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Mlcrocomputer Systems for Chem1cal Process Control
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Abstract
Microcomputer systems for applicetion to chemical'process'
'mOnitoriﬁg and{control are presented. Recently developed modular
.chponemts'are described whichvexpand the utility of 8fb1t>micro—
ifcomooters»in_&ata~1ogging andvanitoring'syStemss processfsequence

controllers and direct-digital process controllers.
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Introduction

:~Mi¢rqprocessor—based microéomputeré have significanf’potential
for.dediéatea chémical process control appiications.‘ Miérocompute?
systems are éurrently capéblé_of makingjthé same ‘impact on chemical
ﬁ;ogeéé cdntrbl that 1arge scale'digital.computers did in_the'earlyb
: 1960;s {l]. Followiﬁg the introéuction of fhe PDP;S and PDP-8
fminicomputers inbl963 and 1965, respectively,‘thé‘costiéf'indﬁstfial
xédmphtér.conﬁrol eqﬁipment has falien»steadiiy, owing largely'to‘
coﬁfihuous'improvements.in integrated_cichit éiée.and éompiexity, and
- in processing cost réﬁuctién for semiconduétor IC's Which havé averaged
30:perceﬁt'pef year; ‘Just as the mihicomputer.has iﬁtrodﬁced
significant fléiibility and simplifie& sYstemﬁdésigﬁ for autpmafid
pcheéé‘control, the microcomputer’introdﬁées a unique éompaétneSs
and modular simplicity to thié field, andfmakes possible a‘widé'
range of»ﬁew-applications.that pfevioﬁsly required a significantly
more expeﬁsivé, dedicated computer. |

In this paper the results of the. author's current'program on

.vmicrOprécessor systems studies 'Aafe»presented'to deﬁonstrate ;nd
" explore thé range of feasible miCrocompufer épplications to chémical
process control. A primafy dbjectivé_of-the.author'é currentvprbgram"
has-Béen t6 exp1ore applications in fechnologically.importént_chemical
-industries; but.a sec0ndary objective has been to develop general'
purpose controi systéms for usé.in univefsity¥based chémical engineering
researcﬁ. The microcomputer systéms descfibed are based on the Intel
8008 and 8080.microprocessofs,'buf:inte;féces and‘applicatioﬁs éhould.

be compatible and easily extended for use with other microprocessors

~ as well. e S e o0 DO



Microprocessors

.Microcomputerbcontrol systems are based on one or several
integrated circuits which are the central processing unit (CPU),.
or microprocessor. The microprocessor is a direct outgrowth of the
extensive advaﬁces_in integrated circﬁit design andbin<microelectronic
device processimg techhology. The deyelopmeﬁt of large¥scale
integration (LSI) of imtegratedtcircuits otiliées both metal-oxide—
semicondcctor (MOS) and_hovel bipolar technologies. _The perfection
~ of n-channel MOS LSI technology has made possible the‘processing of
circuits'haying higher component:densities, lower powerbrequirements
acd better proauction'yields over the eqoivelent Bipolar circuitsv[Z].
bThese:advances led to the_introduction of the microprocessor -~ a
4—bit.programmeble microprocessor on a single silicon chip - by
VIntel Corp. in 1971, which, when combioeo with a memory cdntrol, a
'temporary memory storage and a master clock, constituted an entire
'.microcomputer that originally could sell for less than $50.00 [3]..
During the last four years, over twenty different LsI microprocessors
chips, and microproCessor multichip‘sets have been introdoced,'with
word 1engths ranging from 4 to 16 bits [4,5]{‘ -

fwo characteristics of the microproceSSOr are of fUndamental
‘importance in microcomputer comtrol sYStems development. These are
the execution speed or cycle time of the CPU and the word leﬁgth or..
number of'lines in the data bus. For chemical processes monitoring
the cycle time of even the slowest CPU is sufficient sincetno'

calculation time is required, whereas for process control applications



with extensive real-time calculations of control algorithms, higher

.speed microprocessors are required.

Ihe‘84bit midroprocessdr appeafs_tq be a good compromise Between
bit size requirgmenté for CPU sophistication and.aata'bus size for
minimiéing.theasupport*systeﬁ éompleXity; and a pppular choice
foy uée in'tﬁe'development ofudigital procesé control systems. The

‘eight—bit'word'length, althoﬁgh‘insufficient’fof the precision

féquffed iﬁ'many chemical pfocess.conﬁréi'éﬁplicatipné, is'a'cénvéhient‘
. éhéice for the-deéignér of digital,procéSs cohtfollefs because of

itﬁé éasé‘in matéhing to other available IC cbmpohents and.Because.'
- of'wordrsiéé—benefits_in.datavtransmissiOn apbliéétipns. An example
'of_ah 8—bit_michprocessor'chip is the Intel 8080 CPU sthnvin

Fng 1. This ghip circuit contains over 5000 transistors, has a

' lG—bit'internal data bus, .and a cycle time of 2 ji-sec [6]. -

The current trends indicate that microprocessor-based controllers
will soon become more economical replacements for hardwired electronic,

as well as electromechanical and pneumatic controllers in many

applications [7,8]. Thus, microcomputers have enormous potential for

low—cost,_dedi¢atéd digital process control applications.
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Modula; System Compongnté

The miéroéompﬁter sysfems currently used by tﬁe author ih'
ﬁrocéss cdnfrol studies make use of the bus-oriented, modular ‘ ' R
design apﬁroach developed at.the'Lawfence Livermore Labbratoiy [9]. Thé-'
lbgic-ﬁodules are computer elements assembled on- 3" X 5"‘
printed circqit'boardSa These plug into a"parallelfﬁiréd bin chassis
which éarries data énd contfo1 signals'in-a parallel férﬁat'betWeeﬁ
thé modules. * The basis'fbf:the'modular‘design approach was origiﬁally set
to meet troublefshooﬁing and Servige%function‘requirements.of the |
central pfégéssing ﬁnit. . Because éfvsize and complékity limitations
véf many micropfoéessér chips, such'functioﬁs as memory addreséing
and inpﬁt;out.éontrollingbmust be carried:out.on suppérfing'electréﬁic
-_circuits. Additional impetusvfor;extehdingithe modular deéign concépt
to peripheral‘anctions is the eﬁéineeriﬁg QOal of adépting thé'
‘"microcomputer to a‘iarge_number of specialty applicafions, The
'_médular-design approach makes possible the construqtion'of custom—made,
deaicated microcomputers Qith a ﬁinimum_of circuif-wiring and.
périphéral'contfol logic design. |

Thé basic :8-bit microcomputer systém.built.around the Inpel 8QQ8
consists ofvthe gentral procéssing-ﬁnit and tﬁe §upporting_LSI
circuit components on three staﬁdard, printed circuit boards. Theée
boérds, shown in‘Fig,  2, are the‘central proceésor'board, the input-
output conérol board and the memory address board} -Thé threéxboards_
supply-all‘of the timing, tri-state buffering and addressrdecodlngv-

needed to support the operatioﬁs of the basic microcomputer.



| The central processor board contains the heart of the micro-
CQﬁPUterjsysteﬁ, thelqeﬂtrai ﬁfécéééing.unit; é éingie“bipolaf;:LSi‘
intégrafed circuit. In‘addition, the béafd c&nféins severélviow_
iﬁpgdance inpuf-drivér'cichits, two_4—bit input ﬁultiplexefs with
 Euffers-and a'iqu—8 binary'decodéfL .The$e circui£s ﬁrbéeés and
:decode the inétructioﬁs of‘Phe‘centrél pr;cessiﬁg:unit‘that ére
'sent t§,>andlreceiVed from; othef”bbafdé'iﬁ the ﬁiéfoéombutef éystém:
.The;mémpryvéddress storége“bdardvéontains‘foﬁr trifstéte;regi;tefé;
le;ch wifh;4'bitsg and assoéiéﬁed;iAVérfefs to inVer; thé ldgié'
'.onla'Ir-it'yk. _ .‘Th'e memory‘_élldd_r'ésis' ‘s‘,'.t.:lorage r'égi's;'teré. latch an_d ':Vho'ld‘ the
ﬁemopjfaddrésS'dﬁfiﬁg the méﬁéry read and‘ﬁrite segménts 6f“the
‘timing cycle. Thiévboard also contaiﬁs.a programmable‘féad4éplyv
méﬁérvahich storeé the 16west‘numbere& ﬁage'Of:the opéfafing
system prbgram.’ The inpuﬁ—outpuf éontro1 bbérd geﬁerétés‘all>timipg_-
iand,cbntrdl'éignals‘requiréd by the centfal processing unit,
as well as for the.8—bit’meﬁory‘address_bus,hperiphe;al control - -

v'multiplexeréiand décbdersﬂ' The.board:cqntains four_Variablé'

'potentiometers fof trimming the §w§ fiming'pulseé,'Whicﬂﬂéfe e£tremely
'  cfiticalZfofvsuécessfu1 QPerétion," | |

Albasic microcomputer.system baSed-on the Intel‘8080'microp?bce530f

-has been developed oh’two éard modules. The miééopfdceésdr mbdule._:
cdntaips the Intel 8080 CPU chip énd 1ééié circuité fdr-timiné and
control signal processing. The 8080 confrol'modulev contains the
clock genefator,vaﬁd generates_all'timing; éontrol and étéfus signals .

forvthe'8080 microprocessor module,vand‘for RAM:and PROM memories.
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The #wolcard—modulé sét for the 8080 CPﬁ is shown in"the iowérv
panel‘of Fig. 2. . , }.  ' - _f'.
Memory modules have been‘deveioped which contain-lKXB bité of
randonraccess'ﬁemory (RAM) or:alternately progfaﬁmable read-only
memory (PRQM)}i Based’on.q désign3develobéd at the Lawrence Livermore
Laboraﬁéry, thé'1024—word.random access memory‘modﬁié c@nﬁains'éight;'
1024X1—bit,'silicbﬁfgate, MOS integrated:circuifsf " In the 8008 system.
dp'tovsixteen 1024-word RAM boardsvcan.be éeparé;ély addréssed by tbg
- memory addreés board, while 256.iﬁput$ and outputs éan Be addreséed'
by th¢.8080‘sys£em. Also, byrblaéiﬁg.a 4—1iné»fo l6—1ine décgdé;
demqltiﬁleXer on eaéh memory board to éd&réss thé_gighf individual
_RAM chips, fhe modules become indepeﬁdentlof'the slot they occupy in
the meméry section of the biﬁ chéésis. 'Thé;1024—word'PROM ﬁodule
"céhtains.four 256;word read-onl? memory éircuits,.eéch of.which can
,Be programmed by a spécial prpéramming unit which traps charge onvthé
silicon—gaﬁe;:MOS cifcuit.eleﬁentsfby_seﬁding.a égrfént pUlse thr;ugh_
fhe elemeng; The PROM can eaSily bé "erased" by exposiﬁg it to ultra—v
S : . / o
violefslight;‘Which activéteé the trap?ed qhafge and alioWs.it7to_
lead‘aWay“to gfound. A 4;line fovl6;line dgcodep déﬁultipieXer
circuit is requiréd'to decode the PROM addreés from phevmemoryiéddress
storagelboard.: The decoder is-sufficient to,acgeés up toieigﬁt”PROM"
lboards, for a possible PROM memory_of‘SK'of 8—bit‘words;
Figure 3 shows spécial purpése modules: a program stack and a
. dual-restart board arevshown froﬁ upper 1eft to right; boards
ICOntaihing digital—to4analégue'andﬂénalogue—to—digital convérters

are shown at lower left and right, respectively.



" The progrém push—ppp.stack_module has begnldésigned as a
_peripheral.cirééit fo the 8008-based microéompqtgr.ﬂ This module
cbnsists Of a i6X8 bit-fead—wfife meﬁpry andlan up—déwn'addfeSS counter
which boints to the top of the stack; The module.ié ﬁsed'in'cbmplex,
multi¥1eyel software apﬁlications to>étbre’the state of the machine
~.at é.program—bfeak boint, and ‘to hold the parametérs for sqbrOutine
" calls and refufns. . The dual—réStarf.bdéid functioné asAa manual
,_restart Qf fﬁé micrqproéessorss_or as.én autoﬁéti¢ restért at‘é
étared.locatibﬁ'in_memdry. This Board ié uééfﬁi iﬁ softﬁafe—debug
. and;alsbziﬁ:ekécﬁting.two—levél priorif? interrqus.::The anaidgfto—
digitél, aﬁd digita1—£o;ana1og cdnverteré (ADC an&'DAC) are twelve |
bit fésistahce ladder—petwo?k”devices with’a samplinglﬁimé of 2;25
usec; The DAC has a deCOder circuit'ﬁh the'module,whicﬁ sequeﬁtiaily
stofes fhe higﬁ—order and low*order,é bits on a ﬁri—staté latéh'

connected to the data bus.

Interfaég Modules‘

!éenéral and‘special ﬁﬁfposeAinferfage ﬁodﬁlgsihave‘beenrdévélbped_'
for interfacing 8fbit miérbéb@puters to chemical procesé épparétus.
Sevéfai circuits were develoﬁed to sblve_typicélvlgboratory‘iﬁterfacing
problems [10,11]. |

A basic~prqblem_§f iﬁterfading:to>8—bit microprocessors,
especially thqée.ﬁith»limitedbpor£—addressing capabilities such as
.the intei.8008 CPU, isftﬁaf'of bringiﬁg é large number of parallel
1ines to'the'S—bit data bus with a 1iﬁited number of ﬁdrts uégd.-

For interfacing to digital volt meters with BCD output; this problem



has been solved by partitionihg ﬁhe input lines into 8-bit élices, as
vié showﬁ.in Fig. 4. For BCD digital’panel metef intérfacing; the ‘
foﬁr liﬁes“from each BCD digit are each connected to 4-bit latches.
When the interface output line is‘enabled, the éontents 6f ﬁhe
accumulator is‘used to seiectiVely enable 8-bit tfi~étate’bufférs"
éach connected to two séts of BCD digit lines, thus cohﬁeétiﬁg theéé

lines to the input bus. In this'exémple the lower 4 bits_of.an

oqtput port, OUT 4;rare usedvto cOnffdl-the'intérfécé operation}
They are-latched.by D—typé flip flopé-whenevép thé éofresponding
'Qutput instruction is_issued; The bit: 0 on'thé butPuﬁ'Bué enabies tﬁé
DVM'ConvérsiOn,:while bit 1 selects the inpuf bf the ﬁdst sigﬁificant' 
.aigif (MSB. or lO;OOb's bit), the éignrbit and the "busy fiag"
.Sit. The other bits -on the output bus_séléct ;espectivély_the
'vrémainingitwo 8-bit slices:containing the BCD form of.the iOOO's through
.'fﬁe uﬁité digits. |

{This,genétal purpqée interfécé modules héé béen successful - for
‘interfacing:fhg microcdmputervto a Newpoft ZOOOB.é 1/2 digit panel
mefer:aﬁd to a.Preston 723A digita1'vd1tmétér as well és-to a tape
recorder for data storage;v A module of_a'similaf dgsign enabies the
transfér éf data from the output bus to latches on tﬁe input—output.
module. - Software programs have been déveloéed to read:the.BCD
rbutput code of spccessively latched digits of a digitél panel meter,
to store a block. of daté'at_a rate up to 150 Hz, and to print‘stored
data’in several formats on a‘standard teletype.v.The digital panel LED's.

also serve as a status monitoring display [10].. -



Autdmatic switch10§érafiop’is anothef very.typiéal featureIOf
prpcess;bohthi syétems, when Qﬁ—dff.qperation of control'¢§uipment
' such:as motors, lights, valves, meters;valarms, eté;,_afe_to be
uﬁdei éomputer control.

A simple éWigch ﬁatrix has been_constrﬁéte&:to céntrol éix :
double~throw, single‘pdle reed reléyé;‘abie to switch;cﬁrrents up to
i ampere,cpntrolled by a Single output port. Two opticailyfisolated

solid—stéte ﬁower relays-abie-to switch éurfents‘up to lO.ampefe»
are'éléé includéd.' This intgrfaceicircuit, shown in Fig. 5,‘also
éOHfains 8.LED‘indicatofs'which indicafe the state of the feed relay
Switchés;

Sevefal binary_real—time'cldcké inéorporating:MOS'timing
circuits and quartz bscillators have also been‘dévéloped to pfbvidé
a time base for p?qcess control_functions.. The designs‘use 4;bit
synchromous biﬁary’éouﬁtefs”éndilook—ahead iogic'fdr the.carfy bit,
" thus assufing fast, simultaﬁeoﬁs SWitching'of counter flip~flops
and ésfnéﬁfomoﬁs read-out of the contents onto the iﬁput'Bus'thrbugh
_tri—staté buffers. The clocks”can bévréset‘uéingta siﬁglelbitvéf
‘an output Pbrtfll]; | | |

| A general pufposé keyboard and_digifélvdisplgy fér maﬁuai 
erfride 6f‘a process m&nitor.is'éhéwn in Fig; 6.‘This?keyb6ard'hés:‘
been used in.a'digitél taﬁe stdragevsystgm develbped for digital data
.Qtorageﬂ Baéed on an iﬁekpensivé tapé deck, this éyétembinteffaCes
to the_ﬁicropfécéSSof through a general—ﬁﬁrppSe, l6—bif‘interface
vmédﬁlé. ,Bit'effors during the read.cycle afé reducéd By sensing

both leading and trailing edges of each pulse. Tape storage is useful

Cosengponaoag



10

for later statistical analysis or for data storage prior to off-line

analysis.

Prbcess Control Devices

Traﬁsdﬁcer teéhﬁology is an essential component pf éﬁtpmatéd':
contrql'[iZ}. ‘IranSducers,are_needed tO'Cdpvért'précésérvariables
into digital-éignals and back agéin; -Schematic forms of a humber of
_input and output déviges are éhown in Fig. 7. |

vBy faf;_the primary vériables'iﬁ'fhe'chemiéal pr6éess industries
,ére vapor or liqdid tgmperature; ﬁreSsure, flow raﬁe'and quantity '
v(iiquid ievel). Thermocoﬁbies prodgpe aﬁvanalog voltage Qirectly,
vwhilé pressure transducers and diffé?éntiél'preésuré'transduCers
" are peeded-to convert strain,:drbdiffefential strain,.respeétively;
into a voitage, which is tﬁen-digifiZed by a thin film résisﬁof -
léddef netwofk and véltage.comparator (an analog;to+digitalvcoﬁverter).

‘ dutpqt controls»most easily implgmented in ﬁroéess control are

the stéppiﬁg motor, the splénoid switch; énd tﬁe.éolid—stgtevor ac
solenéid, These contrpls afé'also shown ééhematiéallyrin Fig. 7.
Ihe analog output to_aﬂ électriéally_qdntrolled:vélue.is rebreéeﬁtatiye.

of control set-points of analog process controllérs.'

Transmission:Links

.CQstWreduction work in induétrial; computéf_con;rol applications
has beén centered recently on aeveloping methods of remote digitizing
and remote multiplexing of plant variables [13]. Methods of connecting
'microcémputers to femotg equipment has become a concern of the author'é

present program. Of the many systems developed or proposed for data
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'"highways,- three'show the'necessary Widespread acceptance and.
Tstandardizatlon needed for 1ndustr1al acceptance | These are the CAMAC
_-Series Highway [14], the Hewlett Packard Bus Interface System [15},.
,and the Teletype Interface [16 l7] The Hewlett—Packard transm1351on
path length is- limited to."50 feet maklng it nnsuitable for 1ndustr1al
applications.. Also, the teletype system.has not gained 1ndustr1al
"acceptance in plant use, - Consequently, 1t appears that the CAMAC

system, with its maJor 1nternat10nal backlng could become the standard

‘for.remote data transmission.

:Operating*lnterfacing

._Qperator'interfacing'between thevprocessvengineer'and_the
compnter—controlled process.mnstvbe”presentvinvsome'form tofallow
’status;inspection; The operator interfacevequipment.can consist
of display dev1ces, consoles and alarms. The operator—interface
" equipment available for process monitorlng 1s exemplified by the
Automatic Batch Monitor System developed at‘the Lawrence Livermore‘
_Laboratory,.the schematic'for which_is shown in Fig. 8. This'systemu
is'baseduon the Intel'8008’microprocessor interfaced tofteletype,
’v1d10 display, electronic keyboard teletype and]high—speed'reader

[18J

fSoftware Developments |
A majorbreqnirement for implementing microcompntersiin process
control applications.is the development of_softmare programs.” Some
of the software developments utilized.hy‘the adthor's.research group
are summarized in Table T.V'Basic programs forvassembling octal
coded programs frem instruction mnemonics or from a programming
'language, and for program simulation have been developed by lntel

lesponep 000
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. Table T -

Software DeVelopments for Microprocessoré

' Based on the Intel 8008 and 8080 Microprocessors

'Aésémbler
Simulétor
PL/M

ASéembler

* Floating Point
. Math Package

ODT
oDT-8

‘Research ODT -

Assembler .
Editor

Disassembler
Monitor
Controller

Titrator

Chromatograph

Controller

DDC Simulator

.

b N

Function . .~

.Program Assembly from Mnemonics
-Program Slmulatlon
'Program Assembly from PLN

-'Program Assembly‘from Mnemonics

Basic Mathematical Functions

 Bas1c Operatlng System

Input- Output Oriented Operatlng'_

System

';tRésearch—TeSting Oriented“

Operating System

Program Assembly from Mnemonlcs

Program editing

‘Mnemonic Transaltion of Octal

Code

_Process Monitoring of a

Tlme—Dependent Process

Monitor and Control Equlllbrlum
Electrochemical Experiments

‘Control Electrochemical

Titration Experiments

Control and Real-Time Data
Reduction for the Gas
Chromatograph

Direct Digital Control"
. Algorithm Simulator

Intel Corporation

Lawrence Livermore Laboratory '
Recognition Systems . :
University of California, Berkeley
Control Logic Corporation

s

v Comguter_
' CDC 7600
CDC 7600
- cDC 7600
' DEC PDP-8,

Intel.

Ihtel
Intei
Intel
‘Intel
Intel
Intel
Intel

Intel

Intel

Intel

8080
8080

8080

8008

8008

8008

8080
8008

8008

8008

8008

' gnd 8080

Intel

8080 -

Source

N R e
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' 00rporation to fUn 6n the,CDC.7600. The_Lawrence'Liﬁgfmore Labotétury.
hasifurther dévelqped'thé assémblef_program for use on.the PﬁP48, and
has developed a basic operating systemvforlthe Intel 8080 [19],_as
weil‘as.general—purpose subroutines [20],‘and a programming guide [21];
Effecti&e operating systemé wﬁich stress input and putpuﬁ Qpérations
Vhave:recently been developéd.at the University 6f_Calif0£nia, Berkeley

[22].

A‘ResearchQOrientedbOperating System

A reseafchiénd‘utility 6pefating:sysfem.has feéently bégn'implemeﬁted
“_in:miCrécomﬁq;ér control systems in the authOrié laboratory [23];
iThisﬂbpeféting'system has séeciél editihg facilitiéS-fbf.editing and
moving program text,fof.inserting‘Break;péints during.prqgrém—.
'-&ebug; and‘fof listing the éOntents of ali operational‘registets
includiﬁg the ﬁemofy éddress poinfers and thé accumulatqr at‘prégram
fintéfrdpts. The syétem utilizeé several operéting levels to allow ,
_ exécufion of a sequence of program cells by -a single telétype
kEyétfoke, whilévperforming a different function for the same

keystroke in a different operating level.

.Floating—Péint:Mathematical Subfoﬁtings

 1 A flééting point mathémgtical_subroﬁtiné péckage wriftén by
f'RecognitiOn SyStems for the.LawréncebLivermoré Labbfatory héé been
improved by the author's-groupﬁ Both 24-bit. and 32fbif f1oéting
point computépiohfcan bé performed'with.input or outp#ﬁ»in'either
‘ bihary_ofVAscii fbfmat;’:This subroutine package'has béen inQaluéble _

for statistical‘and,closed—lbop process control applications [24].
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System Prdgramé

‘The implementatioﬁ of microcomputet systems fdr pfocesé monitoring
and control reqﬁirés softwaré prdgrams fqr input'apd oUtput.déviCe
_ control, for déta transmissipn and cohtrolqu oéérator intefféges,
and for'spetialized proceés coﬁtrql, softwafe prpéréms availablé to,
Qf used'By‘the_authdf's'reéearcﬁ gfoup aré‘sﬁéwn in Table 'i,-

Syéfem program packages;consistingbof.thé opera#ing system,
. data pchéssing programs and cont?ol:progra@s havé:been Hngloped'
.for‘séveral applications. In géneral,‘thé prograﬁ flow charﬁ showing
- _tYﬁicai pfocess ébntrol’élements utilization isushown-in‘Fig. 9.:
Prqgram inputs are:thé system parametér ahd'stfuctufe'ihformafion
values of,operational variablés.and control switch and aiarm déta.»
'Priméry program output funétioﬁs are. data sﬁorage,;aigital and -
vanalog signél output. The combination of aﬁaloé or digital iﬁputs
-and Qutpqts is feqﬁired for direct-digital prbﬁesé éontfol. vAll
of these elements arg:presenf in several sbééial;Pﬁrp§Se'miéfdcompu;er

- systems which are described inrthe following section.

_V"SpecialfPQrpgge Microgomputgr Systemé
The moddiar approach to microéomputer system design'hés
fécilitatéd the development of Special—purposé miérocomputer syétems
for'application in chemical process qontfol ana in research. Table II
summarizes tﬁe special'featureé of.seQeral microcomputer systemé'
developed in tﬁe author's laboratory. All of-the specialty modules.

~ are functionally compatible with bin chassis for the 8008 and 8080.



Table 11

' Summary of Spec1al Features of Microcomputer Systems
- Developed. 1n the Author s Laboratory

Gas Chromatography

Electrochemlcal'

' General-Purpose .

Features
System
Hardware:

Yy

o

e

oo B

M

e Memory:

)

o
Software:

e

o0

Process Monitor:

Tape Deck Control
Circuit ,

Serial Teletype
Interface

Digital Voltmeter -
Interface . . .

1Kx8 PROM
2KX8  RAM

Input—Output Orlented
‘Operating System

Tape Drive Control-

Process Monitor
Program '

DVM.Read Routine

‘Ananalyzer

Digital Voltmeter
Interface

'Serlal Teletype

Interface.

_ Program Stack

Real-time Clock’

"~ 3KX8 PROM

1KX8 RAM =

Research-Utility
»0perating System

Floating-Point -
Math Package

' Mean of N Points
' Standard Dev1at1on

Integratlon Base
Line Correction

 Experimental Controller

ﬂDigitallPanel Meter

"Interface

Serial Teletype

Interface-

Crystal—controlled'v
- Clock Circuit

ControliLatch'

'Temperature Controller

Interface

Input Mhltlplexer

112sz PROM

1Kx8 RAM -

‘Input-Output Oriented

Operatlng System

,DPM Read Routlne

-.Equlllbrlum Test

Routlne

_»Temperature :

Correctlon—Reset
Routine

Digital_Controller

Digital Panel Meter_lnterfaceb

A/D Converter
D/A Converter

’ yReal—tlme Clock .
Reed Switch Matrlx

Control Latch

: Solld—State Relays

HighfSpeed_Reader'

2 1/2Kx8 -PROM

3Kx8 RAM
Researoh—Utility _
Operating System

‘Floating-Point Math Package

.DPM Read Routine-

PIDhControl

.Seqoencial Function
- Control

St
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'microproceSsor*module séts-shown inﬁfig; 2, wi£h few mddificgtioﬁs,
primafily in thé backplane wiring of the bin chassis.'

Processor Mdnitorl
’ The'proceés monitor)syStem_was designed fo‘recprd”prOCeSéfdéta

A and operé;ing_sfatus on a éontinual basis [25,26]. The systemﬂréquites
Can Qperating system Which is specially}suited:tc input énd oﬁtﬁut
functionms. InAaddition, special éubroﬁtineé which Control'reéd'and
data store operations‘are stored on PROM'mémory;rso tﬁat no pfogram
loading is{réquired, and so that.the o§e:étiﬁg program is not lost

in the event of a power failure.

_Gaé'Chromagégraph'Controller

: 'Thé problem_of'operatihg contfdl of anAanalytical gas Chroﬁatograph
.for:prOCQSS»monitofing¢has been solved until recéntly only byvﬁaﬂﬁal
oéerétipn, or by large—sCale_cdmpufer:contf§l [27]. A microéomputer
systém'baéed on ﬁhé‘Intei 8008 microfgocéssdr Has.been developedr
to perform real;fime, on-line &ata écduiSigion and analysié ofvgas
chromatographié»daté, and to co#tfol saﬁpling:and:operatiqn of-thé‘
gaé chromatégraph {28529]. Real—time analysis is achiéved‘by‘the
novel method afiinterleaving subprograms for the sequential data
acquisition-énd data reductionvsteps, thereBy.minimizing hemory
requirements.‘ The system contains a reai—time cldék-for signal
timing, and interfaces to a teletypé and digital volt meter. A
.digiﬁaléto—anaiog_converter is used to control the temperature of

the gas chromatographic column, while a matrix of relays is able. to
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actuate sampling values. The system is far superior;to'thé minicomputer

integrators [30] in both cost and real-time control capabilities.
The system characteristics are summarized in Table II.
In this control system data acquisition reduction and'contfol .

arebperformed cyclically on-line and in real—time,-thereby-réducing

. to a minimum the system memory requiréments'(less'thanvZOO_bytes for
-déta‘stofége)'[Bl]._ The'gas chromatogfaphvdétector-signal‘is

: amplified,-thén_digitizéd in a digital panel meter at a frequency

of 2 Hz for the Intel 8008, or 20 Hz for the Intel 8080. The program

'cycle is synchronized by the real-time clqck; and a research-oriented

6perating éystem with special debﬁg programs is stored on PROM. 'A"

double-precision, floating-point mathematics package is stored on RAM

for statistical measurement of input noise, and.for'integration; The

slowest éubprogram‘isvthat which computes the mean and standard

deviation of sixteen stored values, whichvreQuires 0.4 sec with the 8008.

' The program flchhartzié»shown in Fig. 10. 1In operation, the

‘micrOCOmputer records fifteen readings, then computes the mean and =~

Ve

‘Standérd deviatioﬁ_éf the previous Sixteén vé1ues'forvéach‘éuCCessive
.yélug.. Wheﬁ’the’Chromatograﬁh.inpug signai incrgéses by mdreifhén‘ZO
.ébévé the ﬁeén;vpeak infégrétion is begun;.ending when aIZO critérioﬁ
.is-again.reécﬁed. ~ The baéline'is thén corrected for skew;_and'the
peak initia£ioh timé,’peak and completion time; and the normalized

' iﬁtegrated peak area are printed'on a teletype. Temperature regulation

also is performed after each sampling value. - The program is automaticélly

fihitiaiized after each peak.
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The microcomputer system w#s eiperimentaily tested in separate
process—control and anélytical sfudiés. The program behaﬁiof was
throughly tested both by manual iﬁput using a special simulation
routinerand by bn—line’input to thé DVM. The:accuracy‘of ghromﬁfogtaphic
peak‘integration.ﬁés:studied with propane—heiium'and‘cyclopropane;. |
.prépgne—helium'ﬁixtures With knéwn concentrations. Chroﬁatograms ) .
were'prpdﬁcéd with a Béckman GC—ZA gas chromatogfaph with.a tﬁérmai- 
condUcfivity:deteétgr, whqsé 0-1 mV output waé'émplified'ﬁith éﬁ
extremeley"stéble; high—iﬁpédenée differential'aﬁplifief. 'The:
_amplifiéd signél was digitiée& by a 4il/2;digit_digi§al vol£ meter _
with BCD oﬁtput.':Péak integrals'Werébobtained with thé gaé.chromato—
gréphié subprogram, with a normaiiiatibn factqr of'ﬁniﬁy. The
number of data poiﬁts‘used_in the moviﬁg‘statistical window wasu16.
Compariéon 6f the real-time analyticél methodito off—line CDC.6400 cbmputation
. was aéhie?ed. :  by preparing a paﬁer tapé‘storage of the
cthmatog:aphicﬂdaﬁa., |

The resultSfof'the"integrationrof gas chromaﬁographic‘data
arevsummariéed in Iablé'III for'prbpaﬁe;hélium mixtﬁres; :Thé
-resﬁlts show-that the:présent micfoépmfuter integration‘algorifhm
gives integréls which are <0;6% lower than those célcdléted’by 6ﬁf—
line computer analysis with data smoothingvfof'all samples where the
_ peak area is muéh larger than thé rdot—meén éqﬁare integrated base-
line noise (denbted by Integral Noise in Table III). - Both the
- microcomputer algori;hm and the off-line program are suépeptiﬁle to -
interpreﬁing noise peaks as real daté,'a proglém wﬁich can be 0vercomé

by input filtering.
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The differences can be éttributed partiy-tbvthe methods used

to detect the integral end-point. In the off-line program with data

- smoothing, the base-line is computed from the tangent fitted to the

smoothed data, whereas in the present microcomputer algorithm the

. integration is terminated at the first data point where the endv_ 

condition on slope is met. The tests'performed.showedlthat the peak.

area measured by real-time microcomputer analysis was sensitive to the

statistical criteria used whenever the baslline drift was much larger -
B . . . : 1o .

~than the'standard-deviation of the baseline noise.




Table IIi

Comparison of Analytical Results

E

Real—Time Microcomputer Analysis : : o _ .- . Off-Line Aﬁalysis
Propane Sténdard Deviation of . Integfal' Peak . Standard Dév, o ‘.Peak
Injected .. Baseline Noise Noise . . Area of Smoothed Baseline "~ Area |Difference |
(umol) (mV) . (mV~s) (mV-s) . Noise (mV) ' ’ (mV-s) " (mV-s)
856.19 ' 3.99X10f4‘ 0.047 - lOé.740i o 3.69X10_4 - 110.075 .0.335
369.77 7.03x107% o 0.056 .‘109.956_ | | 3.34x10”% 110.658 ~ 0.678
321.93 - 1.51310“3 | 0.071 40.852. . 3.69x107%  40.958  0.106
0.20 8.80x10™% 0.004  0.003 3.69x107% 10.196 0.192
0.10 5.78x107% 0.004 - 0.009 1e0x1074 0.010 0.010
Noise  8.17x107% 10.003 Not Detected ~  3.69x107% © 0.014 0.014
4 4 |

Noise 5.54x10 0.002 7 0.007 3.34x10° Not Detected 0.007

-0¢
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.vEléctchhemic§l Process Céhfrollér‘

A_microcomputer‘system’for'the control §f eiectrochemica1

- processes wasICOnstrﬁéted‘aréund ﬁhe three—mo&u;é 8008'ﬁiérocomputert
'Shbﬁn in Fig. 11, this system has béén thoroﬁghly testéd ovefva 15
.monfh period in~lébofétory—protptype;electrbchemical ppbtesées'
involving hiéh—temperatdre'galvénic celis.

The features of this syStémvérevoﬁtlined in Table II. The
‘iﬁpuf—outputfbrieﬁted operé;ing sysﬁém and‘ﬁathématiés subroutine$'
éfé“étofed in 2kX8;5it PROﬁ'S“whiléioﬁeraﬁing érqgramsvand.daté'
-stdragevére storéd'in RAM. .SYStem dafa isirecbrded:on a standard
.v téietype. |

: Thg system contrdlvfunc;ions are cgr;ied out by means'of g.
péﬁtrél'iafch and an auxiliary 5 volt power supbly; ’Byvstoring'én
octal confrollﬁord‘in the latch buffer, two—wire £fansmission_lines
'éarry SV,'d.c.,'control_signalé from'each'bf-sixteen decodéd'
(norméily—on and normally-off) control words. |

"A schematic of the microcpmbuter system developed for electfochemical_
.studies is shown .in Fig. 12. The COntrél—latch outpﬁt lines are |
icdnﬁected to read switches in é température controiler whoéé_setpoint
can bebalteréd by.driving.a steﬁping motor. Process controlvsiénalé
from a thermocouple and from a high temperature, solid—staté galvanic
v Céll aré‘amﬁlified by‘high—impedénce electrometer amplifiers and
connected to a 4 1/2 digit panel meter via a demultiplexer.

A simplified software program'for»gquiiibrium? high?temperature

galvanic cell studies is shown in Fig. 13. This program has control

e Er0sFOCD00
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subloops for temperature incrementing aﬁdvcontroi, and fér_éeﬁsing
high-temperature equilibrium for automated, experimentai contrbl.
This control program has been operated successfully

| .in a graduate research program on ﬁhé
thermédynamics of compound semiconductdrs.[32—36].

Electrochemical studies of the free energy ofvformatiOn af_‘
group III oxides, énd of compoﬁent acﬁivitiesiiﬁ_compound semigoﬁductdrs
weré automated using the microcomputer systemf The study bf fhe'free
energy of formation of galliﬁm sesquidxide is repfesentatiye of these
Studieé;>_The_solid—elécfrolyté galvanic céll empioyed in megsuring
the free erergy oflformafion Qf_ B_— Ga, 0, cah.be_represénted

273

schematically as

Pt |C| » Ga,0

3(s) ||Csz||vco'; co, | Pt . . w

Ga :
PR
‘The equilibrium partial pressures of oxygen in the two electrodes

are related to the cell potehtial E, by‘the Nernst equation:

E = (RT/4F) fn {P(Oé,COjvaOZ)/P(Oz;Ga(R) » B - Gazo3)}'. (2)

In this equation, P(02,C0 + COZ) “indicates the oxygen fugacity

of a CO - CO2 buffer gas mixture, P(OZ,GA(Q) , B - G3203(s))

represents the equilibrium partial pressure of oxygen over a
Ga + Ga203 mixture, R 1is the gas constant, T 1is the thermodynamic

temperature and F  is the Varaday constant. The Abf(B - 03203)

values calculated in the present study from the experimental data
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showed excellent internal consisteney with a stendard error at 1000°K
ofboniy * .312 Kcai/mole, owing to the effectiveness of the mierocomputer
control program. On comparing the results with those obtained from

- other emf measurements, however, Oneffinds an apparent dfecrepancy
in'botn thefstandard enthelpy and entropy es shonn fn Fig. 14;

In perticular ‘the standard. entropy found in this work was well

ébone that:reported in severalvprev1ous.studies, On the other hand

the epsolnte\Valnes ofFiAGg(B.' Ga o ) show relatlvelyrgood.agreement:'
LBUt differ merkedly in the tenperature.dependence from'earlier stndfes,'

as shown in-’Fig._l4, as several typical soﬁrces_of.error have the

o
f -

effect.of 10Weringvthe velue of -AG
| BeoauSe of'differences in the results of thié:StUdy as compered
'to results of previous emf etndies and also.of thebayaiiabiiity of
.good calorimetric data, é "third law" calculation Was cerried out;
The results of th1s calculatlon are ‘shown in F1g 15, where AHf 298 15‘
is'the_standard state enthalpy of formation of B - Ga2 3 « The .=
celculated results‘for AH298 15 2are compared to the data of Mah
determlned by direct combustlon calorlmetry, and to the valne of
shchukarev, Semerov and Rat'kovskii obtalned by 1sothermalievaporat10n
studies. 'The cloSevagreenent between the data derived from this' study.
_end the findings of the latter t&o different methods tend to support
the experimental value for AH298 15 ©°f ' -261.9 kcalthmol—l . In
" an early part of the study where microcomputer control was not used,
the statistical variations in the data were considereblyfgreater,

and there was a lack of agreement with calorimetric data [37]. On.

the other hand, the direct measurement of AG;(B Ga 03) performed

LSSgoebk0iDn0
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in this study showed much better'consiétency_withvthe calormetric

data than did the data from earlier émf sFudies, when compared with
"third law" ;aldulations. |

A studyvof the component aétivities in the gallium—antimony

‘system Qas also.carfied:out.withvand Witho;t microéomputer control
v df the.electrochémical experiment t36, 371. when éctivitiés'in.the
liquid‘phgsé'were measured withoutvmicrocomputer cbntrol, considefable'
time delays bvernight were pnavoidable, andvﬁhe'poséibility of contaminétion
of‘oxidétion of tﬁe eleqfrodes was_significantly greéter than when
: thé experimentsfwere‘under microcpmputer;c;ntfol.,_When experiments
were controlled by an Intel 8008-based microcomputer, the celi emf
waé'mﬁnitored éufomatical;y as the_micrbcomputér reset ﬁhe temperature -
in increments of 420°C_oVer a fixed'range aftgrvcomplete;équilibrium
.hgd.been reached atveaghvtemperature. >At least two éycles of the
.‘temperafure réngé Qf-interestvwere éompletedvin"order to revegl
hysterisis effects in the méasuremeﬁt;; After eaéh experiment_tﬁe
" absence of’side reactions in the elecﬁrddésvwas éonfirmed'by X-ray
difffaction analysisf 3¥],

o Based on the resulfs of this-study,-several conclusions can -
be made. The accepted liquidus temperafure in theVGa—Sb Systeﬁ is
“very comnsistent with the'measurediactivity data with and the enthélpy
ydéta of Predel and Steiﬁ and the accepted valué for the heat of

- fusion. Owing to the good consistency of experimental measurements,

component activities could be determined with high accuracy. The

accepted melting temperature of GaSbh is in excellent agreement with the
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' vélueidérivéd from our e#péfimgntal{valﬁé'and with the defi?ed values
.for the'énthalpy of ﬁixiné,'wheieas'an ideal S§lﬁtion}modé1 gives a
'large.difference beiwéenvthé_accepted and,paiculated liquidus-témperature.
Thié'finding lends support tp tﬁe consisténcy éhd acéurécy of the
presént éésults, and to the utility of experimenté‘automated with..
ﬁiéfocompﬁters{ !
vGenefal—Pufposé'Prdcéés Contréiler :

“The mos§ receht‘migrééémﬁuter:syéﬁem &eVéldﬁed by:tﬁé aﬁfhor'
is avgenerél¥pqr§osé Controllér for»direét—digifal control éﬁpliééfibns,
fTﬁis éyééem; shown'in'Fig.116; has"digitaléto—analag'convértérgv -
andvgenérél pﬁrpoée;lextérnél'control.boxes qoﬁtainiﬁg dqulé—pole,
double—throw'reéd éﬁitches; and soiid-state; optically;isélatéd'
poWéf rélays supplying 115v, af lOA. The‘system éharacteristics 
_are.ouflined in Tablé Iig A'photogréph of thé ggperal}purpose
pfpcess'cbptfoller is‘showﬁ in Fig. 7. The proceés‘conprOiler‘is
.éurrenfly éPPliéd £6 the study of dirédt—aigitgl'Coﬁfrdl'of a.tuber

and-shell heat exchanger.

Direct—Digitai Conttol‘Algorithmé

Direct—digital control a1gori;hms are gurren;ly_ﬁhder investiggtion
as.to ﬁheir perfofﬁance aﬁd.limifations.in_aﬁplicatioﬁs of process
,contrél’by micrOcpmputér. The éontrol.éystem.éhosenvare tubé furnace
and a tube—and'sheli heat e#changer, becéﬁée theserare basic, yet a
generally feprgsentative apparatus of éhe chemiCal industry; Also, -
hea£ exchanger dynamics, and thé performanée_of_control‘algorithms,

has been extensively studied [38].
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The‘design of heat exchangericontrollers‘requires tﬁat dynéﬁic
rélatignshipé between fluid fléw rates and'températufes be known
.in order to simplify-the ;ﬁalytical_equafiqns of dppimél control.‘
In this‘study, transfer fuﬁctions wéré based on'linea:iéations of
transport'éﬁuations expanded ébout ﬁhe operating point [39].
The control algorithm used is the threé—mode, proportional-integral-
differential (PID) control algorithm.» The time—dependent control

signél for a digital control error e is given by
- en—l)- ‘ (3)

" The integral is'approximated by the discrete triangulgr—hold
difference equation and the derivative by a two-period average,
-so that the discrete control response at the n-th sampling interval
of length T is now given by

n

P | | -1, |
u = ke + 0.5Tk, .120 (e; + e, ) + 0.5 "kyle - e ,). ()
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'Thevsamplingbréte couid-ﬁe adjusted Syffa¢tofs of'two‘up td 8 Hz
“with a real—timé cldék,:Thé:cqntrbl.perférmance is crifically o
vdependéﬂt‘on_fhévmagﬁiﬁudes bf the cdefficieﬁts-in fhé'ébove équagion,
~and adaftive control methods abpear tovbe'of‘éignificant usefulnéss} Also,  |
forvraﬁplpempetéfure.changéé,_it hgs been found éxpediéntlfé ;emove 
 the'integrai feature of the digita17controi’algbfithmf |
.__NumerOUS, more advaﬁCed direct—digifal cohffol algorithms héve _
been déveloféd for.tﬁe process contrql of heat ethangés-dsing-'
minicomﬁutérs.' Unbehaden and cow@rkers have invéétigated,thé memoty' '
éforage requigéments, speed and accuracy of a number of control
éigorithms‘{4o]g}‘Thesé are éummarized'in’Tablé IV and éompared‘to
.pﬂefbasié.brdpérfioﬁal—integral?differeqtial contrél.algofithm. The
cdmpérison.shéwé.thathseverai of tﬁe algorithﬁs_afeffar too comple# 
for ekpeditioﬂs .impleméntation.wiﬁh microcompﬁter gqntréllers; h
.The deédbeat—résponse controi aﬁd-the adaptive contfol With linear
filtéfing reqﬁire significantly large mémofy_storage, while both the
nonlihear hélffpfoportional'éqntrol'and.the-deadbeét—response control
 _aléinthms redﬁire relatively iong computation times, compared‘toi
‘the simpler,'prqpo;tibna1—integral—differéﬁtia1 cdntrbl algérithms.
Iﬁplementatibn of controlralgorithms fequiring matrix inversion is-I
-1imiﬁed primarily by meﬁory étqfage and“software storage requiréments.'
‘bn the other hand,_the»propbrtional;integral—differential confrol_
algofithm is found to be relatively easily.programmed;,has high =
software’speed, and exhibité felativély 1qw 6veréﬁoot_under the

application of a step-input disturbance.
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Table IV

Comparison of Direct Digital Control Algofithm Perfdrmancé'.

Continuous Transfer
Function, Form or Basis

' Special Computational
Requirements Features.

Relative
Memory Size

Relative
Computing Time
Required [40]

Proportional-Integral-
Differential

Cascade Control (PI with
inner-loop controller)

Nonlinear Half-
Proportional

Deadbeat Response
- Control

Optimum State Feedback

Compensator Control

Adaptive Control with
Linear Filtering (3rd
Order)

, B ]
GR(s)—K l+(TIs)

GR(s)=K 1+(TIs)_;

Three-part control based on
error trend.

Discrete control signal
of n-th order -

Minimization of quadratic
Performance Index..

N-th order broken rational
transfer function.

K

Go(s) = ——
_S l+as+bsz+cs3

=1
+TDS(1+TVS)»'

Integration.

Integration: Software
" compling to an inner-
loop controller.

Storage of n discrete
~control errors.

Storagebof n discrete
control signals.

Solution of n+l synthesis

equations..

Matrix. inversion solution
- of the matrix-Riccati-
‘equations.’- - _
Integration of matrix

product.

| Solution of a linear

system of simultaneous
algebraic equations.

‘Third-order differential

equation molding by
recursion relations.

Required [40]

100
175
150
325

270

290

650 -

100
- 100 °

500

1000 -

100

80

ez
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: Industrial,]Chemical Brocess,Control

Microcomputers have not yet beén'utilized in industrial plants

'for-direct—digipal control applicacioﬂs, as was predicted somevyears
’ago.p Tﬁe expefience of the recent few.Years haS'shown,ahowever; thatj-
.thevmicrop:ocesSOr—based coptroller is'becomiog:economically

J_ coﬁpecitive With.ocher’controllerssfor directédigifal contfoii

'appliCations'in-chemical”plants [41].

One of'the flrst 1ndustr1a1 process control appllcatlons of .

- a microcomputer was that developed by Se1m for the control of a

brazing'proceSS [42]. In this application, a three—mode PID c0ntrol-

algorlthm was used to. control the 1nduct10n—heated bra21ng process.

Although the control algorlthm was 1n1t1ally 1nsuff1c1ent for the

’application, only a software change was needed to meet the application

requirements. This experience demonstrates the unique flexibility

of a programmable process controller.
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‘Mini-versus Micro-controllers
With microeomputers available with sizable RAM and:PROM

memories at low cost, there is ample reasoﬁ to eipectvthe'ﬁicrocomputer
to become cost—competitive in the process control applications. Béforé
the devélopmént.of the microprocessor CPU,‘it was eConomically"
feasible to use computer con;rol only on the largest industrial
processes, such as in paper mills aﬁ&:oil refineries. With the
recent trends in cost réductions of computer components, the
decentralization of computer control becomes. possible, with'micro—
controllers deéigned'for a spécific plant operation, while aAéentrali'
terminal overviews the operation of remote microcontrollefs.

| A basic limitation of the microcomﬁuter controller in complex.
process-contrdl épplications is that software must be developed for
each aéplication. One of the most promising new'déveiopmenfs which
overcomes SOftware limitatiQns is the'KDll—F microcomputer module
deﬁelopéd.by Digital Equipment Corpdrgtion'for the LSI-11 microcomputer.
The KD11-F module requires a four chip iicroprocessor processed by
n-channel MOS technology. A single confrol:chip is.used fdr decodingv
mechanisﬁs and for generating.microinstruction addresses from
macrgﬁnétructions while two mask-programmable RbM chips allow the‘
microprocessor to . simulate the'macroinstruction sef of over 150 machine
instruqtions in the PDP-11-40 minicomputer. Thus, the LSI-11
microprocessor can utilize the extensive software which has Beéﬁ

developed for the PDP-series of minicomputers.
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‘MicrécomputErs stiil may not replace all.énéioghe controllers
in‘chemicai'piaﬁté. Mostvéuffgn#, large-scale, comppter—controlled
‘chemical plants'réQuire.conventional anaiogue backup éf direcﬁfdigital
control équipméﬁt, éd ﬁhatuin the event ofva éentral?computer or
o fransmissibnfiineifailurga'thé plant operation can be maintained by

.fthé béékdﬁ-syétem, As a cénéequéﬁce, it is unreaébnéble fd'expect
coméléte ;eplacément df.analogue control équipment by micrdcomputerst
~ Nor éan micréqomputefs cémpletely replace Ehe central computér,

for a céntrél cbﬁputef is'still useful for perfo?ming»the cbmpuﬁatibn"
 of'coﬁp1ek ﬁathemafi¢al ¢on£rol algoritbms, suéh as matrix.inverSibn,

as.well,és'féffsﬁperQiéibn ~of highly deceptraliéed, locaily-deditated
fspeéial;funct%on controllers. Thus, it apbeafs thét a.hierarchical
'structﬁre'of plént:autématioﬁ ;an be ekpéctéd to offer: the higheét
. fe1iability'er pfoceéé contfol in 1arge plqnﬁs.vThis hiéfarchicgi
 control stfucture.ié’aﬁticipaféd to be the fgtufé trend iﬁ ﬁicfoéomﬁuter.

.deployment in the chemical process industries.

Conclusion

Miéfocoﬁputer systems 6ffer the uniqué advantages of cdst—cémﬁetitiye‘-:
prdéessvcontrol, feliability and pfogramming.fléxibility.'The‘modﬁlar‘
aPProach to micrécoﬁputer system structuré; utilizedpin the author;s
microcomputer systems, makeé pqssible the construction‘of:speéiél'
:interfaCés and CQntrol:circuifs which énaBles customéfittiﬁg of ﬁhe michcomputer‘
controller fo‘a.giVen process control applicatiqn; Speciai;pﬁrpdse _ |
micrécbﬁﬁuter s&étems have béén ﬁeveléped fof pfﬁéeés moﬁitbfing;
gasfchféﬁatographyvCOntrol,‘electrochemical pfoéeSs coﬁtrol and general-
purposé control"aﬁplications‘_The microcomputer occupiés‘a'unique
plaée in the hierarchy of chémical plaht control, and'is anticipated
vtb fill an ever—incréasi?g §Plﬁmin ;%%eSS controi i%strfmentation_.

k] == % 7

ok o £ [ %] L LE



32

£

'Ackndwledgment
The author wishes to acknowledge the aésistanCe 6f T. J. Anderson,.
G..M. Bobba, X. K. Rubin, S. Smiriga and T. Merrick for aid
in softwére development and system implementa;ion, The financial
assistance_of the U;Sﬁ Enérgy Reééarch and Déyelobment Admihistratibn.and"

of the E. I. duPont’de Nemours & Co. isvgratéfﬁlly acknowledged.'



L Refefencés‘
1; .E.'?aolik.éhd C{'Séﬂéﬁdel, "Applicétién of'Proéess,Cpmﬁutéfs’in
Automatic Confrol,f Jéurnai of Dynamicvsisgéms,‘Meaéufeﬁent;»and ]
vControl,”Traﬁs; ASME,‘Sefieé_G;; lej 96;;Np;'4,;§p;'3884393, 
>4  ﬁééember_1974; L o IR o .
2‘ Eﬁ;'c;;Hittinger; “Metal-OXidé+$é@iééﬁdUCt9f,Téchﬁélégy,":,
v'Sgientific Améfican;:ﬁ${ 48f57 ‘; Augﬁst,i§73;  ;iv o
3.  fMicrocomp§ter}N¢ws,":intel Cdfp. 3065 BowérsvAﬁe;;'Sénta:éla:a;
”';CAV95051; Néveﬁber'1974."_' | , '
b, AivG. Vaéfoﬁx;‘"Miérocomputeré,a Séientifit Américan,>pé; 32#40;
May 1975. | |
5. J. Lee, ﬁLSI Miéro¢0mputef and Digital Cohtfdl," Journal of .
"‘Dyﬁamic Systems, Measurémént, and'Céntrol, Tréns. ASME,'Seriés G;,
Vol. 97, No; 2; PP- 149—156, June 1975.
:6.'.§;'H. Cush@éﬁ, "The Ihtel'BOSGE'Fitst>of phevSeédﬁd;éeﬁéfétidn
Micropfdcéééoré;ﬁ.EDN;:Vol. 19; No.'9;vpé. 30%36; May 1974.» ' 
37; A;fJ.-RoSenBlatt;'ﬁIndustfial'Aﬂtoﬁafic Céﬁtroi‘prlifefatés,“
Elegtféﬁics, vO1.147; No. 14;,pp. 83*87;'Juiy 11,»1974;
’ Q_ZComstér-Corp.; 7413 Wéshington'Ave,, So._Ediﬁé, NM>55435.
9. E.'R.’Fisher?’"A'Mbdulaf Approaqh to\Micfoproéesséré," Tecﬁnicél
Reporf UCRL—75574, Lawfence’ﬁiﬁérmbrg Laborétory;bLiverﬁdre, CA

94549, June 1974.



10.

11.

12.

- 13.

14.

.15,

16.

17.

18.

34

G. M. Bobba'and L. F. Donaghey, "Microcomputer System Interfaces
for Process Monitoring and Control Applications,' Technical

Report LBL-4140, Lawrence Berkeley Laboratory, Berkeley, CA 947204
December, 1975.

‘G. M. Bobba and L. F. Donaghey, "A Real-Time Clock for Process

Monitoring and Control with 8—bit Microcomputers " Technical

Report LBL-4141, Lawrence Berkeley Laboratory, Berkeley, CA 94720, ;
December, 1975

D. M. Con51d1ne, Ed. '"Process Instruments and Controls Handbook "

McGraw Hill Book Company, Second Edltlon, 1974

T. J. Wllllams, "Interface Problems for Process Control,".

- Tech. Rept., Purdue Laboratory for‘Applied Industrial Control,

Purdue University, West Lafayette, Ind. 47907, July, 1975.

D. R. Machen, "The CAMAC Serles System Descrlptlon for Long

Llne, Multicrate Appllcatlons,' Paper presented at the 1973

IEEE Nuclear Science Symposium, San Francisco, Calif., Nov. 15, 1973.

G. E. Nelson and D. W. Ricci, "A Practical Interface System
for'Electronic Instruments,' Hewlett-Packard Journal,vVol, 24,

No. 2, Oct. 1972, pp. 1-7.

‘Bulletin 280B,VVModel 35 Automatic Send—Receiye;Teletype Set

(ASR);'Vol. 1; Teletype,Corporation; Skokie, Ill},‘MarCh,-l968,’
pp..849. »
I. Wold and M. Lindheimer, "Acquiring Mnltipoint Plant Data

Over a Single Two-Wire Link," Electronics, Vol. 46, No. 24,

Nov. 1973, pp. 109-114.

E. R..Fisher; "A System Approach for Process Implementation,"

Tech. Rept. UCRL-75671, Lawrence Livermore Laboratory,

Livermore, CA, Oct., 1974.



19.

20.
21.

22

23.

| 24,

25. .

26.

35

E. R. Fishet, "Oétal~Débugging Progrém (ODT-80) for the MCS-80

Computer," Tech. .Rept. UCRL-51694, Lawrence Livermore.Labbratory,

Live?mofe, CA, Feb., 1975.
C.vPabni,v"MCS—S Micrécqmputer_Subrouﬁiqes,"»Tech. kept,

UCRL-837, Laﬁrénce Livermore Laboéatbry, Livermore,lCA; Oét.;,1974.
G. D.'Ffiedei, "Programming the MCS48;" Tech. Rept.,vChabot.
College, Hayward, Calif., June, 1975. |

D..Rubindwité; Pfivate Communcation, Dépt. of'ElectriCai:
Engiheering and Computer Science, Univefsity of Caiiﬁornia;

Berkeley.

X. K. Rubin, "Design of an Operating System," Tech. Rept.,

Dept. of Chemistry, University of Califdrﬁia, Berkeley,

March, 1975.

G. M. Bobba and L. F. Donaghey, "Improved Floating-Point

» Mathematical'Subroutines for Intel 8008 and 8080-based Microcomputeré,"

Techniéal Report LBL—4143, Lawfencé:Befkeley Laborétory, Berkeley,
CA 94720, August, 1975 | o : "

L. f. Donaghéy, "Process Monitqring with an 8008 Microprocéssoj,"b
Technical Reéort LBL—3947;‘Léwrenéé'Berkeley'Léborafory,'Berkeley,
CA 94720, September, 1975"' | | |

X. K. Rubin, G: M. Bobba and L.'F;vDonaghéy, ”Applicé;ionléf

Control Flags ih_Microcompttér Programming," Technical Report

1BL-3981, Lawrence Berkeley Laboratory, Berkeley, CA 94720, August, 1975.



27.

28.

29.

30.

31.

36

F. Baumann, D. L. Wallace and L. G. Brenden, "Interfacipg .
Chromatographs to the Computer,” Tech. Rept., Varian Aerograph,
Walnut Creek, Calif., 1969.

C

G. M.zBobba'and:L. F;'Donaghey,,"A Miérocomputer Systemifor'
Real-Time Monitoring and Control of Gas Chromatography,"
Technical Report LBL-4138, Lawrence Bérkeley Laboratory,"

Berkeley, CA 94720, September, 1975.

G. M. Bobbavand L. F. Donaghey, '"A Microcomputer System for

. Analysis and Control of:Multiple Gas Chroﬁatographs," Technical .

Report LBL~4139, Lawrence Berkeley‘Labbratory, Berkeley,'CA 94720,_
September, 1975. ' o

J. M. Gill, ”A_Computiﬁglntegrator for Chromatography,"

American Labofatory,_Sept.,~l97l, Pp- 63-65.

'G. M. Bobba and L. F. Donaghey; A Micfocomputer Program for

Real-Time Gas Chromatography," Technicai Report LBL~4142,1’_

‘Lawrence Berkeley Labofatory,‘Bérkeley,-CA 94720, August, 1975.



32,

37

T;'JifAnderSOn and L. F. Donaghey, "Solid—State'Electrochemicala

| Study of the Free Energy of Formation of B—Galllum Sesqu1ox1de'

v, U31ng a Calc1a—Stablllzed Z1rcon1a Electrolyte,' Techn1cal

©33.

34,
35,

36. .

- 37.

Report LBL—4128 Lawrence Berkeley Laboratory, Berkeley, CA 94720 Aug. 1975.

"T J. Anderson and L. F. Donaghey, "Solid—State Electrochem1ca1
_Study of the Free Energy of Formatlon of. Ind1um Sesqulox1de,

'Technlcal Report LBL~- 4137 Lawrence Berkeley Laboratory,

Berkeley, CA~ 94720 August, 1975

T. J Anderson and L. F. Donaghey, "Solld State Electrochemlcal

- Study of Ga- Sb L1qu1d Alloys," Technical Report LBL—4153

Lawrence'Berkeley Laboratory, Berkeley,:CA 94720, September, 1975.

T. J. Anderson and L. F. Donaghey, "Determination of tHe

_ Solub111ty of Oxygen in Liquid Indlum," Techn1ca1 Report LBL—4577,

Lawrence Berkeley Laboratory, Berkeley, CA 94720 December, 1975
T J Anderson, "Thermodynamlc and Kinetic Studles of Some

Group III and Group V Elements and Alloys by Solid State Electrochemical :

,‘TechniqUes,"-M.S. Thesis, Technical;Report LBL—4148, Lawrence-

Berkeley Laboratory, Berkeley, CA 94720, October, l975;

R. Pong, M.S, Thesis, "Thermodynamic Studies of Ga?ln, Ga-Sb
andvGa—In—Sb.Liquid Alloys by Solid State Electrochemistry~with
Okide Electrolytes," M.S. Thesis, Tecbnical.Report LﬁL;2785, |

Lawrence Berkeley Laboratory,'Berkeley, CA 94720, April, 1975.

.



.38,

39.

40,

41.

42.

38

- T. J. Williams and H. J. Morris; "A Survey of the Literature

" on Heat Exchanger Dynamics and Control," Chemical Engineering

Progress, Symposium series (Process Dynamics and Control) Vol. 57,

No. 36, 1961, pp. 20-33.

G. Gilles, "New'Results'in Modeling Heat Exchanger Dynamics,"
Journal of Dynamic Systems, Measdrément, and Control, Trans.
ASME, Series G, Vol. 96, Sept. 1974, pp. 277-282.

H. Unbehauen, Chr. Schmid, F. Bottinger and G. Lausterér,

‘Comparison and Applicatioh”of Different DDC-Algorithms for

Control of a Heat Exchanger, Proceedings of the 4th IFAC/IFIP
International'Conf. on Digital Computer Applicstions to-Procéss

Control, Springer-Verlag, New York, 1974.

. H. Hardt and W. ‘Latzel, "DDC in Power Plant—AppliCafion and

Operatlonal Results;" 4th IFAC/IFIP Internatlonal Conf

: Zurlch Switzerland, March 1974

T. A. Seim,'”A Microprocessor Sampled Data'Process Confroiler,"
Battelle Report BNWL—1795 Battelle Pacific Northwest Laboratorles,

Rlchland Washlngton Nov., 1973



39

List of Eigures

Fig. 1 The. Intel 8080 CPU contains over 5000 tran51stors on a
.164 by .190 inch silicon chip. ' : :

Fig. 2~ Modular circuit boards for microcomputers: - Upper: Three-

' " board set for Intel 8008-based microcomputers, (left to
‘right: input-output control, microprocessor, and memory _
"address storage and read-only memory). Lower: Two-board
set for Intel 8080-based microcomputers; (left to right:
'control boards, mlcroprocessor) '

Fig. 3 Spec1a1—funct10n modules Upper left: program stack . Upper - o
o " right: dual—restart board.. Lower left: digital- to-analog -
converter. Lower rlght. analog-to—dlgltal converter.

- Fig. 4 A general purpose 1nterface for dlgital voltmeters :»

.~ with BCD output.

Fig.zs - An 1nterface c1rcu1t for reed relay control sw1tches

“and 0pt1ca11y coupled power switches w1th LED dlsplay.

. Fig. 6 General-purpose keyboard and dlgltal dlsplay for 31mp1e,
. dedlcated m1croprocessor operatlon.

‘Fig. 7 Process control elements.

o

- Fig. Automatic monitor system showing interactive display elements.

Fig. 9 Flow diagram of a general process—control progremf'

Fig, 10. Flow diagram'for control of a gas Chromatograph'with real-
' time integration and column temperature control.

Fig. 11.  Apparatus for a mlcrocomputer—controlled hlgh—temperature
electrochemical experlment. : :

Fig. 12. ‘Schematlc of the m1crocomputer system developed . for controlllng
high- temperature electrochemical processes

Fig. 13. Flow diagram of a program for equilibrium thermodynamic
' studies with solid-state galvanic cells.
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Fig. 15.

Fig.. 16.-

Fig. 17.

40

'Measured Gibbs energy of formation of Ga,0 as a function

273
of temperature and comparison to results of previous

studies.

Calculated values of AHf 298.15 determined'from a

third law analy51s of the experimental data.

Schematic of the general purpose d1rect—d1g1tal process
: control system.

A general purpose m1crocomputer system for. dlrect d1g1ta1
process control.
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Fig. 1 The Intel 8080 CPU contains over 5000 transistors on a
.164 by .90 inch silicon chip.
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Modular circuit boards for microcomputers: Upper: Three-
board set for Intel 8008-based microcomputers, (left to
right: input-output control, microprocessor, and memory
address storage and read-only memory). Lower: Two-board
set for Intel 8080-based microcomputers, (left to right:
control boards, microprocessor).
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Fig. 3 Special-function modules: Upper left: program stack. Upper
right: dual-restart board. Lower left: digital-to-analog
converter. Lower right: analog-to-digital converter
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Fig. 6 General-purpose keyboard and digital display for simple,
dedicated microprocessor operation.
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Fig. 7 Process control elements.
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Fig. 9 Flow diagram of a general process—control program.

)
=y

£
L

O



50—

Initialization:
Clear memory for data
Set sample rate
Set statistical limits
Set temperature range

v
=2 1 £
Rac‘ §as cnro?a ke Correct temperature
datector signal
v [i\S
Cozpute mean and standard Wait for clock
deviation for last N samples ready flag
[
@ No Increment counter
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1T
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Wait for clock
ready flag-
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Test for maximg No Increment counter v]
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¥
OQutput results on teletype

XBL 767-8729

Fig. 10 Flow diagram for control of a gas chromatograph with
real-time integration and column temperature control.
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Fig. 11 Apparatus for a microcomputer-controlled, high temperature electrochemical experiment.

_'[g_.



-52—
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Fig. 12. Schematic of the microcomputer system developed for controlling

high-temperature electrochemical processes
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‘Fig. 13. Flow diagram off a program for equilibrium thermodynamic
studies with solid-state galvanic cells. ’
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