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AB STRACT 

Computer simulation represents the application of 

mathematical modelling techniques to real system thus, 

enabling information on systems characteristic and parameters 

t o be gained without either constructing or operating the full 

scal e system under consideration. 

Earlier application of computer simulation in Engineering 

was focused at Analogue computer to study continuous systems 

by generating numerical equations, defining the model for a 

giving initial conditions by the use of some standard step - by -

step method of analysis. 

Development in simulation techniques have led to the 

rapid development in computers and most syst.em simulations are 

currently based on large general purpose computers . 

Consequently , training and operation planning are usually 

performed with specialised computers. 

This project is to simulate currency processing whereby 

they are sorted into FIT,UNFIT, SHREDDED, Manual inspection 

and rejected using computer aided modes . 

. . -
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CHAPTER ONE 

Ll PROBLEM DEFINITION: - Computer simul"tj ' lIl sltnuld begin 

with formulation of a problem sincp t- lerr ' L! little 

benefit to be derived from experj1l1p.J It-.S t-r10.t solve 

simulations. Thus this project is to r;;.111 1l ;"1t, :"\ sort ing 

process in the processing lilethod of P,~n l.. n ol i.S .lsing a 

computer system. It is Lo determine ]10-" this Banknotes 

can be sorted in clean and unclea n pockel s of 100 pieces 

during processing and not only just tl1p. 1101" ' .1 counting 

and shielding that is the case now. 

J '? Objective : - To simulate Digital dev.i.c"s f . curre~cy 

processing by a computer system in su"11 "\ \'1;:1 )' that Bank 

Notes sorted into clean and uncl ean po<'lcP I: s (.; Lv pieces 

during counting . This will make '-11(' S 'v '::J".' to be 

completed in the sens e that it can now ' :Ol1J1t, sort and 

shred at the same time. 

Since a simulation mode l i s si;npJified 

representation of a system mathematicaJ /J ' >gicCl: re lations 

and operational rules built i n the CnillpU I.r program, 
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u sing a specific computer code , t h e tru l.h tables of all 

the logical devices involved in modell in'f wi ll b e written 

out explicitly. 

SCOPE OF LIMITATIONS To plan compu ! ~ er simulation, 

applicable to Digital systems, one must, d r a \'1 heavi ly on the 

tools of experimenta~ modelling logical c omputat i on , c i rcuit 

reali z.:::l tion and compu'ter programming. Thus t )lis pro j ect will 

cover Analysis of Digital Devices and c i r cu i t ; , sequential and 

combill2. tional circuit s , logic gate s and u p to e lectronic 

devi ' ~ E:s . 

It is ideal that information a re obt;l. ined a bout the 

SIMUIJATION requirements before its a ctual pLa nning . It is 

esse! r.ia l to collect and reduce date abou l the s ystem to 

suitabl e form for use in simul a tion J'e s pect ively in 

descriptive form. 

The data processed can be us e d t o formulate 

mathema tical/logical models that desc r ibe the beh~viour of the 

system concern. 

,Some problems may be encoun ':. ered di.lr i nq i.:he p rocess of 

dat~ ~(' l ection and processing. 

'W, t ...... 
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1.4 Sequence + MethJdology The s e quence and me thodology 

involved in this proj ect will be in tl ll~ o r der of Data 

g eneration and collection, Definition of the Technology 

i nvolved in the project and it availabil ity , in case of 

necessity to fully design and produce. 

The proj ect will simulate Digita 1 l ogic devices 

pa~allel on a computer system to gener~ te outputs that 

',·!ill create a sorting level f or Bal1k no tes during 

·)~·ocessing. Basically sensors will b e a} lpl.icable in this 

.· .. : )cess depend solely on data generati on and analysis. 

H210w are the important functions of da ta processing for 

i mplementing computer simulation experiment s :-

(a ) Collection and processing of real world data. 

(.0) Estimation of Simulation parameten; f rom r eal wo~ld 

data. 

(c) Evaluation of the model and parame t er est imate 

(d) Formulation of computer program. 

(e) Analysis of simulated data. 
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as the pivotal national [inC=lI1cial i .Jlst i 1\1 1 .1.on . 

traditional functions are 

(i) The issuance of l ega l tender currel1 r :y .i 1\ Nige ria . 

These 

(ii) Maintenance of external rese rves 10 GAfeguard the 

international value of that currency. 

iii) Promotion of monetary stability and " GOltl1d financial 

s tructure in Nigeria and acting as ballkp"'_ tlnd financial 

:l.dviser to the Federal Governme nt o f 1 Ti~; eJ_ ia . 

1he developmental roles of the CBN eml >race s urveillance 

of t he economy and active promotion of: cap LLal formation 

necessary for acceleration of the above functions of the 

Central Bank of Nigeria is under the Govenlor who is the HEAD 

of the Bank assisted by 5 (five) DEP1JTY GOVERNOR and 

18 (e ighteen) departmental directors . 

One of 

OPE ~TIONS. 

off ice. 

the departmenta~ Direc tors, DIRECTOR CURRENCY 

Department Controls the CD n:e~1c'y processing 

2 . } The main functions of ' the currency prr)cessing office is 

to process all currency notes deposited hy the commercia l 

Banks at all Central Bank. n[fices (0 1' p lJr.'('s sing. The 

office is expected not only to ascertf1 b, l lI e c orrectness 

of notes as lodged, but also t o defet ;t f,) Y'·.,e d notes as 

well as dirty notes for destruction. 

" 
9i 1 
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2.2 There are automatic currency machines 

ISS300P (S) installed in branches to prO( c: s s 1.11p se notes. 

To simulate DIGITAL SYSTEMS tor Cllr l etlcy p rocessing 

e 1 compasses knowing the analysis of some Dig j ta l Devices, 

circuits. Sequential and combination",] c i r r: u i t s, logic 

gates and opto-electronics devices. 

Computer simulation and modell ing is ' lire '~ t ed towards 

finding satisfactory solution to practical pr- Il>lems . Computer 

simul a t ion is a rume rica1 techniques '\.1. ,I"d 1- () conduct 

exper iments on digital computers which invo] -re s '-:8rtain types 

• of mathematical and logical models that descr i b l') l he behaviour 

of s ome components over an extended perio( I . ;,. s imulation 

mode l ~. s a simplified representation o f syr-t em mathematical 

and logical relations and operational )'\(J "' s b u il t in the 

compuce r program using a spec ific compute 1 (·ode. li ll1guage of 

the ::;imulation languages), thus either the g elleral purpose 

compi ler or the special purpose simulat ion J al1J,lage . 

Computer simulation os therefore a te ' ~hnique by which 

programs are written and used in a compute r sy s t e m desired 

language to solve some problems of i llt r're£\. I like the 

Dehaviour of 

(integrated 

machineries . 

some machines ranging 

circuits) to the most 

form s mrt 1 1 

compl i ': a ted 

c omponents 

i ndustri_al 
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WHY COMPUTER SIMULATION 

I t would be wise for a simulation en9in"t_~ 1 : to ask some 

questions as the basis for his experiment<lL ver ificat ion. 

Thee questions arc: 

(a) Can the exact or satisfactory apprnx 1 m;1 .ion to the 

s olution of the problem Se obtained. 

(b) Would compu .... e simulation cost less to soJ VI' U e proLlem? 

(c) Would it be easily interpreted by those who 2. ':e likely to 

u sc the simulation result 

These questions ~hould however he <ll1swr'r.r>d almost 

correc tly before choosing computer simulatioll ls th~ bas is for 

using simulation in any discipline is man's jncreasing quest 

for knowledge about the future. This searc!l fo r knowledge 

consis ts of problems ranging . from observClt j 011 0[ physical 

systc:':" . 'rmulatiol1 of a model , prcduction of t h e r)u tput up to 

condu Ci:' ing experiments to test the validity ( H I the model . 

Due to the ability of computer simulation to 'JVercome the 

difficulties mentioned above, it is chosen f01 tI l(' fac t that: 

(a) Makes it possible to study and exper i.men t with the 

c omplex environments; 

(b) Makes it possible to study t he er[rct o f certain 

c omponents changes in the operation of i1 f!ystem by making 

alterations on the system behaviour; 
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>. (c) Observation of the stimul a t e d system l l ;-) )' I o Cl c1 to its 

be tter understanc1jng. 

(d) De s igning simulat. i on mod el s u gge st V()f ·, ~j )' J '" r~ff ect of 

c h a nges which CCln b e tes t e d vice sj Ill lll e) Lion before 

i mplementation; 

(e) It makes the study of dynamic s ystc' l11 pos f~i , 1e at all 

L. i mes. 

(f) I t helps to foresee the bottlenec ks b ph i n0 Lhe operat ion 

o f new systems. 

2.4 ?LANNING COMPUTER SIMULATION 

'!: o plan computer simulation applic ilbl e t o Digital 

SYS l<:[:lb . one must, draw heavilv on the tool !: of ,xperimental 

model l ing logical computation circuit reali z ('l t: :i Oll cm d computer 

programming. 

(i) 2ormulation of the Problem: computer ' ;i mu l.?t ion should 

b e gin with formulati o n o f a problem Si11<'e L' lF re is little 

b enefit to be derived from experin1e llt s t hat solve 

s i mulations. Thus I b e fore one c an b~gin \'lork on any 

s imulation experime nt, one mclS t d~ ci c.h·' O ll t11 P obj ecti ve 

:Jf our rese'arch dnd on a set of cr i Le loLl ;:: ')r valuating 

the d egree to which our oLj ect i v e s Cl J:'P ; '''':'.1 .t..i, .l e d by the 

~::xperiments . 

~J...,....,..,....",-.,----___ ~ ___ -, .• __ ~,~ ___ , 
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It is ideal that info "':"mat ioll ('Ire u1>L i ned about the 

simulation requirements before its rJ.ct ual planning. Some 

problems involved in collec ting and recu i ng data to a 

suitable form for use in simuJ a tion e x:pe"t. ime n ts include a 

descriptive and quantitativ~ infor matj on (DATA ) abc...ut the 

system to be investigated. The data prof :ess e d c an be used to 

formulate mathematical/logical models that describe the 

b ehaviour of a given system. Existing m Oflel s o f the system to 

be stimulated can be improved. Da ta that h ave been reduced to 

a f inal form can be used to es timat~ p;u"ameters of the 

operating characteristics of the system j1aLa helps to test the 

\'..::!- lldity of a simulation mode l. Howeve r, some of the important 

functions of data processing f or iJllpl R.nel<c ing computer 

e xperiments are: 

(a ) Data coll e ction 

(b) Data recording 

( c) Data conversion 

t 
(d) Data transmission 

-...: 

( e ) Data manipulation 

(f) C'utput data report 

- ------- -._- ---_ ... - -- .. _---
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(ii i) ESTIMATION OP SIMUj:..ATIO~ _ _ )l\EbMETm~~j _. I'jWr::t rml\.J, WORLD DATA 

Once the appropriate d ata have b ee n r;() l ,l pct:ed from the 

sys t em with a number o f logical mod p I fl :1escribing the 

behaviour of the syst e m b e ing (onl l l1 '1 t '''Cc], then the 

signif icance of the estima ted value s o[ t l l~ p 2rame ters of the 

models are tested. 

(iv) EVALUATION OF THE MODEL AND PA~~JpR, ~~TIMATE 

Having collected the set of logical TTl' )c3el s (- e scribing the 

behaviour of our syst e m a nd e stima t e d tl1~ 1Y; l-ameters of the 

0I:2rating characteristics en the b asis ( , r: r;hservation taken 

'CrG" readily available information and then 00 a1lead to make 

initial values judgement of t h e simu l a t 'Lon model, this 

r epresent first stage in testing s imulati o n nxp~riments prior 

t o t he actual computer runs. Thus, tes 1. i ng tr~ assumptions 

made or the input that will be programme r1 i T.1\ -I. ' the computer . 

(v ) FORMULATION OF COMPUTER PROGRAMM~ 

The formulation of computer p rogramll\e f r)): the purpose of 

conducting computer simulat.ior. experimel il~_p, I'd': models of the 

sy..: tem under ' ~tudy. It requires that sJ 'e ! . " j :onsiderations 

e given to the items b e low 

(a) Flow chart 

---.,. -..,..---.. y-- .-.,-
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(b) Computer code 

(c) ~ctor checking 

(d) Data input and starting conditjons 

(e) Data generation 

(f) Output report. 

The step in writing a computer sjqnli c1 tion program 

invol.ves formulating a flowchart, out1il1inq the logical 

seque nce of events to be carried ou e hy t.he v" mputer in 

generating the time path of the endogen(lu~: v ;=n:iClb le of our 

mode.l . 

The actual compute r c od e fo r whi c h to 1:1 1 n thp eXDeriments 

on a computer is considered. 

Finally, the most important cons ideration LS made on the 

types of output report needed as an infO) mat ion about the 

behav iour of ou r simulated system . 
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CHAPTER THREE 

:SYSTEM ANALYSIS 

3.1 WHAT IS A DIGITAL SYSTEM 

A digital syste m is that system which essentially 

operates on numbers rather than on signaL;. Most of the 

c ircuits employed in digita~ systems us e e Lt l1e r non-linear 

devices like "Diodes" to set the levels of thp 'v7Jr ~ abl s that 

repre ~ ent information or operate transj.stor in ~l non-linear 

manner a s the basis for establishing the t wo range s of the 

outpu t var i ab l es . 

T'.l most systems that process infor mation i.n d i qi.Lal form, 

the ~ .. 2 c trical variables that re~reset i nfn Y'mat ion are 

nominally two-valued in nature. Information ma y Le re~.resented 

by a voltage or current that ideally t akes Oll OD" of the two 

discre ;-~e values. The representation may also he j n terms of a 

pulse o f infinite shape that is either prese n t O J ~hsent at a 

time. 

I.~· ' B.0~\"ever, cireui ts t11at are employed i ll <Jigi t cl l systems 

mllst respond to ' 'Signals that are binary iI) nat:.u n ·; . These 

requirements are in sharp contrast to the requ i relYh-' flL t hat al.e 

appli c:tbl e to most systems (ANALOG ) that proces f-: es i nformation 
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represented by continil.los ' variabl es Wl1 0 1 (. r ' i J:cuits must 

respond linearly ove.L lC1rq~ clYllr11l1ic ranqr':: of i .1J.-lllt: a.nd output 

variables. 

I..logic variables and [unctions rouml t hi. . reJ Fl.t ionship to 

BINARY and DECIMAL numt ~rs as fundamemntal to (hgital systems 

which should be the starting lJoint before going into the 

combinational circuits buil t up from logic qat ps and sr:qential 

circui ts involving flip - flops that serVCf; Of; !'1FI"1()RY UNITS . 

The size of a Digital chip is now made I"pmorlrably smaller , 

dense r and consumes less power and there fore macle sui t able for 

space restricted area. Digital systems ill g oneral , have the 

ability to make logical decisions, carry out digital 

computation and store results obtained from the computation 

3.2 DIGITAL DEVICES AND CIRCUITS 

To process information inJigital fo rm reYliires some 

special circuits in addition to special number sys tems and 

algebra . The circuits must have ability to stoJ"P instructions 

and data r make decision and communicate the solut ions. The 

devices perform certain aritlletic and logic operat i oPS . 

A LOGIC GATE 1S a device that contJ:01s t Lr: Clow of 

information in pu~se form . 

.... _"""" ___ .. ____ ~ ... _ ... t~ , 
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3.3 BINARY NUMBER SYS EM 

This is a number that · contains on 1 y 'W() permissible 

digits or states. The two states are 1 ('lml 0, ':w j t c.:h position. 

The 1 and 0 binary correspond to the pOG3ibj Li I i(~::~ ON and OFF . 

In electronic logic circuits , the numb'?n~ 1 and 0 usually 

core~s( (ld to two esily c.list inguished colt;=j<V' L"vels . Other 

numbe r systems are the decimal, binary codcJ d eci mi'lls , HEXA-

Decimal code numbers among others. 

Digi tal computers use binary words such i'l S .~ 2 OL even 64 

bit s put into groups of 8-bit s called bytes. Int ,=rmediate 

printouts may then be presented in hexadec:lmc..l n Imbers for 

diagnostic purpose without goin'] through J.d nary- Lo -decimal 

conversion. 

3 . 4 BINARY DIGITAL SYSTEMS 

Binary digital system are for switching C.i.1 < uj ts capal)le 

of rna" ing logical decisions t~at have only two states. The 

basic logic units are define as AND, OR and NOT qates. 

The basic logic gates configura t ion is yivcn below 

(a) AND gate: Tfiis is eqlli valent to connect inS:! svr i tching in 

SERIES. All the switches must be closed for t he light to 

gl ow, i . e for a positive output. This can ~e expressed 



P""lf, • 

in logic fo r m as 1\. B :-.: X i where t ll n el ' d . ( ) sign stands 

for AND see c1i il.g r a m Clml tabl e b e l ow . 

(b) OR gate: This is e quivaJ "" l1 t t o C011 n( '(~ l: .i.n '-J s witvhe'3 in 

parallel. Only ohe of thp swithe s or a 1 L ~re n e e ded to be 

closed for the light t o glow. 

It is represented as A +B = Xi where A I B - s tands for A 

or B. See diagram a nd t abl e b el ow. 

(c) NOT <;Tat e : This ac t s a s a n inv erLeJ . ,l negates whra 
-, 
., s t ate tl'e input h as i it is s ing l e qi'l!.<=> whose output is 

the opposite of th e i n p ut. J t i s expr1'· r:sot] Y -- A where A 

= NOT A. Se e d l a g ram and t a b l e beJ ow . 

I, 

FLIP - FLOP; Any d e vices with two s t a bJ e stat p.s j s called a 

bi-stable. A flip - flop i s a bistable wi th a c i r cuit that has 

two s t able states. 

It can be construct e d by c o nnect ing t .WO Nl\"ND gates or two 

NOR g ates in series with a feedb a ck . A f l jp - Llop is regarded 

as ~ ~emory device use to store a binary data ~epending on the 

-
OUC~ Jt , see c1iagram and t able b e low. 
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AND ga te 
CLi .. c ll.i .. t diagrarr. 

11. B X 

(' , 

X 0 0 0 '0 

l~ c 
0 1 0 (," 

( ' ) 

1 0 0 

1 1 1 

OR gate 

A B X 

0 0 0 t~' __ )~ 
0 1 1 ( ---"-

\ ~) .. --
I 0 1 

1 1 1 
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NO'T' gate 

1\ X 

o 1 

1 0 

FLIP FLOPS 

CLOCKED RS FLIP FLOPS: 

,.~ CLOt.'KED FL1P FLOPS: A flip-flop can be clor :k eu to be able to 

/'store information (either set it or reset i1) Ct'':' G. llY time and 

hold the stored information for any 1e11g1 ·11 o f t- ime. See 

which? 

T' • 



.; , 

18 

Since the R/ S h as two inp u LS 1-: becomes 

disadvanta geo~lS to imp l emPl lt- R/ S for s t::' Ol ' il (] 11 .qJI bi t s d a ta. 

D-Flip- Flop: A d elay flj p-flo]J is used W ', I,. 1t ,1 ;; ing l e d a ta 

input. It howe ve r prevents t h e D- inp1.l t f1-: ( m 1~0<lL }d n g the Q-

output the clock pulse o ccu r s. 

A mathematical too l n eed e d f or l ite manipulation, 

simplification 2nd understanding of c ompl ey l oqi c operations 

and then solving for the unknown i s the BOOLE,\N ALGEBRA . 

Boolean Algebra is meant to reduce c omplexi t y ill c onstruction 

and cos t of digital e quipme nts . 

COllsidering the best possibl e appro;\c h to designing 

circu i ts with maximum ou t put it' s necess 'l r y to d etermine 

whetlH~ r to use combinational circuit s or s equent i al circuits. 

Since information c a n b e st?red in a s equ ent i a. c ircuit, it 

become s important t o cons ide r r easons why it ~.s c hosen for 

most a p plications. 

COMBINATIONAL CIRCUITS: l\. g roup o f i n t e rconnec t e d l ogic gates 

compr i ses a combitlational c ircuit whose ou tpu t VRJ. es at any 

parti LL.lar time depends only on the COmbillRl i on of the input 

values at the same time. Although some ga te s m&y ac cain this 
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final v alue at slightly d iffe re n t t imes t h fl ll ( ·1 hen:; because :)f 

the propagation delay" The c C'"nbinc: t iona' ( i r( ~, l i Ls reach a 

final state determined enti rely unt il t h e iJI II1lL ('ll;:mges. 

SEQUENTIAL CIRCUITS: If a me mory un :i I" 1..f; rldded to a 

comb inational circuit I a seql1ential circ u i t is formed. The 

memory unit accepts some outputs f romt he C'Gmb inational 

circuits I storea them for some a mount o f tj me flnd f eed them 

back into the combinational circuits a s acldjt i onal inputs. A 

into the combinational ci r cuuits as a ddi l i.on<.~ 1 .inputs . A 

current output state depe nds on p r evious 0118 'Jr more inputs as 

well as on current input s tate 

INPUT -------- ---1' COMBINl\TIONAL ~_ I -- - - . -- - OUTPUT 

i '-l 
-- CLOCK 

I __ ..J 

There are several methods ot impl eme n t i ng f lip- flops and 

each i nvolves cross-coupled configuration t o provide the 

feedback that creates latching effect. Mos t s~qential circuits 

contain many flip-flops that are syn chr onised together by a 
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r:1aster clock to provide no time intervals he t \'lPPl1 clock pulses 

at the final states and to provide sys tem L i .n l i .l 1'1 i 0 accomod"'1.te 

both short and long operatioll s. 

3.5 REGISTERS These are group o f fliJ ' - fl r ps connected 

together internally to operate as a singl~ unit device for 

temporary storage of binary data. There Clre r-.vlr ) types of 

registers classifieci according to t heir mocle o f ope r a t ions. 

These are COUNTERS AND SHIFT REGISTERS. 

(a) SHIFT REGISTERS: These a.re made of group [1 j p - flops that 

re spond to a set of control signa l . 1\ '1 J t l tr p lements are 

='ocked at the same time. 

(b) COUNTERS These are made of flip-flcps uf N possible 

states; each state is associated with a llumver . Contents 

of the counters are i nterr>reted as llll mbe rs mos tly in 

b inary or BCD codes . The cou nte r can ,l ',:c r e ment or 

increment the count after N counts by r eve ll ing to its 

initial state and thus repeatin:} the c( luntillg cycle. 
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CHAPTER FOUR 

FLOWCllA-RTS 

diagramlllC'l.tic of an 

algorit'1m i . e. Its a visual picture whj cb 9 i VRS l: l1e steps of 

an algorithm and also the flow of control lJe t weell t he various 

steps. 

Flowchart symbol 

Special symbols are used to depict djffe r ont operations 

specified in an algorithm. 

(i) Terminal Symbols 

start 

It is used for starting , hal ting ')J: t e rminating a 

process . These must Le only one starting poillt in (1 flmlchart 

and a t least (and preferably only) one stoppino pt . 



(ii) 

(iii) 

I/O symbol 
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PRINT I\. / L 

It is used for inpu t or output operati' IU 

Process symbol 

It is used for an operation tha t caus e d a (Ohange in some 

value. This includes arithmetic opernt oj OilS , i'ls signment 

operat ::' o n e .g. initialising a variabl e Hitl) <l value or 

exchanging ~he value of 2 va riabl es . 

(iv) Decision Symbol 

Used to indicate point in the fl ow chnrl when decision 

are to 've made . 
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(v) Connecting Symbol 

1\ 

( . 

This is used to indicate a connection tCI aill ~ther part of 

the chart and can be used for both entry or eyit point s within 

a flowchart. 

(vi) Arrow Symbol >-----. -

Thi s indicate direction or flow of l O~-li': 

(vii) Pre-defined process symbol 

II 
Subroutine ] 

This symbol represents compute.c p rocessing whi ch is 

comple s enough to require a separa~e flowchart to (l~scribe it. 

The b lock contains the names of a separaLr>ly charted 

routine (generally called a subroutine) . 
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The approach wheT'? han1ware ~nd i ts ~lq()J , i LllIlH, (lre tested 

by means of real-time simuJC\t i Oil is in 80lllP r" ; c. ~ -ls knOWE as 

HARDWARE-in-tl1 e-loop simu] ation. Hcu:clware -itl - I III" I nop computer 

simulat ion studies are frpquently u sed i n ~;()n.n areas of 

indus t.ry. (e. g. aerospace) [or testing sys t: r m ('o tnpol1ents when 

full system tests may b e limited in SCf 'pe hec ause of 

cODstrai:1ts in terms of safety or availabili ty of I" he complete 

system for testing purposes. 

The basis for hardware-in- the-loop real~zat ion is real-

time simulation. If we have a computer softwarn wi t h real- time 

simulation capabilities and a co:nputer witl l the necessary 

communications abilities (J\/D, D/A converters for 

ccmmunications wi::h analogue signals or a d i,g 'i. t 2l 1 part for 

communication with digital systems). t hen we have , togethE:r 

with the chosen hardware for test.ing, all the Ilecps s a ry items 

to perform hardware-in-the-loop simulation. 

Cont rol Algorithm testing via hardware-jll-tlle-loop 

Simulation study 

Real-time abilities if a process contrnl s yst em are 

limited by the h~rdware (pc) It enables a sampl ing time of 

50ms o r more (depending on problem sampling si zc ) which is 

satisfactory for many process control applicClt i ol1s e~pecially 

in proces s control applications where time cOJlstants are 
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generally larger than in I [01 exmnplc I 1l1i'lJl . - appLi cations in 

the aerospace area. - The purpOf>p of the ext 0.Jl!" i OJ) of t.he SIMCOS 

language wi t.ll real- time simulr:l t ion capabi I.j : i (-,!=' was to enable 

inexpensive real-time simula.tion on pen-;Oll., 1 ('flmputers 

Simulation in real-time awl hardwarr: - -in - th(3 - 100p 

Simulation within the SIMCOS simulatioll language is made 

possible by:Simulation 

(i) Synchronization of the Simulation aJ ' Jor ithm with the 

r eal-time_ 

(ii) Use of less time consumi1"1g integrat i 0]\ !TIE" lwrls I 

iii ) Realization of input/output data aC<;[ld rd _ti on_ 

The real- time Simulation corw~pt 

The basic concept of r~al- time s i.mu 1 aU on which is 

illus t.rated above, can be explained as foJ l( \\'1S _ 

The Synchro~rzation of the simul()tj (lll ulgorithm is 

introd -.1ced in the simulation procedure ((:ont.inuous time 

integration method) which control s the ,-itne loop . The 
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synchronization initirlli z aU 011 j , ; P:X0('\li' '(1 hpf ore the time 

loop starts while tIle rprl l - t imp is P,(('('lll ,,<1 'I t the beglnning 

of the time loop. tltP. syn c lll-on i7.e.n. w i I ) I t 11(, computer clock 

and thus wi tit the real- t -Lme at:. the C:i. J :" ~:Y 'lchronization 

procedure. The synchronization modul es Cll . lbJ e , t.he receiving 

and t ransmitting of signals witlJin t he comn111l1ication intervals 

on the other hand, the sorting algorithm eJlr:ures t hat at every 

time loop, data acquisition is the fi:>:'st: tl}?erati on and then 

operations on the data follows. 

Input and output data acqu is J_t:.i o li [aL.l lities are 

provided through the Jse of s ni tabl e pe riplv~ra 1 r; uni t such as: 

instrument modules fo r data acquisitiol' (,'\/D and D/A 

conve rters, digital input-output modules) <'Inn a.:. ime base 

generacor. Therefore the configura tion o f t h e personal 

comrllte r must be expanded with sui t able hanlware for data 

acquisi tion involving peripheral units such as those mentioned 

above. 

The MMC-90 controller with the impl e mented control 

algorithm was connected to a PC computer which s imulated the 

process model through AD/ and D/A conv erters (in o u r case PCI 

20000 hardware of 'the Burr Brown Company was llsed ). 
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The MMC -90 ccntrollpJ:' is <:l rl :i'Ji 1 1.1 ':()n l~ J:011er which 

means that it operHtPs wj tIl. digi till n i' rll ,' I s. fTc wever, because 

i t is aimed [or the industrial enVirOIl!n(' llt j 't. has inputs and 

ou t puts for analogue signals which arp C" III ertl-'d in discrete 

signals (and from discrete signals for 'JUtputs ) within the 

controller. The total hardware-in-thp-],·op procedure is as ' 

follows. The personal computer generatps (1 i ~J i.t"a signals which 

are converted into analogue furm by extent'll converters. These 

analogue signals are then sampl ed by MM(' - 90 converters . The 
, 

f'.1:'1C- 90 controller by the aid of its OWll COl Ive cters generate 

ar:al ogue output s signals which are (1 i.sf ' "et ised by external 

converters and transmitted to the simul('1 \ . on program . 

The sampling of external and intern ;) 1 MMC - 9 0 converters 

were no synchronized . The controllers sallll?ling period was 10 

t ime s larger than sampling period of exteJ 11a1 c onverters which 

was 100 ms . This was done to ensure thClt: t"lle IV][\1C-9 0 controller 

"f2els II the simulated process like cun!". -Lr,llUlL , one which means 

tha t the information contained ir. signal r"rom computer should 

b e ~qual (or comparable) to the inform;.tion b . om the real 

p lant. The process model does not exhih i.t large dynamic 

com~lexity and consequently there were ll l) l'umerical problems 

associated with the D/A and A/D converte l rusolut ion . 
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A/D and D/A software routines [01 0 h; ll-:(lw(H~- in-the-loop 

simulation have been incl uqed in the SIl"lCO:: l ;j , ,guage library . 

They were writt en j n FORTRAN and pCl r Li;lJ 1 y i Jl ;O~;~';('mbler in the 

fo~~ of funct ional subroutines. 
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Time synchroni7.(lt .ioTl o L AID (1UcJ III \ ( "ll \T0 rsion s is 

ensur~d through systp.m var j <'11>] (" r:h0.cl< ill< Hi ~ Jl the SMICOS 

language, The srtmpl i ng time which is d eLi 11 C' I 1 l 'll(' simulation 

program by the use r hims e l f has to be execul ell on n ul tiples of 

iliLeg":'dtion routine s computatio .l time , 

As stated above I tl1ere are two possibl ' ~ Wi' T; ": 0 simulate 

the process : By an Euler integration me t h od a~ a continuous 

system or as a discrete system, The Eule,: j llte< ":L'a t ion method 

and continuous system simulat' on lrtS dlC'f-! 0 n be rtuse the 

complexity of the model doe s nc'-. requ i re mo r r sin<ple discrete 

system simulation (wi t h shift operators on] y ). Beside this I 

the p rocess model is developed as continu011s modo]. Before the 

appl icat ion of Euler integrat::.:i.on method with a sl'epwise which 

equal s the sampling rare of exte rnal con',TP1'ters the 

comparat ive simlllation study of t he nonline,lr pl.ocess model 

behaviour with different integration methods ~nd qtepwise was 

perfon ~d. It showed that the necessary ac c u J a cy is achieved 

with the selected integratio n method and sl:eJ 'w j , ',> 

One could conclude that acrordin'1 to simpJe integrat ion 

within and chosen stepsize the simulation can) 'e rea l ized also 

in some standard programming language , Howev('y, l.he general 

purpose simulation language with the real-l: i F'p ab ilities 

assure s the user friendly environment fo r the hardware -in-the-
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loop simulation and minimize comput~r l-~ll :n~--l l ;11l 1111.illq effort. 

An example of the control R) stem Rj\l1llJal i t'll 10f;Ults which 

illustri'1.te control ob j ectj vefl .:pp.cifiecl hy ( ' ,-" r; i, 11101 S as shown 

in figs .4 and 5.Disturbance rejection conlrul to a step 

disturbance at 5000s on both inputs was si mnl? ted. The set 

points for both outputs were determine as the values of the 

process outputs without d isturbances. The mlllilr compositions 

of distill a. te obtained by the real-tlme Rim lliltion with 

hardware -in-thc-Ioop are given in fig . 4 whil.e the control 

signals are given in fig . 5 . From simulation l~SU]ts it can be 

concluded that SIMCOS simulation programme ·i.s n s uccessful 

replacement of distillation culumn t or the c<Jlllrol testing 

purpose. A further discussion about results [Jom th~ control 

point of view i s here omitted becaus e it is flOt the issue of 

this paper. 

During the building up an running of the ha.rciwaro.- in-the-

loop testjng procedure many advantages ar; wpll. as some 

considerations for the testing procedu re werr' observed 

The advantages are as fol l ows: 

(i) The ability to test the controller withollt having to U'ie 
-.,.: 

t he plant itself 

(ii) The possibility of controller parameter I.un .i ng is given 

without involving the plant itself_ 
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iii) The influence of h a r:dware l -Lmitations (~ a I l)f' ol'served . 

Some consideration fo r tlw descri bed 'e :: l i 11' 1 p rocedure 

are as follows " The proce ss cO;1strCtints (inc) IIdj l1 ' f ac tuators 

and sensors) and other nonLLnearities o f :i mpo l L;-11H.: n ~Y8 to be 

included into control testing. 

Nnrmalizin9 of input and output conI n -,118r signals 

because of converter resolutions and domain j 8 n(~cE:..,; sary . 

The computer simulates a continuou s tj lnP proces s and 

controller has to receive signa13 from compute r whi c h contain 

the same information as would signals f rom Ulr ;-J (-:I · un.l process 

otherwi s e unexpected results can be ob t ained , 1\: t l1_ stage of 

control commissioning . Consequ ent ly r he cant 1-:01 1. er sampling 

time has to be longer than the integr~tion routines 

computati oL time of the real - time simulation. 

The simulation and controller can be run f a st.er than real 

time at a predetermined fixed multipl e provld r> (] that the time 

scal (-" required is wi thin the range of tIle C 01 ! t roller and 

converters (e.g. sampling time is not too [af:t ) . 
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CHAPTER FIVE 

5.0 CONCLUSION 

Th~ use of a general pur pose s imulClt :io)1 f()l real time 

hardware- in-the - loop simulation studies off, ,:t"s i n expensive 

possibilities for multi variable and other cnmplex algorithm 

testing. A lot of implementation issues can b e encountered 

and solved , before the control system is -Lmp lemr-:nted on the 

real system. 

While in other fields, hardware in th~ll loop t esting of 

control algorithms and hardware is not Ul1COmm(l ll, t h is approach 

is not frequently u sed in process control. However , it gives 

some a dvantages tn control des i gn, with 

impl e ftlcntations of more advanced cont r ol 1\10 ' l r i. t Inns as shown 

above. The loop procedure is to r eplace :I nc} connect the 

control Hardware to be tested to the c ompu t e 1: v i r\ :r:ecess any 

conve r t e rs. 

Furthermore , the speed up factor i n rf'~ l t-_ i n.(" si.mulat ion 

using m~lti processor resour ces st r ongly rle p cnds on the 

architecture of the multiprocces s or sy stem , on the 

interconnection between parallel proce ssors . 



Therefore the asynchronisa.tion I/O COlllnll ' T) i cClLjoI1 bus has 

been paid attention. P()rallel signal p .n ICC' :f:IH~: ' iNS 320C40 

allow simultaneous CPU (mel I/O oper;,t::. j OT1f1 ' l r-: L1l'J 11 Lgh-speed 

8 -bi ts communication pnrts and G - channels 1 'r'll\ coproccessor. 

DMA coproccessor maximises sustai ned ('PUs performance 

providing continuous data transfer between pr0ceRsors over I/O 

ports without any CPU intervention. 
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A r ,0 OIWJlM..bt:lJ1J~!S.QW~ Mr\'J iL ... 

where go = T fUllction of the output Go-= T.F of input from the ahoy"~, j l ('~Itl be noticed that 

The effic iency of the parallcd simulation algo rilhnl is higher ll1;111 tl Jl.~ crTicicllcV of the sequental 

algorithm. InConnatioll cxhange during Ballk notes (13N) process ing ill the p:1t:l lk d is more efficient, 

since t11c :,:s ~lges arc invo lved. 

The ou tput Go Iwppel1ed to be all improvell1 cnt on the old S), '; lCll l. 

Simulation analysis showed that hardware in the loop systel11 S go a long way in system 

_evelopm : ~1t and appraisal. 
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1 REM THIS PROGRl\M IS .1\BOUT l\U'I'UMl\.TI C 1\1\l"Ir-:- tTt )'I'l':~~ PROCESSI NG AND 
SHREDDING. 
REM IT IUVOLVES USING 7\ Snv'lt)T.7\'l'10N 'IT:CJHJl01W I ~":,,,,:pnl' TO l\S 
REM HARDW1\RE-IN- THE-LOOP METIlOIJ 
REM IT SORTS Bl\NK NOTES INTO FT'l', UNFI T, ~11l\1'I11l\. I tl ': PFf:T[ON 
REM l\ND S HREDDTNG COMP1\CHv'JEtJTS . 
REM *** TIllS PROGRl\M IS y,1RIT'J'EN BY l\DJO:I1l\YO Fl\I.I·:FII 1.t) .. , ,-+ 

COLOR 14, 6 
PRINT "THIS PROGRl\M IS l\BOUT AUTOMl\TIC Bl\Nr-c f.l( )TI·;." PROCESS ING AND 
SHREDDING." 
PRINT "IT INVOLVES USING 1\ SIMUL1\TION TECHNIQtm l'I~FE, ) T'J':]) TO AS" 
PRINT "HARDv.7ARE-IN-THE-LOOP METHOD" 
PRINT "IT SORTS BANK NOTES INTO FIT, UNFI T , Ml\I-JUl' 1. HJSPECTION" 
PRINT" AND SHREDDING COMPl\.CTMENTS ." 
SLEEP 3 
REM SECTION TO T EST IF THE CURRENCY IS DOGEl\R 
CLS 
LOCATE 10, 26 
PRINT "IS :.'HE CURRENCY DOGEl\.R [YIN] " 
REr1 SECTION TO CHECK IF THE l\.NS\vER IS CORRECT 
15 Q$ = INPUT$(l) 
IF UCASE$( Q$ ) <> "Y" AND UCASE$(Q$) <> " N" THEN 

PRINT CHR$(7) 
GOTO 1 5 

END IF 

IF UCASE$( $) 
GOSUB 100 

END IF 

" Y" THEN 

REM SECTI ON TO TEST IF THE CURRENCY l~": THICKER TlIi\N S j'l\HOl\RD 
CLS 
LOCATE 1U, 18 
PRINT "IS THE Cl'RRENCY THICKER THAN STANDARD [ yiN 1 " 
REM SECTION TO CHECK IF THE ANSWER IS CORRECT 
16 Q$ = IN PUT$(l) 
IF UCASE$ (Q :.,,) <> "Y" AND UCASE$ (0$) <> "N" THEN 

PRINT CHR$ (7) 
GOTCJ 16 

END IF 
IF UCASE$ (Q $) "Y" THEN 

GOSUB 200 
END IF 

REM SECTI (),; "lJ TEST IF THE CURRENCY HAS ANY MISSINI:; P]\PT 
CLS 
LOCATE 10, 19 
PRINT "IS THE CURRENCY HAS ANY MISSING PART [YIN]" 
REM SECTION TO CHECK IF THE ANSWER IS CORRECT 
17 Q$ = INPUT$(l) 
IF UCASE$ (Q$) <> "Y" AND UCASE$ (Q$ ) <> "N" THEN 

PRINT CHR$( 7) 
GOTO 17 

END IF 

L..-----r--;-:--;-------... - - - . - _. -

" , 



IF UCASE$( Q$ ) 
GOSUB 100 

END IF 

"Y" THEN 

REM SECTION TO TT;:~~T IF TIIP. ~ 'l mRF:lf('Y 1:: F1V··Po 

CLS 
LOCATE 10, 27 
PRINT "IS THE CURT<ENCY PAlm [Y/NJ" 
REM SECTION TO cns( ~K IF TlIr-: J\N;;~'Hm IS CORR.l-;:CT 
18 Q$ = I NPuT:;; (1) 
IF UCASE$( Q$) ,-"> "Y" AND UCl\SE$(Q$ ) <> "N" THEN 

PRINT CHR$ (7) 
GOTO 18 

END IF 
IF UCASE $ (Q$) = "Y " THEN 

G0SUB .100 
END IF 

REM SECTION TO TEST IF THE CURRENCY IS FIT FOR CJ I~CUT ,ATION 
CLS 
LOCATE 10, 21 
PRINT "I S THE CURRENCY FIT FOR CIRCULATION [y iN]" 
REM SECTION TO CHECK IF THE l\NSWER IS CORRECT 
19 Q$ = I NPUT$(l) 
IF UCASE$( Q$ ) <> " Y" AND UCASE$ (Q$) <> "N" TIIPoN 

PRINT CHR$(7) 
GOTO 19 

END IF 
IF UCASE$ (Q$) -- t:N" THEN 

GOSUB :;00 
END If' 

REM SECTI ON TO 1'(':.;'1' IF THE CURRENCY IIl\S THE CORRE( 'T I-J\,} TERN 
CLS 
LOCATE 10, ~ . L\ 

PRINT "IS T \ ~E CURRENCY WITH rHE CORRECT PATTERN PIN ] " 
REM SECTIO~ f O CHECK IF THE ANSWER IS CORRECT 
20 Q$ = I NPUT$(l) 
IF UCASE$ (Q$) <> "Y" AND UCASE$ (0$) <> "N" TIlEN 

PRINT C2R$( 7) 
GOTO 2 0 

END IF 
IF UCASE$( Q$) = "N" THEN 

GOSUB 500 · 
END IF 

REM SECTIO TO TEST IF THE CURRENCY IS ON THE COUJ.lTIN(~ 1RACK 
CLS 
LOCATE 10, 21 
PRINT "IS CURRENCY ON THE COUNTING TRACK [YIN ]" 
REM SECTION TO CHECK IF THE ANSWER IS CORRECT 
21 Q$ I N UT$ (J. ) 

'" 


