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Part II: Long Term

and Control

1 Introduction ’ ’

The commercial availability of small yet
powerful microcomputer devices and
the steady decrease in their cost have
created a unique situation in which the
ongoing process of applying these
devices in science and industry seem to
lag behind the technology by which they
are developed and produced. Conse-
quently, there is an urgent need to
develop new-ideas for simple and low

~ cost methods that will permit the im-
plementation of these powerful devices
in the research and industrial environ-
ment. Lacking, in ~ particular, are
methods for interfacing popular and
hence low cost microcomputers to in-
strumentation systems’ and programm-
ing techniques that will allow quick and
straightforward ‘transiation of data ac-
quisition and control requirements into a
working system.

Hugo Guterman and Sam Ben-Yaakov*
Department of Electrical and Computer Engineer-
ing, Ben-Gurion University of the Negev, Beer-
Sheva, Israel 84120.
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In a previous paper {1] we proposed an

approach for applying a personal
microcomputer  in potentiometric
analysis. The system comprised a low
cost microcomputer and a novel
interface-controller that facilitate com-’
munication between the microcomputer
and analytical instrumentation. The
general purpose interface was suc-
cessfully used in a number of applica-
tions such as automatic titration and ion
analysis. Each application was im-
piemented by interfacing the microcom-
puter with auxiliary devices such as
specific ion electrodes, and a motor
driven buret which were controlled by a
program written in BASIC.

Keywords:

AlIM-65 microcomputer; Apple Il micro-
computer; programmable monitoring
system ‘

In the present study we extended the
basic concept as put forward previously
{1] to include a class of applications
‘which call for routine, long term monitor-
ing and control of a multi data point
system. The basic requirements in this
class of applications are different in
many aspects from the requirements in

other applications. . Such a system

should have the capability of serving a
large number of units which may include
an array of sensors as well as a large
number of measuring and control
devices. Secondly, the system must be
protected against power failure as it
may be required to work unattended.
Another requirement is that the
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microcomputer program which controls

the operation will be firmware im-
plemented, j.e. it should reside in a read-
only memory (ROM) so there will be no
need load it each time operation is com-
menced. Such a system must also in-
clude human interface facilities such as
a display and a printer to permit simple
and quick checks of its operation as well
as means to announce possible mal-
function, along with a display of error
messages. And finally, the problem of
communication with other computers
must be solved beforehand so that the
large data mass to be collected can be
easlly transferred to other, more power-
ful processing systems,

Here we describe the approach taken by
us to realize a data acquisition and con-
trol system that answers the basic re-
quirements mentioned above. A deci-
sion to develop such a system rather
than to purchase it commercially was
made after it was realized that the cost

of a commercially avaitable system

meeting all requirements would be pro-
hibitive. It is believed that the general ap-
proach followed in developing the pre-
sent monitoring and control system
could be adopted by other researchers,
even if the specific applications are dif-
ferent from those addressed here or If
different hardware s chosen.

2 System Configuration

The basic configuration of the proposed
data acquisition and control system
(Figure 1) Includes all the necessary

features to permit operation along the
lines suggested above. It comprises a
general purpose microcomputer and a
multi-input interface which permits
selection, under computer control, of
any of the inputs and reading of its value
via a digitizer. Also inc¢luded are control
relays which can be used to operate ex-
temal devices such as solenoid valves,
pumps, heaters, and the like, under pro-
gram control.

The system is powered by a recharge-
able battery which is continuously
charged or trickle charged by mains
power. Battery capacity is chosen to en-
sure operation for the largest expected
AGC power interruption.

The data collected by the system is
stored on a magnetic tape cassette
mounted on a cassette tape recorder
which is in turn controlled by the
microcomputer. in normal operation, all
inputs are sampled at a predetermined
rate and the information, along with the
real time and date of sampling, is record-
ed on the cassette. Between sampling
stops, the microcomputer displays the
real time on the built-in display. This
serves as a simple visual assurance that
the system is alive. While sampling and
recording, the microcomputer displays
the current datum that is being handled
and prints the sampling time as well as
error messages on the printer. These
printouts are used to check the proper
operation of the system and to spot
gross malfunctions such as a damaged
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Figure 1: Biock diagram of proposed data acquisition system.
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sensor or improper supply voltages. A
more extensive check of the system can
be performed by the operator by in-
itiating simple diagnostic routines such
as sampling and printing out any
selected channel.

The operation of the monitoring and con-
trol system is controlied by a BASIC pro-
gram which is stored in a ROM and
started automatically by pressing one of
the microcomputer function keys. Other-
wise the microcomputer can be used in
the normal way. Once the monitoring
and control program is in command, the
microcomputer can be considered as a
“black box” instrument dedicated to a
specific task. As such, it does not re-
quire any manual intervention except for
cassette replacement and routine ser-
vice.

MICROCOMPUTER

PRINTER | DISPLAY |Raziec

CASSETTE
RECORDER

-

KEYBOARD

Figure 2: Block diagram of magnetic
tape cassette readout system.

The magnetic tape cassettes recorded
by the system are read back into the
same or a similar microcomputer (Figure
2) and the data can be sent out along a
standard RS232C serial communication
line [2]. The data is thus readily avallable
to any micro- or minicomputer with the
common RS232C standard communica-
tion port.

The system that was built by us and is

described in detail below is but one
possible realization of the general con-
cepts outlined above. The specific hard-
items mentioned here were
selected to meet a specific application
and their choice was affected by many
non-technical and often arbitrary_deci-
sions. They include: availability in stock
of various elements, previous ex-
perience with a given microprocessor
family, availability of certain memory
devices and EPROM programmers, etc.
Consequently, the mention of any
specific commercial unit does not con-
stitute endorsement or recommendation
of a given product or manufacturer.
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3 Design Details

The design details given here describe
the system that was built by us to meet
a specific requirement: viz. long term
monitoring of temperature in a large
number of reaction vesseis in which
evaporation experiments were con-
ducted. The temperature was measured
by immersion type thermistor sensors
which were wired to the system describ-
ed here. However, trivial changes in
hardware along with a relevant BASIC
program will permit utilization of this
system for a wide range of applications.

3.1 Microcomputer

The microcomputer used in the present
study was an AIM-65 (Rockwell interna-
tional, USA) [3]. The unit includes an 8 bit
CPU (6502) a residence monitor and
BASIC interpreter, 4 Kbyte RAM and two
user expandable ROM sockets. The unit
also includes as standard items a one
line LED display (20 characters) a small
printer (20 characters) TTY and audio
cassette recorder interfaces and an in-
put/output port with 2 x 8 bit lines and
four handshake lines. Is shouid be re-
emphasized that the design concepts
outlined here can be implemented with a
number of commercially available
microcomputers of which the AIM65 is
but one example.

3.2 Interface

The design if the present interface unit
(Figure J) follows the general concepts
of the interface that has been described
previously [1}. The main differences are
in the number of input channels which
were extended here to 128 with an op-
tion to expand them to a total of 256. The
number of control relays is eight or six if
two lines of the port B are used for real
time clock operation as described
below. if required, the number of control
relays can be increased, by using the
multiplexing scheme described earlier
[1]. Since our specific application called
for a limited number of control relays, a
simple one-to-one decoding scheme was
deemed sufficient.

The multiplexing of 128 inputs was
achieved by using eight 16-bit CMOS
multiplexers (RCA, CD 4067B) which
were controlled by one of eight selector
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Figure 3: Circuit diagram of interface controller.
(RCA, CD 4051). As the number of bits re-
quired to decode 128 inputs is 7, the “*j—"’“" e ———t+30
eighth bit of port A (Figure 3) can be us- Ra promt « d e
ed to control another bank of 128 input | " .
multiplexer, extending the total number | D
of inputs to 256. Qvusmoa R Jroun
Digitization was carried out by counting —: ] L;'Vn

the pulses of the voltage to frequency
converter over a fixed period of time. The
advantage of this simple and low cost
digitization technique in low sampling
rate applications was discussed
previously [1]. The full range frequency

_used here was 10 KHz which provided a

1:10,000 resolution when a one second
counting time was applied.

3.3 Temperature Sensors

., Temperature was measured by commer-

cially avallable immersion type ther-
mistors. No attempt was made to
linearize the response by hardware
methods. The thermistors were con-
nected in a simple voltage divider circuit
(Figure 4a) and the output voltages were
fed to the data acquisition system.
These voltages were compared to the
output voltage of a reference voltage
divider (Figure 4b) from which the
resistance of the thermistor was

{o) [(3]

Figure 4: Thermistor voltage divider (a)
and reference divider (b).

calculated. The measurement was made
independently of the conversions factor
of the voltage-to-frequency converter [1]
and the supply voltage to the.thermistor
and divider network, by an autocalibra-
tion procedure which preceded the
temperature measurement. The pro-
cedure commenced by first evaluating
the response of the digitizer by using it

to measure the ground potential and the -

output voltage of the reference divider
(Vo and V, in Figure 4b). Assuming a
linear relationship between the output
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frequency, f, and the input voltage V, the
frequency should foliow the function:

f=A+K-V (1)

where A and K, are the (unknown) con-
version constants. The constant can be

evaluated from the two reference
measurements to yield

fo—f
f=fh+ 2Ly @

D
where f; and f, are the measured fre-
quencies for 0 volt (V,) and V respective-
ly.

The output voltage of any thermistor
divider V; can now be expressed as a
function of the measured frequency f;
by:

Vr = ;D: ;2 Vo @
Since

Vi = Rs—fTR:V“ @
and

Vo=pg +R2R2 Vee ®)
one obtains~

RT fT _fo Rz

Rt R, fo—1, R, + R, ©)
from which
R,-F

where F is the expression on the right

hand of equation (6). Hence, the propos--

ed method of relative measurement is in-
dependent of V. A, and K; as long as

they can be assumed to remain stable :

between the calibration and measure-
ment stages.
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Conversion of R; to temperature was
carried out by using a curve fitted equa-
tion which relates thermistor resistance
to temperature. The fitted equation was
of the form [4]:

B, C )

R; = Aexp T+_TE 8

where T = temperature (K)
R; = resistance (ohms)
A,B,C = constants.
Hence, the temperature can be

calculated for any given R; by:
2C

T= _
~B + JB? — 4C(InA — InRy)'

The numerical values of the constants
A,B,C of equation (8) were evaluated by a
least-squares fitting procedure [5] which
fitted the equation to tables supplied by
the manufacturers [4]. The tables list the
resistance of the specific thermistor
used as a function of its temperature,
over the useful temperature range.

3.4 Software and Firmmware

Real time clock indication was achieved
by using internal counters of the AIM-65
(located in the 6522 VIA) in conjunction
with a microcomputer program. An ex-
ternal connection was made between
PA, and PA; (Figure 3) to obtain a pulse
wave with a period of 65.535 msec. This
basic period was then translated into
elapsed time by a BASIC program.

The computer program which controlled
the operation of the monitoring and con-
trol sequence consisted of a short
machine language routine and: a main
program written in BASIC. The machine
language program was used for count-
ing the pulses of the analogto-
frequency converter [1]. it was written in
mnemonic and assembled by the resi-
dent assembler of the AIM-65 [6). The
BASIC program was first keyed into the
AIM-65 and stored in the RAM of the
microcomputer in the usual manner.
Following the debugging stage both the
machine language program and the
BASIC main program were programmed
into an Erasable-Programmable Read-
Only-Memory (EPROM) which con-
stitutes the basic firmware of the
monitoring system. It operated with the

standard firmware of the microcomputer
used: a monitor and a BASIC interpreter
[7]. EPROM programming was carried
out by a PROM Programimer & CO-ED
(Rockwell international, USA).

& Experimental

An AlM-65 microcomputer was used as
the controller and was operated with.the
interface described above. The data
were recorded on a CN13 cassette
recorder (Commodore Inc., USA). The
thermistors were type YSI44031 (Yellow
Springs Instrument, USA) which are In-
terchangeable to within 0.1°C. The
system was powered from a 12V, 80 Ah
sealed, lead-acid battery (Gould Inc.
USA) which was charged by an in-house
built charger. Total current drain from
the battery was 3 A. Hence, the battery
could sustain continuous operation for a
period of 26 hours.

The monitoring and control system was
installed in the experimental station of
the Mediterranean Dead Sea Co. of
Israel located in the Dead Sea area near
Beit Haarava. The system was used to
continuously monitor the temperature of
evaporation vessels located at that ex-
perimental site. The thermistors were
wired through an electrical cable net-
work with distances up to 75 meters be-
tween the thermistors and the monitor-
ing system. The system has now been In
use for about five months (as of Jan.
1983).

The BASIC program of the monitoring
sequence consisted of two main parts
(Figure 5): a) recording of all inputs on
the tape along with real time and date,
every hour and b) printing the reading of
any channel on the built in printer In
response to an operator's command. On
operating in the standby mode the
system displays the running time on the

bulit-in LED dispiay.

The data cassettes were read back by an
AIM-65 microcomputer (Figure 2) and
transferred to a dedicated data process-
ing system (Figure 6). It consisted of an
APPLE !l microcomputer (APPLE, USA),
model IPS-5000A (Data Royal, USA)
printer, and a model DMP-3 (Houston,
USA) x-y plotter. The data processing
system was used to tabulate the data
collected by the present monitoring
system along with manual fed data, and
to generate various plots.
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Figure 5: Flow diagram of microcomputer program of the present data acquisition

operation.

5 Results and Discussion

The constants of the curve fitting equa-
tion [eg. (8)] to thermistor data were
found to be:

A = 665225 10-3 ohm
B = 4896.9622 K
C = 19568.496 (K¥
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The agreement between the curve fitting
equation [eq. (9)] and the manufacturer’s
tabulated data [4] was found to be very
good (Figure 7 and Table 1). The max-
imum deviation between the tempera-
ture calculated from the curve fitting
equation and the temperature tabulated
for a given thermistor’s resistance was

found to be less than &+ 0.02°C for the
temperature range 0 — 100°C. Conse-
quently, the limiting factor in the ac-
curacy of temperature measurement by
the thermistors is the guaranteed inter-
changeability (& 0.1°C) and not the
curve fitting approximation. Another fac-
tor that must be taken into account is.
the accuracy of the resistors used in the
measuring and reference divider (Figure
4). Since the accuracy limits of these
resistors was & 1%, the corresponding
error in evaluating the thermistors’
resistance Ry could have reached + 3%.
This corresponds to a maximum tempe-
rature error of about 0.75 °C at 25 °C and
about 1 °C at 40 °C. Comparison of the

X-Y
PLOTTER

DOT MATRIX]. |
PRINTER

DuAL

DISKETTE

PRIVER

Figure 6: Block diagram of data process-
ing system.

MICROCOMPUTER

RS232¢ .| ‘MONITOR -

KEYBOARD

Table 1: Comparison of original tabula-
ted response of themmistor to recon-
structed response as calcuiated from

the curve fitted equation.
Tabulated data (7,) Fitted Error
temp. (Tp)

Temp. Resistance Ty —Tg
[*C K [°Cl x 1073[°C]
0 294900 — 0.005 5.510
10 18.7900 9.996 3.351
20 12.2600 20.014 —14.287

30 8.1940 30.007 —7.004 ~
40 55920 40.009 ~9.245
50  3.8930 50.005 —56.558
60 27600 60.003 —3.116

" 70 1.8900 70.003 —3.833
80  1.4580 79.996 3.622
90 1.0840 89.989 10.681

100 08168 99.993 6.976

207



: Scientific Originals ¥

180

2 + 4 + +—t —t—t
Is.r F
N 12J( \ !
° 8 L L
S 4! (
X " )
k 0] I
' -4 1 » . X
g »
@ -8 1 » L
. 5 ) »
. -120 L
-16] " I
-2 b ;
9 19 20 38 40 1Y) » 60 7@ » 80 90
TEMPERATURE » (G %] o

Figure 7: Deviation of curve fitted equation from tabulated resistances of ther-

mistors.

, {°C)

TEMPERATURE
~
]

25 It ——

NN NANNANAN]

~
wl
IS

TIME , (DAYS)

Figure 8: Reconstructed temperatures from data recorded by present monitbring
system in Dead Sea experimental station. (a) Air; (b) de-ionized water; (c) Mediterra-

nean Sea water; (d) Dead Sea water.
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temperature measured by the present
monitoring system and that measured
by a hand-held thermometer (Thermic,
West Germany) specified to =+ 0.1 °C
revealed that the maximum error in the
field was below + 0.7 °C at 40 °C, i.e.
well within the expected range.

The total number of data (channels)
recorded on the cassette, per scan, in
thé present application was 96. Each |
record was identified by the date and
time of recording. The number of records
that could be recorded on one side of a
standard C-60 audio cassette was found
to be 52. This required, in the present ap-
plication, replacement of a cassette
every two days. The maximum number
of data points recorded on each side of a
cassette was thus approximately 4,992
or about 25,960 digits. This information
was read to the APPLE Il system(Figure
2). The total time required for transferr-
ing the data of one cassette was 45
minutes when using a communication
data rate of 1200 band.

Typical plots generated from the data
collected by the present monitoring
system are shown in Figure 8. It depicts
air temperature, and temperatures in
three evaporation vessels in which de- -
ionized water, Mediterranean Sea water,
and Dead Sea water were. exposed to

_ solar radiation. Clearly seen are diurnal

temperature fiuctuations as is the effect
of solution salinity on the temperature
attained. This salinity dependence Is
probably due to a lowering of the water
vapor pressure, and hence of the rate of
evaporation, as the lonic strength In-
creases. Thus the rate of loss of heat by
the evaporation process is lower at
higher salinities so that a higher solu-
tion temperature Is reached for any
given solar radiation.

Continuous round-the-clock temperature
monitoring of the evaporation vessels in
the experimental station of the Mediter-
ranean Dead Sea Co. would have been
impractical without a data acquisition
system. The advantages of using the
system described here were found to be
not only economic but also functional.
The total cost of the present system is
for below that of any commercial system
including all the required features such
as magnetic recording, battery backup,
communication with other processors,
etc. Another advantage Is the flexibility
of the system stemming from its pro-
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grammability. This enables one to tailor
its performance so as to meet specific
requirements of a given application. The
specific program can include many
features such as curve fitting to a given
sensor's response, conversion to
physical or chemical units, setting of
alarms and switching from one mode of
operation to another according to
predetermined criteria. The simplicity of
the interface unit described here, and in
particular the simple digitization method
with a built-in noise integration feature,
simplifies the construction of the unit. it
does not require any special precautions
when preparing the layout of the printed
circuit, and does not call for elaborate
noise filtration, shielding or earthing

‘ “even though the basic resolution (with a .

one second counting time) is 1 part in
10,000, i.e. equivalent to a binary resolu-
- tion of ca. 13 bits.

The accuracy of the present digitization
method can be markedly improved by an
. autocalibration scheme. In the present
. application, .a built in computer-

P

i

controlled procedure was used to
calibrate the thermistor's resistance
measurements. The procedure yields a
resistance value which is independent of
the excitation voltage, and the conver-
sion factor of the analog-to-frequency
converter. A similar approach was suc-
cessfully implemented for voltage
measurements. In that case, a stable
reference voltage and ground {(zero
voltage) were used for evaluation of the
response of the analogto-frequency
converter prior to each set of
measurements. This simple two-point
calibration technique can be im-
plemented because the linearity of the
analog-to-frequency converter is very
good (RC4151 Raytheon, Inc.). All these

procedures of self calibration would

have been impractical, of course, if not
for the programmability of the monitor-
ing system.

The main disadvantage of the.present
digitization scheme is the low sampling
rate that can be obtained. This restricts
the range of application to relatively

ic Originals

slow processes in which a sampling
time of one second can be tolerated. In
such cases the application of the ap-
proach suggested here could be very ef-
fective and economical.
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1 Introduction

A microcomputer system consisting of
an APPLE Ul with supporting hardware
and software was assembled for on-line
data capture and data manipulation in
gas chromatography. It was decided for
several reasons to use a non-dedicated
system instead of the many dedicated
systems available today. This approach
has both advantages and disadvan-
tages.

Probably the biggest advantage is that
the system can be tailored to a specific

application with respect to both hard-.

ware and software without losing the
ability for more general applications.
This system can therefore even be used
for laboratory administration with ap-
plications like word processing  and
database management. Existing soft-
ware can easily be adapted to specific
applications while new software can be

added — a feature which is not available-

on most dedicated commercial systems.
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. Another advantage of a system as

discussed in this paper is that the raw
data, e.g. a chromatogram, can be
stored on a floppy disk, while with com-
mercial “integrators or dedicated micro-
processors the raw data is usually lost
and only the results of caliculations are
stored. The availability of :the raw data
allows for the possibility of human in-
tervention when an unusual chromato-

gram causes the programs to make in-.
» correct calculations.

it is also possible to use much higher
sampling speeds than is possible with
commercial integrators. This is useful if
very fast peaks {like inlet peaks) have to
be measured accurately.

A disadvantage of an average eight-bit
microcomputer system, like the APPLE
Il, is that core memory and disk storage
space are limited. The number of points

J.B. Wagener and T.S. Buys, Department of Chem-
istry, University of Pretoria, Hillcrest, Pretoria,
South Africa.

J.B. Wagener and T.S. Buys

that can be sampled for one chromato-
gram depends on the complexity and size
of the program used for sampling. In the
programs used in this study the max-

{imum number of points for one chro-

matogram ranged from 1000 to just over

- 4000. The number of chromatograms

that can be stored on one disk are also
limited to about 50 chromatograms of
1000 points each if stored as 12-bit in-
teger data. It is however possible to ex-
pand the APPLE Il microcomputer’s in-
ternal memory to more than 64 kilobytes
{although this is expensive) while a hard
disk drive with megabyte storage capac-
ity can‘be added (also expensive and the
operation with such a drive is less than
ideal because of limitations in the AP-
PLE II's disk operating system).

The operation of an eight-bit microcom-
puter is usually slower than that of a
dedicated system, because no real-time
integration programs are yet available,
but this is a price that has to be paid for
greater flexibility. Operation is also less
“user friendly”. Both the last two limita-
tions can however be overcome by
writing more sophisticated software.
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