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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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.
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Abstract ‘
Microeomputer'systems, based on ;he‘Intel 8008 and 8080
microprocessors, have been_developed to perform'real—time, on;line
- data acquisition and analysis of,ges chromatographic data and to
control sampling and operation of the gasvchromafograph. 'Reai;time
apalysis is achievedrby the novel method.of interleaving subprograms .
- fer the‘sequential data acquisition and reduction steps,ithereby
minimizing memory requirements. The system contains a real-time
clock for signel timing, and interfaces to a teletype éna;digital -
volt meter._ An automated triac controlierbis used to confrol.rhe
iremperéture.of_the gas chromatographic'column, while a matrix of

. relays is‘able to actuate sampling values.
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Introduction{'

Agtomatic:control bf,gas'chromafoéraphy andzpnjiine énélySis'of
vchromatogréms_haVe advanced éignifipaﬁtlflduring the pasﬁ decader
oWing to techndlogiéal advances_iy solid—sﬁate science. Since the
develo?menf of thé“large—scale digital computer, man§.studies of the
utilization of.digital‘cbmputers in.on—lihe abpliéations_héﬁé béen_reportéd
[1-5]. The iﬁtroduction of the minicomputér in the"late‘1960'é was -
particularly important_to'the develOpment of on-line contrOl of the gas .~
Chfomatograph, and to backggound data énalysis followihg,fhe ;eéording
of thé chroﬁétogram in fhe'computer memory [6-8]. The‘cpét”of on-line
analytical facilities fér gas chroﬁatogfaphy hasvbeep f;duded substan—
* tially in fe;ent years by therdevelopment of low-cost sémicondudtor~'
memqfieé, ana by the miniatufizationvbf'thefﬁal andvimpactfprihters-
fof automatic.réporting qf results, Yet the o&erall qqst-df‘minicdmpuﬁe;
systems isrstill prohibitive for small laboratory:applications to chrdﬁafography.

Récéntiy,‘a significant advance in gas chromatographic science |
hés'been made feasible by substantial impro&emgﬁts in large-scale
inteérated circuit technology, with which it is nOW‘possible‘fo  B
- produce a sophisticated signal processing.circuit on a single siliéon“
chip - a microproceSsorf Microprocessor technology haélreached‘the
pdint where it is bossible,to develop micro;omputer syStems Qi;h.the
performance fange of existing minicomputer—based’instruments;.but ih
the cost range.of the:limited, hardwiredbpr0cess controllers. This
new approach promiées to‘efficiently solvé the.problem of gas

chromatograph automation for the small laboratory. Microcomputers

have the advantages of high reliability, a high noise immunity,



small size ‘and power requirements and continuous, dedicated ‘service.

" The authors have developed bus-oriented, modular microcomputer

“built around the INTEL 8008 and 8080‘microprocessors for real-time,

on. line gas chromatographic data analysis and also for sampling'

s
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"hcontrol.f‘lt is'appropriate to point ‘out that, while‘ e alternativev
systems - ',v;” operate in two‘logically'different steps'4—

‘on-line (or foreground) data logging and later (or background) data
reduction —- the authors tried a completely different approach Data 1
' acqu1s1tion and reduction are both performed in real time under

' software control, avoiding the storage of nearly'all of the gas
.chromatographic data. Furthermore,.the;flexible, interface;oriented"
: architecture'of this microcomputer:system'allowed another significant
achievement in gas chromatograph'instrumentation,_Until now featured
‘only.in.the'morevsophisticated and expensive systems."This'is

the totally automated operatlon of the gas chromatograph including
the sampling procedure, the control of the column temperature as a'
function of tlme, and. data reduction.

- ThiS"article'describes_an easily implemented microcomputer
'éYstem which,allows full automation of gas chromatographs,: This,
approach:toigas:chromatographfautomation hasbsignificantvutilityv
'for'the research'lahoratory where flexihle.software structure and

simultaneous on-line analysis and control are desired. .

The Microcomputer SpStem
A'microcomputer system baseaﬁon'the'lntéi-8008 microprocessor
was constructed’using the bin—oriented modular'approachhdeVeloped.
~at the Lawrence‘Livermore Laboratory [91. In“this system; logic
,-cards supporting integrated.circuits are:connected'together by a .
forty—wire bus which controls. input;'output,'memory‘storage and

timing functions. The modular approach is ideal for trouble-shooting
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and for'adaptébility to different contfol processes. 'The overall

,vsystem is shown schematically invFig. 1.

The heart of the system is-an Intel 8008, l-chip microprocessor

organized on three 5 by 3 inch modhlar printed cirucit-Boards,‘which

are shown in Fig. 2. A similar microcompdter»éystem_baSgd on.the

Intel 8080 microﬁrqcessof'requireé two modular éircuif boat&s for thé
micfoprécessor, cléék circuit and input—ohtput control. Other circuits’
occupy additional modules Qithin'the bin. A restart board allows an
easy_réCOVeff from deféult cqnditions'as.wgll as a means for. |
iﬁitializing'the éYstem program.:jThe expaﬁdaﬁle,‘Zi—shdt‘bin

céntains special‘cohﬁectofs Which are wire-wrapped to provide blocks
for similar cards such as programmable read-only-to memory (?ROM);
random-access memory -(RAM), and input—output circu1té. In the
présent.confngration, ﬁhe microprocessoré can direcﬁly écceés 64 pageé
(256 8—bitnbytés eéch) of RAMuor PROM.in any coﬁbiﬁétion,‘eight»input;

and eight output ports, each of eight bits. A typical interface

- circuit fits on a standard board. Special-circuits of the-microcomputer'

system‘arg summarized.iﬁ Table I.

fﬁach entire system_consistiﬁg‘of a microcomputer bin, power
supplies, digftal voltmeter ;ﬁd,S—LED control status indicatdr is
contained within a one—cubic foot volume. Céntrol relaysland.an
A/D converter are located in two remocte connectidn_boxésffor gutomatic.
control of the sampiing values of the gas Chrpmatogrépﬁ andAfor high-

speed data acquisition.

Special-purpose circuits were constructed for the present
application. These include a real-time clock, a digital voltmeter
(DVM) interface, a process-control signal latch, and control reléy'

circuit. In addition, the system contains standard circuits for

data output to a teletype, analog-to-digital aﬁd‘digitai?to?analog



.'Tablé'I

Special Circuits of the MicrocomputervSyétems'
for Gas Chromatography

Serial aSynchrénOUS transmitter;receivér ipterfaéé

Digital voltmeter interface (4 1/2 digits)l |

Sélid*state de reléj intefface (24.rélays)

Solid—stafe ac power relays (Z'felays)

 Resettable feal—time clock, binary, 8-bits

_Analog—#o—digital'converter (ADC), 12-bits, with 0 to 10 V inpgt fahge

Digital-to—analog-COnvertér.(DAC), 12 bits, with 25 ﬁs settling |
time and at 10V output range

Push-Pop memory stack for register storage at breakpoints (16 byte)



con?eréion. The réal_time clock circuit bqard and the uni?ersal':1
asynchronous tranSmitter;réceiver_(UART) moduie éré shown in
Fig. 3. The real timévclock allows céntrpl pfograms to be opérated
at rates fromﬂd.S to 64 Hz. The UART allows-sériél trangmition.of
data between the data bus and an ASRg33 telétjpe.‘.Special interface
modules for éontfdlling sampling values and for interfacing to a
' digital panel metar are shown in Fig. 4.

An impdftant featuré of the miérocomputér contréller is the
diréctbdigitél céntrdl (DDC).of the column heater. vAlthoughipéwer
. control. by mic;dcomﬁuter has been deécribed eérlier'ﬁy Siem [iOJ
using a‘stéppihg motor and variac, a method'offering greatér
precision and.low.coét is the'combinatién of‘abaigitally controlled
timérvwith'é'solid—stateltriac.: In the loh4cost éirguit developed
in_this‘study,'an.é—bit nUmber'representiﬁg a time delay is sent to
avprogrammable Couﬁter at each zerd créssing of the ac.network
voltage wheré the triac is turned on. The cOﬁn#er starts a count—up
sequence unfil the carry bit is set, whereupon thé countef'0verflow5
in a time less than 1/120 sec (haif}éycle pefiod)..'The settiﬁg of .
the‘éarry bit sigﬁals tﬁe cut-off of thg triéc; iThe power oufpﬁt
supplied by the triac is linearized by‘using_a lOOvdelay—increment.'
libréry stored as a ldok—up fable in the microcbmputer memory; | This
‘method of power control eliminates the need for a stepping motor

_ : N
and variac or a D/A coverter and associated analog controller. .



Ihtefface Ciréuits

A'general pqrpose'interfacevhas been developed for interfacing
the micrécomputer foﬁa‘number of digital Voltmetéfs"with.B¢b _
| outbut. This interféce, shown in Fig. 5;~avoids'the’useléfbmany
inpufs by pafﬁitioning the parallel BCD déta into'8—bit.slicés.
After thevdigifal voltmetér is. latched by.an oufput‘pulse, a’
éingle instruction is ﬁeeded to reéd the:élock status into the
accﬁmulator of the microproéessér, or: to read a pair of BCD digit
‘lines onto thexdata bus. This interfécgbhas been successful for
'interfacing the.Newﬁoft'ZOOOB and.Prest0pl723A digital voltmeters.

Aﬁ intérface‘for the éutomatic conﬁfol.of Sampling.values is
shOwn in Fig.v6.' This.inférface COnsists:of a»éimble matrix of
double—thréw, single—péle solid—State relays which aré able to
céffy currents up to 1A. Each douBle—poie switch is con;rolléd by
a single line of one outpuf port, and is acﬁuéted by a tri-state
latch. the ihterfaée includes éurréht dfivers for LED indicators

which indicate the status of sampling values.

Softwaré
The -software étfuctﬁre for automatic cbntrol is sﬁpﬁnrschematicaliy ’
in Figﬁre 7. .The subprogfams for‘peak—area inﬁegrafibp.ih éhtomatdg;ams;
column-heater teﬁperature control, and value control afejinterleaved
in a}confrol time‘increﬁent of constant- duration. Muitiﬁle entry’
points in the‘éubprogréms allow progrém.control to be chénged‘frph

‘initialization to sampling.



Ekperimentél

The microcomputer syétem was experiﬁentally tested inssepérate
process—~control and analytical studies. The program béhavior was
. throughly tesfed fof timiﬂg requirements and for performanCe
quélity using tést routinesvin conjunction ﬁitﬁ‘é Beckman GC-2A
gas chromatogréph.with a thermal conductivity detector. |
| A firSt—ofder‘digital filter was implemented for noise filtering
of both the gés éhrométograph detector signalvand for the column -
heate; control_algdrithm; The noise reductioﬁ of fhe detector
.input wés aCHievéd'by feading the amplified'aétécfor signal n
(typically 3<n <‘5)4 times in succeSéion and then using #Hé

weighted mean

. |
= ' 1]

- E ..Z £.E} (D)
i=1

where ’fi ~ 1, as the input for énalysis and control calculations.
Noise filfering of the column heater tempefature was achieved with

filter state equation,

E, = f.E + (1 - f

K 1E (2)

1 Fk-1
 where the gain, £, , was given the value 0.7. The filters introduce
~a first-order lag to the data acquisition and control prqceés, but
is essential for noise reduction in'ény noisy ‘environment.
‘The implementation of a number of DDC algorithms for control

of column heaters was achieved with the methqdé developed by



3acobs [11]. - Two contrél methods wereVimplgmented for automated

gas'chromatogréphy following simulatién studies which‘showed‘them

to yield sﬁffigien;ly precise control: pfoportional4differential—

integrai (P1D) con;rol.and finite time settiﬁg (Dea& Beat) coptrol.
Tﬁe discrete version of.the PID c?nfrol aigorifhm'uSed in

control studies was given by-

C = KB, + Ky iZO'Ei + KD(Ek.— E )

P S D
= 88E + x3 1
where X3y . = %3 7t 8Ek 5

'Ek is the control errdr, and’ Ck' is the k-th control output. The;
control gain was optimally computed for the column furnace by the
open—loop thermal response to a step input. .For dead beat control,

the recursive form of the aigorithm had the form,

‘Results and:Diséussiqn
The execution time of different control subprégfams was_meésqred
" to determine the méximum éampling rate éllowed uﬁder différeﬁ£~§peréﬁing
_conditions. The execution time of an integratipn step of the chromatogrém
program”was found to be aboqt 50 ms with the 8008-based micfocomputer, and -

a factor of abdut ten faster for the 8080—based system. A single step of

the heater
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temperaturé'control subprogrém required'920 ms-with the deaa beat
aigorithm, and a somewhat longer time with fI control in the 8080+basedf:.
éysteﬁ. The;valveiéohtrél subprogram required 20 ms, which is |

: essenfially.the settling time of the read switches. -Thus, the méximUm
possible éampling rate was 20 Hz for péak integration‘aiéne, and i sz
unde; full control. The'use of the Intel 8080 microprocessorvin place
of the_8608 microprqcessor thus allows an increase in sampling‘énd
control speéds by a factor of 10, thereby makihg'possible the control
of several chrsmatographé by a single microcomputer controller. The
extension.of the present control_strategy to multiple‘gas.cﬁfomatogfaphg

control has alfeady been described by the authors [12].

Thé sampling fatés of different input devices was cqmpafed to
subprogram”exeCution Speeds £o determine’tﬁe'optimum.éelectién of
system.components. A comparison of the charécteristics of severai
input devices is given in Table II. 'Softwéfe programs Weré Aéveléped_l
to read,‘translate into»3—by§é floatihg—poiﬁt format, and stére in
RAM at a rate up-to:lSO Hz. Thus, oniy the A/D cbnverter speed ;s
limited by the‘sofﬁwafe speed. ‘The 4 1/2 digit voltmeter with a
3éampiing rate of 100 readings s--l offers>the optinium matching of
operating speed with fhe aﬁalytical software; and allows visual
display of_the instantaneous data. - Because noise reductiéﬁ by signal
aVeraging was found tb be an essential component>of the aﬁﬁomatié-
éontrol pfoéram, the samplihg speed of the digital VOltmetef'should

exceed the software speed by a factor of. three to five. Therefore,;



Input Device

Digital Panelmeter
(Newport)

Digital Voltmeter
(Preston 723A)

A/D Converter :
(Analog Devices ADC

Table II =~ -
Comparison of Chromatogram Data Input Devices

Sampling-

Speed ' _ - ‘ o
(reading/s) Precision (bits)' ~ Advantages .
30 4 1/2 digit - Display of instantaneous data

: for_visual'monitoring.'
100 4 1/2 digit " Data display with moderate

" sampling speed. S

: 4000 16 bit High sampling speed for
12QM) : : .signal averaging to reduce

: noise.

- 11 -
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the.slower la£ching digital voltmeters cannof:be used efféctively
with the Intel -8080-based microprocessor controller. -

| A comparison qf the memory reduirements'and control quality 6f
the PI and dead beat control algorithms'isvshown in Tabie I1I. Thé
dea& bgat control algoriﬁhm required the smaller memory'requiremeﬁt,
and oﬁerated'at somewhét higher.speed! Thévdead beat control algorithm
also showed the smaller ﬁaximum deviation from the set-point under
traﬁsiént conditions, and gave a steady-state control well within
required limits for automated coﬁtrol.. The cpntrol quality obtaiﬁeq
undervtémperature ramp control with the dead beat.algorithm ié also
given for comparison. |

The recent advances in the microelectronics techhology and thé

development Qf microproéessofs has méde ﬁossiblévthe implementation
of microcomputer controllers of gas chrométbgraphs. . The design
presenfed in this paper should be of'significaﬁt'ﬁractical utility

in research laboratories.

Conclusion

A microcomputef systém designed for automatic analysis and
control of gas chromatographs;has been studied experimentally add
shown to allow'automatic‘real—timeldata anal&sis and full control of
sampling values and column heatér for both’temperature famp and-
sét—point gontrol.

The flexibility of the bus-oriented microcomputer system
described was found to be augmented by the design of speciéiAﬁurpose
modﬁies such as input—output interfaces, value control latches and

a real time clock. A software structure in which subprograms are
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Table IIL

Comparison of. Heater Control Algorithms

o Steady-state Maximum
: © ‘Memory control transient
Algorithm required (bytes) quality ‘deviation
PI algorithm. 215 ’ + 0.01°C + 4°C
. Deat beat : :
‘algorithm - 134 * 0.2°C - 1°C
Temperature :
+ 1°C 1°C

ramp generator 240
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interleaved makes bossible the aquisition of @hrpmatogrgm data at
fixed time intervals. ~An optimum system design.and sampling rate
is ﬁreéented. |

The operéting speeds of the Intel 8008 and 8080-based
ﬁicrocomputer systems‘are compared. It is-shown that thé 8008—b§sed
system is compatable with digitai voltmeters hé&ing sampling speeds
exceeding 20 8—1 in chfomatogram integration-applicatidns. The 8080-based
systgm requi;es a high~speed A/D éonverter to préveﬁt Sampiing rate
limitations, énd is capable of operating chr&matdgram intégratiqn

and column heater control programs simultaneously.
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Listyef Figures

Schematic of a mlcrocomputer system for control and on—line
analysis of a gas chromatograph

Modular circuit boards for the Intel 8008-based mictocdmputer
system.. Left: input-output control module. Center: central
processor module. Right: memory address-storage module with

‘programmable read-only memory for the operating system.

Special-function modules. Left: real-time clock module.
Right: universal asynchronous transmitter-receiver.

Interface modules. Left: valve-control relay interface.

- Right: digital voltmeter interface.

Interface circuit for chromatogram acquisition with a dlgital
panel meter with BCD output. :

'Interface circuit for valve control with solid-state switches.

‘Software structure of a control time-increment, showing the

interleaving of subprograms for peak—area integration heater
control and valve control.



MICROCOMPUTER

Control Status Digital
Indicators Voltmeter

.GAS CHROMATOGRAPH

| Amplifier

Detector

ASR 33
Teletype

Univ. assy. transmitter-receiver
Digital voltmeter interface

A/D converter

Real time clock

Central processing unit
Input-output decoder

Operating system

Gas chromatograph control programs
Floating-point math package

Amplifier

Heater

A.C. Power
Interface

Thermocouple

Column

Control
Relays

_L 'F-

Heater

#~ Values

XBL 765-1733

Fig. 1 Schematic cof a microcomputer system for control and omn-line

analysis of a gas chromatograph.
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Modular circuit boards for the Intel 8008~based microcomputer
system. Left: input-output control module. Center: central
processor module, Right: memory address—storage module with
programmable read-only memory for the operating system.
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Fig. 3 Special-function modules. Left: real-time clock module.
Right: universal asynchronous transmitter-receiver.
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XBB 765-4283

Fig. 4 Interface modules. Leftt valve-control relay interface.
Right: digital voltmeter interface.
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Fig. 5 Interface circuit for chromatogram acquisition
with a digital panel meter with BCD output.
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Fig. 7  Software structure of a control time—increment, showing the
interleaving of subprograms for peak-area integration,
heater control and valve control.
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