165~ +4 Q4QII ~·2. 861193& -1 T4TO +3.11500& .2 OAOB +4.61191& -2 TATB +3.58010& +2 XI.XB +8.9~a2'& -, pAPS +1.01325& +2 ZBZS +7.52599& +0 (1)(1 B +9. 0 48'16& -3 TilTS +3.5&010& +2 >:!Jxa +8.Q9B?1& -1 Zl.Z1 +7.3!>00O& +0 ZAZ2 +7.511000& +0 Z"Z3 +1.15500& +, ZAZ4 +3.nOOOI)& +0 ZAZ5 +7.5iJOOO& +0 SU +2.530i'6& -, PI +4.6174H. -1 I>CPC +4.40041\& +, LT +1.00589& +1 SU +6.7745n -2 PI +5.07:154& -, pCPC +5.'2493& +1 LT +1. 00589& +1 SU -6.42Zl!7& -3 PI +4.99996& -, pCPC +1,.09994& .. , I.T +1.00!>89& +1 PBPS +9.50000& +, Pl)PS +'.00'>00& +2 QAQ1 +1.1\840'.& -1 TAT1 +3.9'1000& +2 lleQ3 +2.87060" -1 TeTl +2.93000& +2 P2PG +1.n50oO& +2 P4PO +'.10000& +2 TATC +3.6!>816& +2 "l 
... ... @ XDXB +6.9~~92& ", QDOS +5.'i53p& -2 TOTS +3.65816& +2 PFPiI +1.013c!58 +2 0 x~ +5.60976& -1 QE +1.7526(,& -2 QBQS +6.06107& -1 TBTB +3.79 ,i'8& +2 en xeXlI +11.58120& "2 LR +9'.0047H -1 TtlTR +3.79178& +2 OBQR +7.398u3& -3 ... Ff +'.20845& +0 ~C +2,='115<1& +4 XDXD +2.06958& -, QOQP +5.52897& -2 TOTO "3. 791i'1l& +2 7BZR +7.42854& +0 QAQB +6.70294& -1 TATS +3.791781> "2 ,.... 

" 
XAXfI .. 8.58120& "2 Q2QG +'.87971& -1 T2T6 +3.94562& +2 TeTC +3.75232& +2 0 

" 
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Mechan~cal Faults: 

Unit(s) 

Valves: 

~:~~lJ 
eV03 

eV04 

eV05 

Pump 

CENl 

Tank 

TANl 

Rebo~ler 

REBl 

Flow meter 

MTFl 

Plates 

PLSl 

PLS2 

Input Disturbances: 

Loss of process air 

eoo11ng water te_rnperature 

Feed stream temperature 

Feed stream composition 

Feed stream flourate 

.. 

Fault Name 

,. Jammed open 

Jammed shut 

Jammed at ~ntermediate or s.s . 

Blocked 

Leaking (process stream) 

,Leaking (bonnet) 

, 
Gassed Up 

Leaking (process stream) 

Discharge blocked 

Level device failure 

Discharge blocked 

Level device fa11ure 

Leaking jacket 

Blocked (process stream) 

Transducer fa11ure 

Measur1ng dev1ce fa~lure 

FIG. 5.5 

Typical Plant Faults for Plant Section,of Fig. 4.4 
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CHAPTER 6 

PRODUCTION ()Jo' mE AlARM Tlum 

The a1m of the work done for this study was to provide a method 

of sett1ng up alarm analys1s systems with a much smaller effort than 
, 

that required prev1ously. The preceding two chapters have largely 

been concerned with the use of plant models with particular reference 

to defining the alarm system and finding symptoms for deduced alarms. 

One of the features of the modell1ng method used in the 

programs 1S that, since the unit modules are suppl1ed as data, the 

program may inspect and manipulate the variables 1n the model. This 

would be very difficult to do if the unit modules used were in the 

form of subprograms. 

Th1S chapter 1S concerned directly with producing analysis data 

-
for an on-l1ne program. The type of model used was chosen pr1marily 

so that it would be suitable for use w1th a program that would 

automatically produce the analysis data directly from the model. 

It was shown in Chapter 3 that the data is stored most eff1c1ently 

1n a tree-l1ke form but that the setting up of the tree was a time-

consuming task. The processing of data in such a form is entirely 

different from the process1ng of numerical data commonly encountered 

by engineers and scientists. "L1st processing" 1S the name given to 

that branch of computer science devoted to the manipulat10n of data 

1n this form. The computer language used for the work, ALGOL 68-R, 

incorporates list-processing facilities in addition to all the normal 

facilities of a high-level language. ~e type of model used was 

therefore chosen so that 1t could be manipulated using the 
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1."-tI-pt·oef>"-tSlng eallahlllt It'S 01' the-. lanJ,:uagf'. 

A 1II1'III<'nl '''-t rol'loet lun ... hC1WS that .. tit al,ll'm I )"I'P .... )"'ally ,t 

SI'(·"!.ll typo of' plant mod,-} SB,CC both arC' hasC'li on thC' Int(,l'uetJons 

botwo('n procoss variablC's. The major difference is that plant 

models are commonly used to f1nd the effects of an event occur1ng on 

the plant whilst alarm trees are psed to find the event that caused a 

series of effects. A less s1gnificant difference 1S that the alarm 

tree uses only the measured var;ables and inferred measurements. 

6.1 The Analogy Between the Alarm Treo and the Plant Model 

Consider the mlx1ng tank shown in Fig. 6.1. The simple equat10ns 

show the dependence of the output stream variables on thoso in the 

1nput stream. An 1nformation flow diagram for the same system 1S 

shown in Fig. 6.2. The type of alarm system depicted 1n the 

references given in Chapter 2 is shown 1n Fig. 6.3. In alarm-tree 

diagrams, effects generally appear above causes. The arrows 1nd1cate 

that the informat10n stored with the effects 1S used to find the cause. 

For conven1ence, it 1S assumed that all of the measured varJables 

as shown 1n Fig. 6.1 are equlpped wlth both hlgh and low alarms. In 

general, thlS is not true but the example serves to illustrate most 

clearly the pOlnt that, ln the type of representatl0n shown ln 

Fig. 6.3, each varlable occurs once for each alarm limit used. 

Each "node" in Fig. 6.3 corresponds to an alarm. 

The information flow diagram may be set up by inspection of 

the plant model and it lS therefore desirable to flnd a transformation 

to convert the informatlon flow diagram into the alarm tree. At thlS 

stage, it is convenient to consider the form of the des1red alarm tree. 
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) 

A 

B 

Functional model: Full-equation model: 

dL
B 

AT dt = (QA - QC> 

dT
C 

AT LB dt = QA(TA - TC> 

P
A 

K4 TC 

= A (L - ~> T max 

P
B 

= PA + Kl ~ 

Qc = K (p - P >~ 
2 B C 

FIG. 6.1 

Simple Model of Mixing Tank 
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/1'. -E-( --------=-Tc. 

Ps 

FIG. 6.2 

Information Flow Diagram for the System of Fig. 6.1 
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~c 
Low 

Low High 

1 1 
TA Pc QA QA Pc TA 

H1gh Low Low High H1gh Low 

FIG. 6.3 

Standard Alarm Tree Representation for the System of F1g. 6.1 
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1\ ... notpd C'Urll('r, thp lypt' or trp(, ~hown In FIg. G.:J conlains .. 1 

lIodc' J or C'ach alarm. 'J'I1o rO..1son for Uu.& IS that 11w trpe was 

produced as a means of d1agnosing the cause-and-effect 

relationships between a particular set of alarms. A more general 

result may be obtained by considering the cause-and-effect 

relat10nships between the variable~involved. Th1S approach leads to 

a tree with variables at the nodes and 1S the one used for this 

~ 

study. thIS reduces the complexity of the tree considerably, as 

shown by the representation in Fig. 6.4. A "plus" sign alongsIde the 

pOInter between two nodes indIcates that a high alarm WIll tend to 

caus~ a hIgh alarm and a low alarm will tend to cause a low alarm. 

A "minus" Sign lndlcates that a high alarm Will tend to cause a low 

alarm and vice-versa. These SlgnS must be included in order to 

prevent any loss of Information. This type of Information will be 

called "directIonal informat10n" (in order to be consistent w1th 

Chapter 3) and is available directly from the plant model. 

It may be seen that th1s new representation is very 

simIlar to the information flow diagram of Fig. 6.2. The most 

ObVIOUS d1fference is that the alarm tree shown contains less 

pOInters than the information flow diagram. The mIssing pointers 

fall into 2 categories:-

1. Those that are not included in the alarm tree because one of 

the variables at the ends of the pointer is not measured. For the 

example shown PB is not measured. The equivalent form of the 

equations is obtained by algebraic elimination of PB. This is 

important since a large number of variables will not be measured 

for most applicat10ns. 
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Qc 
+ 

P
A 

+ 

1· 
LB 

+ 

FIG. 6.4 

Alternative Alarm Tree Representation 

with Variables at Nodes 
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2. 'nJOSO not Includpd In (hp ~larrn trC'c becausC' there 15 no 

du'ne ( ('.lll~(, and cffC'c t rc' tat ionshlp botweon thC" var J ables concerned. 

For the <,xample shown 'n l'ig. 6.2, the pOlnters from ~ and Q
A 

to TC do not represent possible reasons for changes in TC. 

Var,ations in ~ and Q
A 

will only serve to magn1fy or dim1nish 

changes 1n TC caused by TA. Such situations frequently occur 

'n systems involv1ng hydraul1c delay and mass (or volume) flows. 

All of the 1nformation in the alarm tree can therefore be 

obtained either directly from the plant model or 1tS assoc1ated 

,nformat10n flow diagram. 
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6.2 TIle Proposed Form or the Analysis Tree 

It was decided to use the general form·of the alarm tree 

(wlth variables at the nodes) as discussed ln the last section. 

TIle method used for storing data, as discussed below, was partly 

dictated by the nature of the work done for the study ln that lt 

was desirable to be able to experiment wlth dlfferent types of 

analysls schemes. It is expected that an on-line analysis scheme 

employing a similar type of tree would use a different storage scheme. 

In partlcular, an on-line scheme would have to use backing-store 

for the large amount of data associated wlth a complete plant. 

TIle form of the analysis tree would therefore be dependent on such 

considerations. 

~TIle information needed at each node for the alarm analysis 

simUlation lS as follows: 

1) TIle variable name and value, 

2) TIle alarm types and levels directly associated with It, 

3) TIle deduced alarms which involve the varlable at the node, 

4) TIle alarm message for the varlable, 

5) TIle addresses of other nodes where the"correspondlng variables 

are likely to cause the variable at th1S node to become 

off-normal, 

6) TIle address of any entry in the 11st of fault messages currently 

displayed that corresponds to the variable at the node, 
I 

7) TIle result of the previous use of the scanning program for the 

variable at the node. (TIlis could be avo1ded but 1S convenient 

for detecting changes 1n variables needed for use by the 

analys1s program). 
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G. J DC'l'lvatlon of Ih(' 1\1:11'111 'r1"£"("' 

'1110 procuct10n or thf' analys1.s tr('(' dil'f'ctLy from tllO l)lant 

mod01 may bo split 1nto two d1.stinct stops: 

i) Use of the model equations to set up in core store data 

equivalent to the information flow diagram w1th d1rectional 
" 

information. 

ii) Convers10n of the data produced in the first step into a form 

that contains only measured variables. 

Program faci11t1es are provided to carry out these steps 

separately. A separate facility provides for a print-out of the 

tree produced by e1ther step. By uS1ng th1s fac11ity between the 

two steps, the user may inspect the 1nformat10n-flow data produced 

and the associated directional informat10n. The two steps w111 now 

be considered separately. 

6.3.1 Production of the Information Flow Data 

Th1S step requires that the model equations are inspected 

by the program. A node is created that corresponds to each var1able 

that appears on the left-hand side of each equation 1n the model. 

The variables on the right-hand side of each equation are identif1ed 

and the addresses of the corresponding nodes are stored in a list of 

possible "causes". Each of the addresses stored at a node 

corresponds to a "branch" of the tree. Directional informat10n is 

stored with each branch for possible use in the analysis program. 

For full-equation models, the direct10nal informat10n is obtained 
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by perturbation of the variables in the equat10n. The program 
/ 

notes the probability that an increase in the variable causes an 

1ncrease in the value delivered by the right-hand side and also 

stores the magnitude of the change. For funct10nal models, the 

d1rectional information must be 1ncluded when the equation ~ 

supplied as noted in Chapter 4. A simple flowchart of the 

procedure used to perform this funct10n, SETUPTREE, is shown 1n 

Fig. 6.5. The number of perturbations needed to produce 

statist1cally sign1f1cant values for the direct10nal information of 

full-equation models is found from the number of var1ables in the 

equation: 

No. of tests = N(N + 2) 

where N is the number of variables. Th1S formula assumes that all 

of the variables are perturbed for each test. The s1gnif1cance of 

the results has been demonstrated by uS1ng the same data set for 

several program runs. For the major1ty of cases, the d1rectional 

informat10n obtained 1S ident1cal for each run but Sl1ght dev1at10ns 

are noted. 
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S 

Set Up Node for tho Varuble 
Appearing on the Left-Hand 
Side of each Equation in the 
Unit 

Deliver 
'U"'St...._~ -- Resul t 

: NODELIST 

EO ~ RELATIONS' OF' U 

NO 

Find the Effect of Each Variable in 
the Equation on the Value of the 
Right Hand Side by doing a 
Statistically Significant Number of 
Random Perturbations about the Steady 
State. Create Branches and Add 
Directional Information as Obtained 
By thiS Method 

Set E to next Eqaatlon 

Set U to next Unit 

FIG. 6.5 

Simple Flowchart of Procedure SETUPTREE 
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6.3.2 Production of the Alarm Tree 

This step involves removing all the nodes which correspond 

to variables wh1ch are not measured. A method was developed and 

tested to carry out this function. The procedure to be applied to each 

node 1n turn is shown 1n the form of a flowchart in Fig. 6.6. The 

procedure is repeated fo~ the entire list of nodes until no new 

branches are created during one pass through the list. The nodes 

corresponding to the non-meas~ed va~iables are also ~emoved from the 

list of nodes at this stage. An example show1ng the form of the tree 

at various stages of th1s process is given in F1g. 6.7 for a 

hypothetical case. 

Each node in F1g. 6.7 is denoted by a c1rcle and a number, 

meas~ed var1ables are denoted by a cross through the c1rcle at the 

appropriate node. Pointers are used to indicate branches to other 

nodes. 

F1g. 6.7(a) shows the form of the tree after use of 

keyword SETUPTREE. Fig. 6.7(b) shows the form of the tree after the 

f1rst use of the "prun1ng" procedure, described above, to node 1. 

Note that the branch to node 4 has been replaced by two branches to 

nodes 6 and 8. Since branches already existed from node 4 to nodes 

6 and 8, two addit10nal branches had to be created or 1nformat10n at 

node 1 would have been lost. The new branch to node 8 is sat1sfactory 

because node 8 corresponds to a measured variable but the branch to 

node 6 w111 have to be replaced d~1ng the next pass through the 

11st of nodes. 
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NO 

Pointer 2 to 

Remove Branch that 
P01nter 1 refers to 
from list of causes 
of Node 1 

NO 

Add New Cause to 
List at NI if: 

YES 

1) Node of Pointer 2~Nl 
2) Node of Pointer 2 not 

a cause of NI 

Set P01nter 2 to next cause 

Set P01nter 1 to next cause 

FIG. 6.6 

S1mple Flow Chart show1ng Logic Used Inside Procedure "ALTERTREE" 

120 

~------------------------------------------------



FIG. 6.7(a) 

Example showing Use of 
Procedure ALTER TREE 
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FIG. 6.7(b) 
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In shorthand notat10n, this tree pruning step may be , 

wrltten as: 

1 - 4 4 - 6 ~ 1 - 6 

and: 

1 - 4 : 4 - 8 ) 1 - 8 

or in contracted form: 

1 - 4 : (4 - 6, 4 - 8) ~ (1 - 6, 1 - 8) 

Fig. 6.7(c) shows the tree after the pruning procedure has 
, 

been used on node 2 for the f1rst time. In the shorthand notation, 

this step may be written as: 

2 - 5 5 - 3 ~ 2 - 3 

2 - 5 5-6 ~ 2-6 

2 - 5 5-7 ~ 2-7 

or: 

2 - 5 (5 - 3, 5 - 6, 5 - 7) ---+ (2 - 3, 2 - 6, 2 - 7) 

Again, it is noted that one of the new branches created, 

2 - 6, will have to be replaced on the next pass of the procedure 

through the list of nodes. Fig. 6.7(d) shows the tree after use of 

the pruning procedure on node 3. This node has two branches from it 

to other nodes and so the pruning operation is potent1ally more 

complex but 1n this case one of the two branches, 3 - 2, p01nts to 

a node which corresponds to a measured variable and w111 not therefore 

need to be replaced. The result of the procedure at this node may be 

summarised as: 

3 - 6 (6 - 7, 6 - 8) ---+ (3 - 7, 3 - 8) 

" 
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FIG. 6.7(c) 



.... .. 
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FIG. 6.7(d) 
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-1 - 6 (6 - 7, 6 - 8) ---) «\ - 7, ) 

No new branch 4 - 8 is created because one already eX1sts 

between these nodes. 

Fig. 6.7(f) may be wr1tten as: 

5 - 6 (6 - 7, 6 - 8) ~ ( , 5 - 8) 

No alterat10ns to the tree are made during the f1rst use 

of the pruning operation on nodes 6, 7 and 8. After this first pass 

through the l1st of nodes, no branches p01nt to nodes 4 and 5 and so 

they are removed from the list of nodes to leave the tree as shown 

in Fig. 6.7(g). The other node corresponding to a non-measured 

variable, node 6, cannot be removed at this stage since there are 

still pOinters to 1t from nodes 1 and 2. F1g. 6.7(h) shows the tree 

after two passes of the prun1ng procedure and removal of node 6. 

This is the final form of the tree. 

The shorthand representat10n used here only shows changes 

1n the treo. A more complete notation, WhiCh shows branches that 

are not replaced and also denotes measured var1ables by means of an 

over bar , may be written in the form below for the f1rst use of the 

prun1ng procedure on node 3: 

(3 - 2, 

3 - 6 : (6 - 7, 6 - 8) ~ (i - 7, 3 - 8» 

For the first use on node 4, this notat10n g1ves: 

- -
(4 - G • (6 - 7, 6 - 8) ---) (! - 7, ), 

(\ - 8) 
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FIG 6.7(f) 
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FIG. 6.7(g) 
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FIG. 6.7(h) 
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TIle use of thlS method of pruning the alarm tree always 

l~ads to a un~que result, irrespective of the order of the nodes 

ln the lJst Slnce thp pruning process lS only a loglcal equlvalent 
I 

of algPbraic Subst1tutl0n. For small systems, thlS may be shown by 

use of the notation above but for large systems the number of 

operat10ns 1nvolved is exceSS1ve. 

6.3.3 Def1nition of Deduced Alarms 

Deduced alarm symptoms may be found e1ther by using the 

program fac,l,t,es described 1n Section 5.3.3 or by use of 1ntu1tive 

models. In order to use the symptoms, the correspond1ng data must 

be added to the alarm tree data. If the symptoms are not found 

durlng Ihe same program run, they must be 1nput as data. TIle use 

of keyword INPUTCHECKS, described In Section A.2.3, allows the user 

to spec1fy the symptoms and the associated deduced alarm message. 

TIle program stores the message w1th the symptoms 1n core-store and 

sets pointers to the complete set of symptoms from each var1able 

concerned. 

TIlese var1ables are at the nodes of the alarm tree and the 

relevant symptom llStS may therefore be inspected, durlng analysis, 

wh~n the scann1ng program detects that a var1able has crossed one of 

1ts alarm llmlts. 

The d1fference ln the storage schemes used for basic alarm 

tree data and the deduced alarm symptoms partly reflects the difference 

1n the two types of information. The information contained 1n the 

alarm tree represents the baslc cause-and-effect relatlonships 

between the measured variables whilst deduced alarm symptoms represent 
\ 
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the active alarms when the appropriate conditlon occurs. 

6.3.4 Transfer of Data to the On-Line Machine 

After the alarm troe has been set up and deduced alarm 

symptoms, if any, added the" data needed for tho on-lino analysls 

program is complete. At tillS stage, the tree may be prlnted out 

uSlng keyword PRINTREE, as described 1n Section A.2.4, or tested 

using keyword TESTREE, as noted 1n the followlng section. For a 

real appllcation, the data produced must now be converted to the 

form which is compatible with the on-line machine to be used. 

It is expected that thlS stage will conslst of transferring the 

data to a magnetlc tape and then running a short program to process 

the tape. This work has not been done for the present study since 

no real app11cation was 1nvolved. The important point to note 15 

\ 
that no effort lS requlred by the user, at -this stage, apart 

from tho production of the short program to process the magnetlc 

tape. 

6.4 Testing the Analysis Tree 

In order to test the analysis tree produced by the method, a 

further program was wrltten that allows simulahons of VarlOUS 

dlsturbances whlle uSlng the analysis data to dlagnose the root cause. 

The main program used for thlS facillty is called TESTREE and may be 

used by inputtlng the appropriate keyword as descrlbed in Sectlon A.2.6. 

In order to test the data thoroughly, slight changes to model 

parameters may be used so that the model used for testing is not 
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.dcnt1cal to that from which the data was derived. Tests of this 

nature are necessary s1nce, for a real application, the model used 

would be far from perfect. 

6.5 Example of Program Use 

The program was tested uS1ng the plant model used 1n the 

preceding two Chapters. Fig. 6.8 shows ttie program output after 

use of keywords SETUPTREE and PRINTREE. This output corresponds to 

the 1nformat10n flow diagram and therefore contains all model 

var1ables. Measured variables are denoted by 1nclusion of the 

un1t name, 1n brackets, after the variable name. If any other 

model var1able causes changes in the var1able considered, two 

numbers appear on the same l1ne as the variable name. The first 

number g1ves a measure of the direction of change that the var1able 

(whose name appears on the l1ne below), causes when perturbed 

(+1 for increase 1n B causes 1ncrease 1n A). The second number 

g1ves a measure of the size of the change that occurs ( ~A/ ~D). 

The output shown conta1ns two levels of causes and therefore the 

second variable may also be followed by 2 numbers. The number of 

levels of causes pr1nted may be set by the use of keyword MAXLEVEL 

as described 1n Section A.2.l. Variables at the same level in the 

tree are pr1nted inset from the left s1de the same number of spaces. 

This output 1S only shown for the sake of completeness. Fig. 6.9 

shows the same example after use of keywords ALTERTREE and PRINTREE. 

In th1s f1gure, two levels of the tree are aga1n printed. Note that 

th1s is only a feature of the print-out rather than the structure 

of the tree 1tself. 
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It may be noted that mechanical faults do not f1t directly , 
into the tree which represents links between the variables equ1pped 

w1th alarms. The bare tree structure produced 1n this way 1S only 
, 

useful for f1nd1ng the cause-and-effect links between the alarms 

and to thereby direct the operator's attent10n to the pr1me cause 

alarm. If th1S 1S not cons1dered suff1c1ent for the operator to trace 

the fault itself, then a deduced alarm must be prov1ded for the 
, 

fault. The method of storage of deduced alarm symptoms used for 

the present study allows'all deduced alarms 1nvolving a var1able 

to be accessed from the correspond1ng node. ,In this way, all 

relevant deduced alarms may be qU1ckly checked when an alarm becomes 

act1ve. 

6.6 Summary of Procedure for Full-Equat10n Models 

The follow1ng steps outl1ne the complete procedure to be used 

1f full-equat10n models are used w1th the programs descr1bed 1n this 

work: 

1. Spl1t plant 1nto un1ts and identify each un1t w1th a unique 

4-character name. S1m1lar un1ts may be denoted by using 

names cons1sting of two or three common characters followed 

by a number, e.g. eVOl, CV02. 

For each un1t type: 

I 

1) Ident1fy each stream enter1ng or leav1ng unit by 

means of a un1que I-character name. 

11) Identify all var1ables relevant to each un1t. 

Each var1able must be set 1n one of the un1tS of 



the model. Use the conventlon dpfined In 

Chapter 4 to flnd those varlables that are set 

In the unlt. Each varlable lS glven a 2-character 

name. For variables 1n streams, the second 

character in the varlable name lS the same as the 

stream name. 

111) Deflne equatl0n for each varlable set ln unlt In 

terms of other variables and constants 

(l.e. quantltles ~ set in any unit. Note that 

constants have the same 2-character form as varlables). 

2. Define measured varlables and choose those to be equlpped wlth 

alarms. For each varlable wlth alarms: 

1) Choose alarm type, 

11) Choose alarm levels, 

3. Flnd steady state data - thlS wlll normally be obtalned from 

the plant flow-sheet and deslgn data. 

4. Put data lnto form requlred by programs. All data formats are 

glven In Appendlx 2. 

5. Run programs to check steady-state data and test system 

response to varl0US lnputs. If deduced alarms are to be 

found by slmulatlon, thlS lS also done at this stage. 

6. Run programs to set up alarm tree from plant model. Any 

deduced alarm symptoms found elther by slmulatlon durlng other 
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program runs or by intu1t1ve methods may be 1nserted before 

or after this step. 

7. Run test programs to check alarm tree data 1f des1red. 

8. Run further program to convert alarm-tree data 1nto form 

sUltable for on-l1ne machine. 

The last step has not been done for the present study. 
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CHAPTER 7 

TIlE USE OF EM lANCED FUNCTIONAL MODEJA~ 

7.1 Introduction 

In Chapter 3, 1t was noted that "funct~onal" models contaln 

the baSlc cause-and-effect data needed for alarm analysls and that 

"enhanced functlonal" models also contalncd dlrectlonal InformatIon. 1 

The use of models of th1S type is attract1ve because the model 

formulat10n may be carried out far more rap1dly than for the 

correspond1ng full-equation model. The d1sadvantages are:-

i) Functional models cannot be easily tested. The eng1neer must 

ensure that the model 1S correctly formulated. 

11) T1me-ordered deduced alarm symptoms cannot be found by 

sImulatIon. If deduced alarms are to be incorporated Into 

the alarm analys1s scheme, they must be found 1ntu1tively. 

111) The aiarm-analys1s data produced by the program carulot be 

tested,although v1sual inspection of the data produced for 
/ 

alarm analysis may be suffICIent/to detect maJor errors. 

It was decided to 1nclude facil1ties in the alarm analysis programs 

that would enable functional models to be handled. For the sake of 

generality, the enhanced funct10nal model was chosen. The cost of 

uddlng the requ1red dlrectional lnformat10n to the bas1c functlonal 

mod"l 1S low and the benefit is high. Most of the program fac111tles 

110eded to produce alarm analysis data from enhanced functIonal models 
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have already been noted ,n tho preced1ng three Chapters. Only 

d1fferences 1n the use of these common fac1litlCs will be cons1dered 

1n detail here. 

7.2 Model Formulat10n 

Tho modular method described in Chapter 4 forms the baS1S of 

the modell1ng method used. The convent1ons adopted for the sett1ng 

of variables in unit 1nput or output streams 15 also retained. In 

order to make use of the program facil1ties prov1ded for full-equation 

models, it was necessary to def1ne the enhanced funct10nal model 

equations in the form shown 1n Fig. 7.1 for the example of F1g. 6.1. 

Note that, for the funct10nal model: 

1) The constants K
l

, K
2

, K4 , AT' Lmax and ~ from the full-equat1on 

model are absent. 

11) Three new constants Aw' Sw and Zo are 1ncluded. These have the 

values +1, -1 and 0 respectively and are used to def1ne the 

d1rect10nal 1nformation assoc1ated w1th the var1able preceding 

them in the funct10n. These constants w1ll be known as 

ttdl.rect10nal constants". The user may def1ne other dl.rectl.onal 

constants, if needed for special cases. 

~ll) 'l'he varlable and d1.rect1.onal constant are "pa1red" by the use 

of the standard ar1thmetic pr1or1tles of * and +. 

lV) 'TI1P capacitance terms in the second function, QA and LB, are 

denoted by thelr pa1r1ng with the d1rect1onal constant ZOo 
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'" 0 ,.. 

Full Equation Model: 

d~ 
dt = (Q - Q ) lA ACT 

Enhanced Funct10nal Model: 

= 

dT
C 

QA(TA - Tc)/(ArlLB) 
dT

c 
(TA * A..v + QA * Z 

dt = = dt 0 

PA 
K4 TC 

= AT(Lmax - L ) 
B 

PB = P~ + Kl LB 

P
A = (Tc *A..v + LB * AW) 

P
B = (P A * A..v + ~ * A..v) 

FIG. 7.1 

Compar1son between full-equations and Enhanced Funct10nal 
Models of M1x1ng Tank shown 1n F1g 6.1 

+ L • Z ) 
B 0 



If desired, these tprms may be om~tted completely so that the 

function would become: 

d T 
c 

dt = 

v) The use of parentheses to draw attent~on to the fact that a 

funct~on, rather than an equation, ~s being spec~f~ed. 

The use of brackets for th~s purpose ~s not mandatory for 

program use (since the brackets do not affect the operator 

priorit~es ~n th~s s~tuation,the program will merely d~scard 

them) . 

The keyword MASTERMODEL is used to assemble the model within 

core store as descr~bed ~n Chapter 4. The use of dollarword 

COMMONVARS is convenient for defin~ng the directional constants 

~, Sw (and any others required by the user) and making the constants 

ava~lable to all units ~n the model. These fac~l~t~es are descr~bed 

~n Append~x Section A.2.2. 

Keyword SYSTEMDATA may then be used to g~ve values to the 

d~rect~onal constants defined as above. Th~s keyword ~s descr~bed 

in Sect~on A.2.2. 

Keyword PRINTMODELS may be used to produce a record of the 

model assembled by the program if requ~red although this facil~ty 

~s not part~cularly useful for funct~onal models. The keyword ~s 

described in Section A.2.7. 
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7.:1 DnI 111 l t Ion of 1\] armc:; and Df'uucod Alarm Bymptoms 

'1'110 varl abIes to hp oquJ ppod with alarms may be {jpflncd uS1ng 

keyword ADDALARMS as descrlbed in Sectlon A.2.2. For the present 

study, definltlons of the alarm types and levels were not necessary 

since no testlng of this form of model was posslble but, lf the data 

produced by the program were to be transferred directly to an 

on-line machine, then the alarm types and levels could be 

speclfled at this stage in the normal way. For the same reasons, 

lt might be convenient to speclfy any deduced alarm symptoms 

(found lnultlvely) at thlS stage. The use of keyword INPUTCHECKS, 

descrlbed ln Section A.2.3, enables the user to carry out this 

function ln exactly the same way as for full-equatlon models. 

The deduced alarm symptoms stored by the program may be 

prlnted out, as a check, by the use of keyword PRINTUNIEFS as 

descrlbed in Section A.2.7. 

7.4 Production of Alarm Tree 

In order to produce the alarm tree from the model ln thlS 

form, an extra keyword 15 requ1red. This keyword is needed to 1nform 

the program that the model used is in functional form and that the 

dlrectional data lS therefore obtalned from the dlrectional constants 

rather than by perturbatlon of the variables ln the model. The 

keyword, FUNCMODELS, corresponds to aboolean varlable ln the program 

whlch 1S normally set to FALSE. The keyword lS inserted in the data, 

followed by at least two spaces (to make its length up to the 

12 characters read by the program when expectlng a keyword) and a T. 
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The keywords SETUPTREE, ALTERTREE and PRINTREE are used ~n the 

same manner as for full-equat~on models. These keywords are all 
( 

descr~bed ~n Sect~on A.2.5. 

7.5 Example of Program Use 

As an example, cons~der the plant sect~on of F~g. 4.4. The 

plant ~s again spl~t into the units as shown in Fig. 4.5. The 

data required by procedure LISTUNIT (called after use of keyword 

MASTERMODEL) is the same as for the full-equat~on model and the output 

produced by the program ~s as shown in F~g. 4.6. The second part of 

the data used with keyword MASTERMODEL cons~sts of the funct~onal 

model relat~ons. The program output for this data ~s shown in 

F~g. 7.2. Comparison of the functions shown in th,s output w,th that 

given ~n Fig. 4.7 shows the correspondence between the two types 

of modol used. For convenience, thefUnct10ns are glven In the same 

order as the equat,ons in Fig. 4.7. 

The data for the d~rect~onal constants 1S fed ~n uS1ng the 

keyword SYSTEMDATA. The program output is shown 1n Fig. 7.3. The 

same alarm data 1S used as for the full-equation model and the program 

output 1S therefore as 1n Fig. 5.3. The keyword correspond1ng to this 

output 1s'ADDALARMS. The next four data cards contain the keywords 

FUNCMODELS, SETUPTREE, ALTERTREE and PRINTREE. The program output 

correspond1ng to the last keyword is shown in Fig. 7.4. It may be seen 

that the output 1S s1m,lar to that shown in Fig. 6.9 except that the 

spcond of the two real numbers associated w1th each branch 1S always 

zero. Th1S f,eld is ~ntended to conta1n some quant1tat1ve measure 

of the relationsh1p between the two variables at the ends of the 
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branch. This ~nformation cannot be obta~ned from the funct~onal 

models u .,C'ti • 

7.6 Summary of Procedure for Enhanced Functional Models 

The follow~ng steps outline the complete procedure to be used 

if funct~onal models are used w~th the programs descr~bed in th~s 

work: 

I. Split plant ~nto units and ident~fy each un~t w~th a un~que 

4-character name. S~m~lar units may be denoted by using names 

consisting of two or three common characters followed by a 

number, e.g. CVOI, CV02. 

For each un~t type: 

i) Identify each stream enter~ng or leaving unit by 

means of a unique I-character name. 

~i) Identify all var~ables relevant to each un~t. Each 

variable must be set in one of the units in the model. 

Use the convention defined in Chapter 4 to find those 

variables that are set in the unit. Each variable is 

g1ven a 2-character name. For var1ables in streams, the 

second character in the variable name ~s the same as the 

stream name. 

lli) Def~ne function for each variable set in unit. 
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2. Dofine measured variables and chooso those to bo cqu1ppod 

with alarms. For each variable with alarms: 

1) Choose alarm type, 

11) Choose alarm levels. 

3. If deduced alarms are to be used, the symptoms must be 

defined at this stage 1n terms of the measured var1ables 

defined above. 

4. Put data into form required by program. All data formats 

are given in Append1x 2. 

5. Run program to produce alarm tree data. Check program 

output for obvious errors due to poor cho1ce of funct10ns 

or incorrect data format. 

6. Run further program to convert alarm tree data into form 

suitable for on-11ne machine. 

The last step has not been done for the present study. 
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CIIAPTER 8 

REVIEW OF OUTSTANDING PROBLEMS 

Since the work done for the present study has been completely 

theoretical, the rema1n1ng problems are lIlostly those associated W1 th 

practical aspects of app11cations. The form of the program wr1tten 

for this study is also cons1dered,s1ncc 1t 15 inevitable that, if 

programs of this type are to be extens1vely used, then many alterat10ns 

w1111 be needed as exper1ence 1S ga1ned. 

1 
8.1 Off-Line Program Problems • 

The programs used for the study were wr1tten so that the 1deas 

1nvolved could be tested and program mod1f1cat10ns made easily. Th1S 

approach inevitably requires that a modular system is employed using 

many special-purpose subprograms. The programs also rely ent1rely on 

core-stored data. These two factors combine to give a large 

core-store requirement for the analys1s programs. The data space 

requ1red for a particular program depends on both the size of the 

plant section cons1dered and the program segments used whilst the 

space available depends solely on the program segments used. It 

therefore follows that larger plant sections can only be considered 

1f the program space 1S reduced. 

It 1S expected that the use of the program for a p110t plant 

study will lead to further changes 1n both the form of the program 

and the fac111ties available. If such studies show that the use of 
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.l program of th~s type 18 a pract~cal propositlon, then 1t may 

be desired to produce a verSJ.on of the program requlring less 

core-store,thereby enabling larger plant sect10ns to be cons1dered. 

Var>ous poss1ble methods are available. 

8.1.1 Alteration of BaS1C Program Form 

The program used at present assembles the model 1n core-store 

and subsequently man1pulates 1t as required. A completely d1fferent 

approach would be to use a set of programs communicat1ng w1th each 

other via a back1ng store. Such a set might be made up .n the follow1ng 

way for use with (for instance) magnetic tape: 

a) A program to assemble a plant model, complete with 

steady-state data and alarms. The program would end 

by transferring the complete model onto magnet.c tape. 

b) 

c) 

d) 

e) 

A program to retr1eve the model from tape and allow the 

user to simulate faults in order to obta.n deduced alarm 

data. (Note that the model on tape is not destroyed). 

The symptoms obta>ned would be stored on a second tape. 

A program to retrieve the model from tape and set up the 

alarm tree. This tree could be stored on a th.rd tape. 

A program to retr.eve the model from tape and s.mulate 

various conditions. At predetermined t.mes, the values 

of all process variables would then be stored on a 

fourth tape. 

A program to retr.eve the analysis data stored on tapes 2 

and 3 and use the run data stored on tape 4 to test the 
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alarm system. 

This method avo1ds using corc-store for programs no longer 

required although the programs needed to communicate w1th the 

back1ng-store and to assemble the model w111 themselves use 

extra space. A prelim1nary review o! the problems 1nvolved suggests 

that considerable space savings may be made in th1s way. 

8.1.2 Improving Efficiency of Present Programs 

This method uses the same basic program form as the present 

program but relies on considerable improvements to the subprograms 

used to carry out the var10US functions. There are many places in the 

program where small sav1ngs of space can be obta1ned with a moderate 

amount of effort. Inspection of the programs also shows that some 

procedures are similar 1n many respects to others. A sav1ng of space 

may be obta1ned by carefully combin1ng such procedures. A further 

possib1lity 1s the use of different MODES to bU1ld the model. The 

present arrangement 1S by no means un1que but does have the v1rtue 

of be1ng flex1ble. The savings of space accomp11shed uS1ng these 

three strategies are not expected to be as great as that achieved by , 

altering the basic program form. The other major improvement that may 

be made to the present program is the prov1sion of a faster integrat10n 

program. The routine used at present, a pred1ctor-corrector, is 
/ 

very slowodue to the small step length needed for "st1ff" problems. 

Other integration methods considered were: 

1. Runge-Kutta methods 

2. Kutta-Merson (a method suitable for some stiff problems) 

3. Gear's method 
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The f1rst two wcre both tested w1th the programs at an early 

stage 1n the proJect but were reJected because of the larger number 

of funct10n evaluat10ns needed per step. The results obta1ned with 

both of these methods were very close to that g1ven by the 

predictor-corrector. Gear's method would be faster but would 1nvolve 

a much larger program and was therefore rejected. A s1mple 

mod1ficat10n to 1mprove the present method would be to 1ncrease 

the order from 4th to 8th or higher. 

8.1. 3 Use of Better Algorithms w1th the Present Program Structure 

The amount of data space required by the program is affected , 

by the algor1thms used to carry out each funct10n. Th1s may be seen 

by examining the flowchart of procedure ALTERTREE (F1g. 6.6). 

This procedure removes some nodes, w1th their associated 

branches, from the tree but also adds new branches 1n order to 

preserve the information contained in the tree. The algor1thm used 

was des1gned so that the unwanted nodes could be released for garbage 

collection as soon as no branches to them were 1ncluded in the tree. 

This enables a larger S1ze of problem to be handled US1ng a given 

amount of "heap" storage (see Appendix 1 for a discuss10n of 

"stQCklt and "heap" storage). 

A comb1nat10n of these three methods would probably be most 

effective but will req~ire a large programming effort. At the present 

time, it appears more profitable to devote such efforts to a compromise 

solution. This would entail uS1ng the back1ng-store,as outlined ear11er 

but only splitting the program into 2 major sections: 
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a) 

b) 

Sets up complete model and may be used to find 

deduced alarm symptoms and run data for tree test1ng. 

Finally transfers data to one or more magnet1c tapes. 

Retr1eves data from tape(s), sets up tree and tests tree. 

An ent1rely new program would then be used to combine 

analys1s trees for d1fferent sections of plant, stored on tape, 1nto 

the form requ1red for a complete plant. The final product would be 

a magnet1c tape, compatible w1th the on-line mach1ne to be used for 

analys1s, conta1n1ng all the data requ1red. 

8.2 On-11ne Program Problems 

The comments in th1s sect10n are necessar1ly of a more speculative 

nature than those 1n the previous section. Since alarm analysis systems 

are 1n operation on nuclear power plants, it will be assumed that the 

usual problems assoc1ated with computer operat10n in a real-t1me 

environment do not present any insurmountable obstacles 

for alarm analysis applicat1ons. For the purpose of d1scussion, 

it will also be assumed that the analysis data used 1S of reasonable 

quality. 

The quality of the incoming signals from the measuring dev1ces 

1S obviously of pr1me importance to the program. The complexity of the 

algorithms used to analyse the off-normal s1tuat10n depends on the 

signal qual1ty. The ~iding constra1nt on the analysis program must 

be the t1me 1n which an analysis must be completed. The t1me 
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for analys~s wl.ll also be dependent on the way l.n whl.ch the 

analysis data is stored. An excessive number of backing-store 

transfers durl.ng any operatl.on will incre~se the tl.me requl.rement 

out of all proportion to the other operations carrl.ed out 

(approxl.mately 20 milliseconds for a disc transfer and longer for 

tape transfers). 

Sl.nce mal.ntenance l.S be1ng carried out on a virtually 

continuous basis on many plants, 1t follows that some of the 

measurements normally available cannot be used at such t1mes. 

Provis10n should therefore be made to input to the program details 

of signals that must be 19nored for analysis purposes. Thl.S facill.ty 

may need to be protected in order to prevent improper use although, 

. 
1f the alarm levels are correctly set, the temptatl.on to suppress 

alarms in this way should not arise. 

Deduced alarms may be used to warn the operator of 

measurl.ng instrument malfunction befo~e the instrument fails 

completely. Alternat1vely, a separate malfunction detection program 

m1ght be used to warn of 1mpending failure. 

8.3 Display Problems 

The papers considered in Chapter 2 reV1ew the display systems 

used 1n deta11. For all practical purposes, the d1splays available 

at the t1me were sU1table for alpha-numer1c l.nformat10n only. 

In recent years, considerable advances have been made in the 

technology of display systems (32). Of particular interest to 

this work is the 1mproved facilities now aval.lable for C.R.T. displays. 

\ 
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Gl'dphLCllL and multi-colour dl:;play& aro now moro (~ommon and IWr1(.<' 

there is now cons~derably niore choice ~n the type of display system 

usod. 

The nuclear power stat~on systems involve mult1ple d1splay 

un1ts with a number of formats available for the operator to choose 

from. If this practice ~s followed on chem1cal plant appl1cat~ons, 

1t 1S suggested that the use of C.R.T. d1splays show1ng m1m1C 

d1agrams, or even the alarm trees themselves, might be a useful 

addit10n to the range of formats ava~lable. The schemes currently 
, 

be1ng prepared for the Heysham and Hartlepool reactors 1nclude the 

use of graph1cal h1stories of measured var1able behaviour and m1m1C 

d~agrams. It is suggested that, rather than display~ng variable 

values, as 15 proposed for these power stat10n schemes, a more 

useful approach might be to merely display alarm states for each 

var~able. Th~s system would allow a greater area of plant to be 

shown on each dlagram and would also allow much easier comprehens~on 

of the overall state of the plant. The alarm states shown could be 

d,v,ded 1nto 4 categor1es: 

1. Prime cause alarms 

2. Effect alarms 

3. Latest effect alarms 

4. Deduced alarms 

A multi-colour display would probably be the best way to do th~s 

if the cost and reliability of such displays makes them acceptable 

for the system concerned. A further display that would be useful 

~nvolves the same mlmic diagrams but with an additional facility 

to d~splay only those alarms associated with one part~cular cause. 

244 



It 1S emphas1sed that this type of facility is proposed in addit10n 

to the more normal d1splay show1ng alarms and messages grouped 

according to cause. The use of the two types of d1splay s1de by s1de 

should allow the operator to digest the overall "p1cture" much more 

rapidly than at present. Displays showing selected sections ~f 

alarm trees would be useful dur1ng commission1ng since alarms 

occur1ng 1n an incorrect order (on a cause-and-effect bas1s) are 

readily pinpo1nted. 

./ 

8.4 Uses of Alarm Analysis Systems for Sequential Operat1ons 

The work done for the present study has been concerned 

pr1mar1ly with alarm systems designed for process plants normally 

running at steady state. The use of alarm systems on plants dur1ng 

start-up, shut-down or batch operation obviously leads to addit10nal 

complications. The most significant d1fferences appear to be: 

1. Although the measur1ng instruments are the same, no matter 

what condit10n the plant is 1n, the quant1ty measured may have 

a different significance (for instance a temperature measuring 

dev1ce 1n an empty pipe is not measuring a l1quid temperature). 

2. Some 1nstruments may be frequently outside of their operational 

range during sOme stages of operation. 

3. The alarm l1mits must be dynamic. 

4. The corresponding model equations may change considerably for 

different stages of the operat1on. 
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The net result of these considerations 1S that the 

1nformat10n in the alarm tree must be t1me-dependent. Th1S, in 

1tself, does not appear to present any particular problems. 

A more difficult problem is that during analysis changes 1n the 

tree data (due to the chang1ng plant condit10n) w111 requ1re 

changes in the links in the previously computed cause-and-effect 

chain if the present type of analys1s method is used. It is 

tentatively suggested that a more suitable method may be to assign 

a fraction of the cause of an alarm to each of 2 or more other alarms. 

These fractions might be dependent e1ther on t1me (since the operation 

began) or other key process variables. This 1S equivalent to uS1ng 

one alarm tree for all stages of operation but with dynamic directlonal 

1nformation for each branch. 

{ 
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CIIAPTER 9 

DISCUSSION 

The work described in this thesis gives rise to many 

questions of a general nature due to the fact that much of the content 

1S concerned w1th areas of research that have rema1ned largely 

unexplored. The basic tools used for the study are themselves 

well known; list-processing is an establ1shed technique among 

Art1fic1al Intelligence workers and simulation programs are 

frequently encountered. The examples in texts on 11st-proces~lng 

show little in common w1th the programs used here because of the 

specialised nature of the appllcatlon. The slmulatlon methods used 

also bear Ilttle resemblance to the more widely-used simulation 

packages. The compar1son with these "pure" tOP1CS 1S only valid 

in terms of the baS1C ideas on which they depend. The significant 

feature of list-process1ng is the concept of run-time storage allocat10n 

Wh11st that of simulat10n packages is the use of unlt modules. These 

two tools are central to the work reported here. 

From an overall viewpoint, 1t is perhaps surprls1ng that so 

11ttle work has been done on studYlng the design and use of 

conventional alarm systems when, in so many cases, the penalty for 

maloperat10n or enforced shutdown is high. It 1S this penalty which 

determ1nes the program facilities, if any, which may be economically 

used for a particular appllcatlon. Fig. 9.1 shows the major questions 

that must be answered at the start of an a~m analys1s study. 
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It may be seen from the F~gure that the most crucial dec~sion 

Concerns the type of plant model to be used. Th~s ~s understandable 

Slnce the effort ~nvolved in formulat~ng a realistlc full-equat~on 

process model is formldable for many plants. The need for this 

type of model ln some s~tuat1ons 1S the weak POlnt of the method 

presented. The integration of large sets of d1fferentlal equat~ons 

is a tlme-consumlng process particularly for stlff systems. In 

recent years, sophistlcated programs have appeared, such as that 

produced by Professor Gear, Wh1Ch perform such operat1DnS efflciently. 

The use of such methods for the scheme presented here is largely 

lmpractlcal because of the large amount of program space requ~red. 

If the program were split up lnto sections, as described 1n Chapter 8, 

the use of such a method mlght be a worthwhile proposltion. 

It must be noted that deduced alarms are only needed 1f the 

analysis program is required to detect faults rather than to 

reduce the information overload on the operator (by suppresslon of 

some alarm messages) or to split the active alarms up into groups 

based on cause-and-effect. 

In many cases, 1t is likely that the use of enhanced functl0nal 

models ~s necessary but that some deduced alarms would also be 

useful. If the symptoms for these alarms cannot be obtained 

intuit1vely then it may be worthwhile for the user to lncorporate 

add1tlonal measur1ng devlces on the plant to monltor the appropriate 

var1ables. The use of digital alarms, consist1ng of alarm slgnals 

generated by pa1rs of contact pOints closing on the plant, may be 

suffic1ent in such cases. The use of such alarms has not been 

considered explicitly here although the treatment of the alarm obtained 

1S essentially slmilar to absolute alarms. 
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Several areas of study related to the present work have been 

eonsHJ('rcd only br10fly during the proJect. Those may bo sununarlsed 

as: 

1. The transfer of data to the on-line machlne. This problem 

was consldered and appears to present no partlcular dlfflculty. 

2. The on-llne analysls program. A program was used to test the 

data obtained by the method but has not been consldered ln 

detail since programs of this type are already used on the 

applicatlons reviewed ln Chapter 2. The prlme object of the 

present study was to produce the analysls data requlred for 

I 

such a program. The flowcharts of the maln procedures used 

for testing are glven ln Appendlx 4 and the program segment 

used for testing lS glven ~n Appendix 3, LISTING 13. 

3. The human-factors problems associated wlth the deslgn and 

operation of the display system. These problems are best 

treated by ergonomists. 

4. Possible use of the method for operabillty studles. This use 

was suggested late ln the study but was not considered in detall 

since it lS not of dlrect interest. 

As would be expected, a number of problems hampered the progress 

of the work to a greater or lesser extent. Wlth any project lnvolvlng 

a moderately large program, there will lnevitably be some program 

"bugs" that are dlfflcult to trace. In this case the language used 
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was ~tself new (only draft copies of the bas~c parts of the • 
language documentation were in1t1ally ava1lable) Wh1Ch, coupled 

w1th the fact that there were no other users 1n the Univers1ty, 

gave r1se to add1tional problems. Some comp1ler bugs also 

eX1sted but these were gradually eliminated with succeed1ng 

versions of the system. The Royal Radar Establ1shment at 

Malvern, where the language originated, was also kind enough to 

supply an advance verS10n of the ALGOL 68-R system Wh1Ch 1ncorporated 

a more sophist1cated "loader" when the eX1shng version fa1led, 

during comp1lat10n, due to the large size of the program. 

The only other problem that caused a noticeable 'delay concerned 

the formulat1on of general-purpose unit modules. The use of high-ga1n 

different1al equations to set 1nput stream pressures was central to 

the solution of this problem. 

It is hoped that the method produced w1ll prov1de the basis 

for alarm analysis applications on chem1cal process plants at 

less cost than has h1therto been poss1ble. 

; 
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