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ABSTRACT.

A precise temperature monitoring system in the range 50—1330°C using Radio
Telemetry as a means ol signal ransmission has been designed and constructed.
It consists of a sensitive thermocouple amplifier with active cold junetion compensation.
To enable FM Telemetry. the outpul voltage was hnearly comveried into pulses of
proportional frequency and then pulse modulated for transmission as radio signals. The
signal 15 then demodulated by a VHF recerver and subsequently processed. The system,
which comsists of two modules works as a general-purpose temperatare-momionng
device with an accuracy of £ 1"C. For the purpose of data logging the measured
temperature, a precise computer-interfacing adapter was also designed and constructed. [t
includes a TCT109 12-bit A'D converler and two octal D-type latches which provade the
handshaking and ns:s;:rf-.ﬁ-a.r_\ multiplexmg action required 10 iput 12-bit through the ¥-hat
data port available for inpul on the parallel port of the computer. The umt 15 designed 1o
enable its use as a general-purpose device for other mputs other than a thermocouple
amplifier outpul, The software for the control, data processing and presentation of oulput
iresult of computation} on a graphical screen of the VDU of the computer was written in

(IBasic and Visual Basic. the codes of which can easilv be adapted 1o suit the user’s

purpose.
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CHAPTER ONE
INTRODUCTION
1.1 OVERVIEW

Temperature measurement and control have become a very important process in many
industrial and scientific researches. |saac et al. (1993) have described the development of a
precise temperature measurement clreuit to meet various required standards of operation. 115
however a common knowledge that such circuits. especially those meam for high
lemperatures satfer from low accuracy and stability, The basic reason being that such circuits
utilise thermocouples as mput devices, whose low sensitivity. high susceptibility 1w noise
pick-up and need for cold junction compensation impose many hmitations,

In many scientific applications such as in the heat reatment of matenials in an electric
oven. reproducibility of materials of some desired quality and properties is often the poal
Matenal properties are. known 1o depend largely on the heat treatment temperature and for
how long the temperature is fixed at the desired tempening value (Kawser. 1993}, It becomes
necessary therefore to focus much more on the temperature control device for such an oven,
which in most cases starts with the thermocouple amplifier. How precise this amplitier tracks
the temperature in the furnace definitely atfects the overall controflability of such a fumace.

In vet other applications, in which interconnecting wires between the thermocouple
and the visual output device are not feasible, such as in the case in which the svstem has
moving components (e.g. the rotary furnace), it becomes necessary 1o device another means
of signal transmission different from the wraditional thermocouple-wire through panel meter,
The use of split rings has been reported. but it falls short from contact resistance developed at
the junction of the shder (Marmangom, 1993).

The use of radio telemetry has been well established as a preferred means of signal

transmission where accessibility i1s a major problem. It has been the technigue of choice for



the tracking and collation of data from biological specimens. for data communication via
satellites and for the control of robots [ocated in remote areas (Young, 20017 1.

The advancement attained in modern computer archatecture in the area of speed of
processing. and the capacity to store large amounts of data. coupled with the ease and
flexihility of present programming languages, has resulted either in dedicated or general
purpose personal or small computers. And today it has become a natural adjunct w a
measurement system. Computers may be used simply to monitor and record one or more
measurements or they may serve as an interactive part of 2 more comprehensive
measurement and control svstem ( Marmangoni, 1993),

Researchers in the field of measurement and imstrumentation are still finding new and
improved wavs of adapting the computer as a research tool for experimental purposes. To
coniect  common  measurement  circuitry 10 a computer requires considerably  more
upderstanding of the functioning of svstems than it would first appear to be. The output from
most transducers applied for measurement purposes originate as analogue type signals
{Usher. 1989}, but the computer recognises only digital quantities. As a result, often the first
requirement is to change the data form by means of an analogue-to-digital converter. In
addition, data from circuntry external to the computer must be led to the computer ina form
and order that the computer 15 prepared to accepl.

The modern computer connection 1o the outside world through its ports 15 generally
bi-directional. Computers receive or output data in a well defined and orderly manner, as
prescribed by the controlling software, ie. a programme written to control the activities and
mteraction of the computer mann hardware with external circuitry. In addimon mput/outpu

data may be handled in either serial or parallel form (Stewart, 2001 )

I



1.2 OBJECTIVE AND SCOPE

[t 15 the aim of this project to:

-4

iad

1.3

Present a thermocouple amplifier of high precision with an active cold junction
compensation capable of amplifying a thermocouple output signal over the emperature
range 50— F500°C, with little drift with fime and vanation in ambient temperature

Device a means of faithfully transmitting the output signal from the thermocouple
amplifier through radio telemetry to a VHF receiver. located 20 meters away from the
MEASUrIng 2one,

Design and construct a 12-bit imerfacing adapter for an IBM personal computer, using ils
printer’s port as a channel for the control and transmission of data.

[evelop a software for the control of the attached interfacing circuitry, data nequisition
from the circuilry and further processing of the data. And finally displaving the result on
the visual display unit of the computer, while a1 the same time storing the acquired data

against time o a-daga file tor subsequent analvsis ol temperature varation with ome

BASIC HARDWARE DESIGN AND SOFTWARE DESIGN FEATURES

Fig.l.] shows the overall block diagram of how the entire process of emperature

measurement using radio telemetry was achieved. The system starts with the thermocouple,

with its hot junction placed in the area where the lemperature 15 desired. The output from the

thermocouple, which 15 o direct current {(d.c.) voltage 15 fed into the thermocouple amplifier

which provides the necessary thermocouple cold junction compensation amd  enough

amplitication te allow for further processing of the signal.

The output signal from the thermocouple amplifier is then converted mto pulses by a

linear voltage-to-frequency converler trimmed to give an outpul of |H#/mV. This output

signal from the converter then pulse modulates an FM wave transmitied at a carmer frequency



of 220MHz and then a VHF receiver is used to demodulate the transmitted signal at the
receiving end, The demoedulated signal, which appears as pulses of lrequency equal 1o that
ransmitted. 1s then converted back to voltage by a linear frequency-to-voliage converter
trimmed 1o produce an output of ITmV/He, The output, 8 d.c. voltage 15 signal conditioned w0
remive ripples. buffered by a umty gam amplifier and then fed 10 an analogue-to-digital
COTVETTEer.

Conversion of the analogue input signal to digital form starts with the 12-bin A/D
converter. The converter is a 12-bit ADC IC (TC7109) from Microchip. From the microchip
semiconductor data sheet. it is found that the device offers the following outstanding features,
tow noise. zero integrator cvele for fast recovery from inpwt overloads. and no zero
adjustment needed. This makes the device a good choice for continuous conversion. For
direct interfacing, the combination of chip-¢nable and bvte-enable control signal 1s necessary.
this 15 provided by the .:i-:rﬁwar: designed for such. Although the TCT10% IC mcorporates the
circuit necessary for direct interfacing and multiplexing of data. it is desired for increased
efficiency to allow the A/D converter run continuously and present data without interruption.
A separate circuit consisting of two D-type latches was therefore introduced to provide the
needed multiplexing of data.

[he D-tvpe cctal latches (7415373 has an enable wiput (pin 11) which when set high
allows the output to follow the AN converter output and latches the output when set low, It
also has an enable output (i.e. pin I} which when set high sets the eight outputs 10 high
impedance. It is this feature that was exploited in the software design.

The channel for data transmission into the computer is the printer’s pon which
consists of three parallel ports: namely the control, date and status ports (Stewart, 2001).
Simce the A/D converter 15 set for continuous conversion operation the computer need not

check s status. Theretore only the control and data ports of the printer were used.



A common limitation of the parallel port is that it can only 1ake eight bits of data
through its data port at a single time { Anderson, 1996). The software is therefore designed 1o
contro| the interfacing cirenit such that the 12-bit output from the A/D converter is presented
as two bytes of data, read through the data port in succession of & bits and then 4 bits, The
data received by the computer is then processed and displaved as true temperature reading on
the visual display unit of the computer, The creation of files for both read and write

operations 15 also handled by the software.
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CHAPTER TWO
LITERATURE REVIEW
1.1 TEMPERATURE STANDARD

The international messunng system sets up standards for only Tour fundamental
quantities, length, time. mass, and temperature, Temperature is fundamentally different in
nature from length. time and mass. in that it 1s an intensive quantity whereas the others are
extensive. The idea of a standard unit of mass. length or time that can be divided or
multiplied indefinitely o generate anv arbitrary magnitude of these guantities cannot be
carned over 1o the concept of temperature, The fundamental meaning of temperature. just as
for all basic concepts of physics. is not given easily, For most purposes the Zeroth Law of
thermodynamics gives a useful concept. The Zeroth Law states that when two bodies are each
in thermal equilibrium with & third body, they are in thermal equilibrium with each other,
Then by definition the Emd'ter: are all at the same temperature. Thus if a reproducible means of
establishing a range of emperatures can be set up. unknown temperatures of other bodies
may be compared with the standard by subjecting any type of thermometer successively to
the standard and to the unknown temperature and allowing equilibrium to occur in cach case
That is the thermometer 15 calibrated against the standard and afterwarnds may be used to read
unknown temperatures {Marrangoni, 1993),

In choosing the means of defining the standard temperature scale any of the many
physical properties of materials that vary reproducibly with temperature could be employed.
To detine a temperature scale numerically we must choose a reference temperature and state
a rule for defining the difference between this reference and any other temperature,
lemperature 18 measured for some reasons. such as computing the thermal expansivity. rate
of heat-transter. electrical conductivity. gas pressure e.t.c. The form of the equation employved

to make such calculations depends on the standard used to define temperature. A temperature



scale that gives a simple form of thermal expansion equation may give complex form o any
other physical relations mvolving temperature. Since this difficulty is common to all
standards based on the properties of a particular substance. a way of defining a temperature
scale independent of any substance 15 desirable.

The thermodyvnamic temperature scale in Kelvin proposed by Lord Kelvin provides
the theoretical base for a temperature scale independent of any material property, If also a
number is selected 1o deseribe the temperature of a chosen fixed point. then the temperature
scale is completely defined. At present the fixed point is taken as the triple point of water
because this is the most reproducible state known. The number assigned to this point is
273.16K. The mternational practical temperature scale is set up to conform as closely as
practicable to the thermodynamic scale. At the tiple point of water, the two dynamic scales
are in exact agreement by dehimtion. Five other fixed points are used. These are
(a) the boiling point of liquid oxyvgen (-182.962"C)
ih) the boiling point of water 100°C
(c) the freezing point of zine (419.58"C)
(d) the freezing point of silver (961.93"C) and

(¢) the freezing point of gold (1064.43°C)

The accuracy of temperature standards may be considered from two polnts of view.
First, how closely can the international practical temperature scale be reproduced? Second.
how closely does it agree with the thermodynamic absolute scale? The highest reproducibility
of the international practical temperature scale occurs at the triple point of water, This can be
realised to a precision of a few ten—thousandeth of a degree, given an accuracy of about |
Part Per Million (PPM). Calibration of a given temperature-measuring device generally s
sccomplished by subjecting it to some established fixed-point environment. Examples of

these are the melting and boiling points of standard substances such as warter, gold ete, or by



comparing 1ts reading with those of some more accurate {secondary standard) temperature

sensor which itself has been calibrated.

2.2 TEMPERATURE MEASURING METHODS.

Ower the years various measuring devices have been developed based on the variation
of material properties with temperature. Three basic methods have so far been fully

developed and adapted 10 the measurement of temperature. These are:

(1.} Thermal expansion method: which is based on the thermal expansivity of some

materials! Among the thermometer developed on this basis are:

(a) Bimetallic Thermometer (b) The Liquid-in-Glass Thermometer and

(¢ The Pressure Thermometer.

(2.) Radiation method: this 1s based on the physical phenomenon that a body emits
electromagnetic radiation of varying wavelength depending on the temperature of the body.

An ideal radiator obeys Planck’s law, which stales that

. Ly
7 T —

# Ai{ErJ.IiT]—I]

Where o, is hemispherical spectral radiation intensity Wiem® pm; €, = 37.43 W.um'/fem® ;
U= 14,388 pm.K: 2 is wavelength of radiation in pm: and T is absolute temperature ol

blackbody measured in Kelvin (K.

The optical pyrometer is the most commonly adaptable instrument for radiation

measuremenl.



(3.} Thermoelectric method: this is based on the characteristic exhibited by most materials.
When two metallic wires of different material composition are combined to form a junction. a
d.c. voltage develops across their loose terminals, which varies with the temperature at which
the junction thus formed 15 placed. In this work which invoelves the measurement of
temperature above 1000°C in a rotary furnace. emphasis will be laid on thermoelectric

devices

121 THERMOCOUPLES

If two wires of different materials A and B are connected as shown in Fig. 2.1 with
one junction al temperature T and the other at temperature 75 a d.e. em{ is developed across
the terminals. This phenomenon is known as Seebeck effect. The magnitude of the voltage £
depends on the two materials used to form the thermocouple and the junction temperature [
and T3, When using a thermocouple, we are trying to measure the temperature of a body in
comagt with the therme-junction. These two temperatures are not exactly the same. if an
electric current is allowed 1o fTow through the thermo-junction, heat is generated or absorbed
it the junctions and thus makes one of the junctions hotter and the other colder than the
surrounding medium whose temperature 15 being measured, This heating and cooling process

15 related to the Peltier effect,

If the thermocouple’s output emf is measured with a potentiometer no current flows
and thus Peltier heating and cooling is not obsérved, When a millivoltmerer is used mstead,
current flows and heat is absorbed at the hot junction (requiring it 1o become cooler than the
surrounding medium) while heat is liberated m the cold junction. making it hotter than its
surrounding medium. These heating and cooling effects are proportional 1o the current and
fortunately are negligible when the current 15 that produced by the thermocoupie self in a

practical millivoltmeter c¢ircuit, These errors are even less when the thermocouple s

10



connected (as 18 very common) W an instrumentation amplifier with high inpul impedance (|

to 1. 000ME3),

Another reversible heat-flow effect. the Thomson etfeet. influences the temperature of
the conductor between the junctions rather than the junctions themselves, When current flows
through a conductor having a temperature gradient (and thus a heat flow) along its length,
heal 15 liberated at any point where the current flow is in the same direction as the heat tlow.
while heat 15 absorbed at any point where these llows are opposite. Since this effect also
depends on current flow, it is not present if a potentiometer 15 used: even if a millivoltmeter is

emploved the effect of the heat flow on the conductor is completely negligible.

Finally. it should be noted that in any current carrying conductor, the /- Rt heat is
generated thereby rmsing the cirewit temperature above its local surroundings. Again
potentiometric and high-imput-impedance voltage measurement gives negligible ervor. Errors
in millivoltmeter circuit usually are negligible but can be estimated it the heat transfer
conditions are known. The above physical effects can be analvsed on a macroscopic scale by
classical thermodynamics taking into account the irreversible energy conversion process and
the Peltier and Thomson etfects. The total eml produced is made up ol a pant due 0 the
Peltier effect, which s localised at each junction and a (usually much smaller) part caused by
Thomson effect which is divisible along each conductor between the junctions, The Peltier
eml 15 assumed proportional 10 the junction lemperature; while the Thomson effect is
proportional 1o the difference between the squares of the junction temperatures. For the total

voltage, the equation takes the form:
E=CL =T+ AT =T (2:1)

Where E is wotal voltage (pV). T, T, = Absolute junction temperatures, in Kelvin (K).



Uinfortunately the assumptions leading to equation (2.1) are not exactly satisfied in
practice, thus this eguation cannot wsually be used to predict accurately temperature from
measured voltages. As 8 result temperature measurement by thermoelectric means 15 thus
based entirely on empirical calibrations and the application of so called thermoelectric laws.
which experience has shown to hold. These laws are adequate for analysing most practical

thermaocouple circwit,

The Laws of thermocouple behaviour may be stated as follows:

(1) The thermal emf of a thermocouple with junction at 7, and 7, is totally unaffected by

emperature elsewhere i the circuit if the two metals used are each homogeneous as shown

in Fig. 2.2.

(2) I athird homogeneous metal C is inserted into A or B as shown in Fig. 2.3_ as long as
the two new thermo-junctions are al the same temperature. the net emf of the circuit is

unchanged irrespective of the temperature of C away from the junctions.

(3) It metal C s inserted between A and B at one of the junctions as shown in Fig. 2.4,
and the temperature of C at any point away from the junctions formed by metals A
and € and metals B and C 13 also ot the temperature 75, then the net emi is the same as

if € was not there,

{4) If the thermal emf of a thermocouple formed by metals A and C is E - and also the
thermal emf from that formed by metals B and C is £ -, as shown in Fig.2.5. then the thermal

emf of a resulting thermocouple formed by metals Aand Bis £ + £,

{3) If & thermocouple produces emf £, when the junctions are at T; and T>and £ when at T

and 15 as shown in Fig. 2.6, then it will produce £\+E; when the junctions are ot [ and T3
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Fig 2.2: Thermocouple with homogencous materials

.-\%

*

Same net emd

Fig 2.3 Thermocouple with a third material

mea
i




T4

S el et

A
l,-'B I3
e >
Eae + Ech

-

Fig 2.5: Thermal emf produced by different combination of materials

Fig 2.6: Thermal emf penerated by thermocouple at different temperature



These laws are of great importance in the practical application ol thermocouples. The first
law states that the lead wires connecting the two junctions may be safely exposed to an
unknown and or a varying temperature without affecting the voliage produced. Laws 2 and 3
make it possible to insert a voltage-measunng device into the circuit to measure the emf.
Here the metal C represents the internal circuit (usually all copper in practical instrumenis)
between the instrument binding posts. Law 3 also shows that thermocouple junctions may be
soldered or brazed (thereby introducing a third metal) without affecting the readings. Law 4
shows that all possible pairs of metal need not be calibrated since the individual metals can
each be paired with one standard {platinum) and calibrated. Any other combinations then can

be calculated.

In considering the Afth Law it should be noted that in using a thermocouple to
measure an unknown temperature, the temperature of one of the thermo-junctions (called the
reference junction) musi be known by some independent means. A voltage measurement then
allows us to get the temperature of other (measuring) junction from calibrated tables, Mast
calibration tables are based on reference junction set at the thple point of water. When a
thermocouple 15 used, the reference junction may or may not be at the jce point. IT it 15, the
calibration table may be emploved directly 1o find the measuring junction temperature, If it is
not, the fifth law allows the use of the standard table as follows: suppose the reference
Junction 1s at 30°C and the voltage reading in the table 15 0.7ImV. Now E; the measured
value is 1.23mV, thus £+ £y = 1.99mV, The unknown wemperature can be found by looking

up the temperature value corresponding 1o 1.94mV {Lablacility, 2001 ).



.12 COMMON THERMOCOUPLE

While many materials exhibit the thermoelectric effect 1w some degree. only o small
number of pairs are in wide use. They are Platinum/Platinum-Rhodiom. Chromel Alumel,
Copper/ Constantan, and Tron’ Constantan. Each pair exhibits a combination of properties that
suits it to a particular class of application. Since the thermoelectric effect 15 somewhat non-
linear. the sensitivity varies with temperature. The maximum sensitivity of any of the above
pairs is about 60pV/'C for Copper/Constantan at 350°C, Platinum/Platinum-Rhodium is the

lenst sensimive. its sensitivity being about 6pV/ 'C between 0 and 100°C

The accuracy of the common thermocouples may be classified in twio wavs, either (1)
relying on the wire manufacturer’s quality control to limit deviation from the published
calibration table or (2) by calibrating individual thermocouple before use. OF all types of
thermocouples, Plannum/Platinum-Rhodium 15 the most accurate; the error is of the order of

+ 11,25 percent ( Barney. |988).

Platinum/Platinum-Rhodium thermocouples are emploved mamly in the range 0 w
| 500°C. The main features of this combination are its chemical inertness and stability at high
emperature in oxidising atmospheres. Reducing atmospheres cause rapid deterioration wt
high temperature as small quantities of other metals absorbed from nearby objects
comtaminate the thermocouple metals, This difficulty causes loss of calibration and
upforfunately i1 15 a common occurrence in most thermocouple material above 1000°C,
Chromel/ Alumel couples are useful over the range 200 1o +1300°C. Thewr main application,
however. is from about 700 to 1200°C in non-reducing atmospheres, The temperature/voltage

characteristic s quite linear v this temperature range. Other thermocouples in wide use

nclude Copper/Constantan, used ol temperature as low as —200'C.  Its upper limit is about



350°C because of the oxidation of copper above this range. Iron/Constantan is the most
widely utilised thermocouple for industrial application and covers the range —150 w0 +
[000°C. Tt is usable in an oxidising atmosphere to about 760"'C and to about 1000°C in a

reducing atmosphere
1.2.3 REFERENCE —JUNCTION CONSIDERATION,

For the most precise work. the reference junction should be kept at the wiple-point of
water whose temperature is 0,01+ + 0.0005"C. Such accuracy is rarely needed, and an ice
bath is used much more commonly. A carefully made ice bath is reproducible o about
0.001°C. Fig 2.7 shows one method of constructing an ice-bath reference junction. The main
sources of errors are insufficient immersion length and an excessive amount of water in the
bottom of the flask. Temperature measurement in this case is achieved by looking up the
value of the voltmeter l';:adin:_a. in a standard thermocouple chart. which is normally referenced

at 0°C.

Simce low—power heating 15 obtained more easily than low-power cooling. some
reference junctions are designed to operate at a fixed temperature higher than any
experienced ambient. A feedback svstem operates an electric heating element 1o mamtain a
constant and known temperature in an enclosure containing the reference junctions. Since the
reference junction is not at 0'C. the thermoecouple output voltage must be corrected by adding
the reference junction voltage to the measured voliage value a1 the thermocouple terminals.

T'his correction is however a constant.

Fig. 2.8 shows a reference junctuon technique widely utilised for digital thermometers,
data loggers and data scquisition svstem. Wires from the measuring junction are screwed

directly 10 an isothermal block terminal strip. The temperature of this block (which has no



active temperature control) drifts with ambient temperature. This reterence temperature 1s
measured by an independent means. Often a junction semiconductor sensor and @
compensation circuit develop a voltage E e that 13 combined with that from the measunng
junction so that the net voltage presented to the voltmeter represents the measured

temperature T ey

In a recent development, the compensation and the entire measurement are carried out
with the aid of a microprocessor computing power. Due to the increasing interest in high
temperature processes n jet and rocket engines and nuclear reactors there is an increasing
requirement for a reliable tempergiure sensor in the range 1500°C 1o 3500°C, New
thermocouple developed for these applications include Rhodium-Iridium/Rhodium, Tungsten
Rhodium and Boron/Graphite, Thermocouples in common use are made from wires ranging
from about lmm to 2mm in diameter. the larger diameters are required for long life in severe
environments. Speed ol response, conduction and radiation ermors and precision of junction

location can all be improved by the use of smaller wires.

Several thermocouples may be connected in series or in parallel to achieve useful
functions. The series connection with all measuring junctions at one temperature and all
reference Junctions at another is used mainly as a means of increasing sensitivity, Such an
arrapgement is called a thermopile and for N thermocouples in series. a d.c. output N times
that of a single couple 15 obtained. The parallel combination generates the same voltage as a
single couple if all their hot junctions are set at the same high temperature. and reference

junctions are ai the same temperature.
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2.2.4 OTHER THERMAL SENSORS,

There are several other types of thermo-sensors in common use toduy. They include
the electrical resistance sensors that are made from matenial whose electncal resistance vanes
with temperature and the junction-semiconductor sensors. Junction semiconductor devices
such as the diode and transistor are known to exhibit a change in their junction potential with
temperature. Sensors of this kind although not commonly applicable in high temperature
measurement find application within the temperature range of —553 to 135°C in non-reducing

and non-oxidising environment,

23 THERMOCOUPLE AMPLIFIER CIRCUITS

The data gencrated by a basic measunng device generally require processing or
conditioning of one sort or another before it is presented to the observer through an indicator
or a recorder. Devices for accomplishing these opérations may be specilic to a certain class of
measuring sensor or they may be guite general purpose. Since the electrical signals produced
by most transducers are of low voltage (of the order of a few microvolt). it is often necessary
to amplify such voliages before they are suitable tor further analogue or digital processing,
lransmission, or used 1o drive other devices. The use of op-amp in the construction of
ampliliers for transducers of low output voltage is a widely utilised analogue electronic
subassembly and it is the basis of instrumentation amplifiers. filters and myriad of analogue
and digital data processing equipment. For the basis of this work we shall not be concemed
with the electronic details of the op-amps. but simply rely on certain physical assumptions

about their behaviour as preseribed in op-amp design and application notes.

The op-amp forms the basis of the eircunt design in this project, and since all op-amps
have an inherent deviation from ideal, 1t becomes necessary 1o analyse the basic operation of

the op-amp and the ermor reduction technigues that can be used in op-amp design in order to



get an accurate result. First we discuss the various ideal features of op-amps mgant {or linear
application using teedback and later on the vanous sources of error and

lead to a low noise precision op-amp circwt design,

2.3.1 THE IDEAL OP-AMPS

Fip.2.% shows an ideal op-amp with its major mputs and output terminal. The ideal
charactenistics of an Op-amp are given by many authors (e.g. Franco. 1988), Below is an

outhne of some of the important properties;

|. Infinite voltage gain A. Vowt = (V2 =V1) where A =

12

Infinite input resistance R, so that almost any signal source can dnve 1t and there 15 no

loading of the preceding stage
3. Fero output resistance B so that output can drive an infinite number of other devices.

4. Output voltage 15 zero when both 12 and 1f 13 zero volt or grounded.

L
1

Infinite bandwidth so that any frequency from zero to infinite frequency can be amplified

without any attenuation.

f. Infimte common-mode rejection ratio so that the output common-mode noise voltage 15
zero. i.e. the device amplifies only [F72 = F1| the difference in input voltage 1o the order

of B - S0dB.

7. Infinite slew rate ‘so that the oulpul voltage change occurs simultaneously with input

voltage change



These intercsting features are however not present in practical op-amps. A practical
op-amp can be made to work close 1o an ideal by the imroduction of a negative feedback
armangement. The next section discusses the various sources of ermor in op-amp circuitry and
the wvarious processes used in practice o increase the effectiveness of op-amp based

amplifiers.

24 PRECISION DESIGN AND ERROR BUDGET

The wleal charactenistics of op-amp described in last section are usually not present in
practical op-amp circuil. The practical op-amp has an inherent d.¢. output voltage, called
output oftset voltage when both inverting and non-inverting input terminals are grounded.
Such an output voltage is an error voltage and is therefore undesirable

Errors in linear op-amp cirenits can be divided into three main categories:

g} Op-amp errors au:.-;m:iated with the input circuitry
ik} Op-amp error associated with the output circuitry

() Errors in the external network component

241 OFP-AMP INPUT ERRORS

The deviations of moest op-amp’s input charscternistics from the wdeal generally
constitutes serious obstacles w precision circuil design, and forces trade off in circuit
configuration. component selection and the choice of op-amp type. The finite value of input
impedance, input current, voltage offsel, common-mode rejection mtio, power supply
rejection ratio and their dnfl with time and tempéerature are all sources of a cumulative emor

miroduced in circut using op-amps as the basis,

L



2.4.1.1 INPUT BIAS CURRENT

An input bias current Jy is defined as the average of the two mput baas currents fpy and

Ipy a5 shown i Fig. 2,10 (a) i.e

b3

Where [, is dc bias current lowing into the non-inverting.
.’H: 15 dc bias current flowing inte the inverting inpul

Given that both inputs are grounded so that the net input voltage is zero, the input bias

currents {, and [, are the base currents of the two transistors in the input differential

amplifier stage of the op-amp, Although both input transistors are identical 11 1% not possible
to have .f_n._ and [, exactly equal. This input bias current, although in the range of a few

hundred nanoamperes. can cause a significant output offset voltage in cireuit where relatively
large feedback resistors are emploved,
For an mverting amplifier as shown below in Fig.2.10 (b}, the offset caused by the input bias

current is given by

I..r.'.ln".l.-.-'.- ey RHJ_& |1..1"r
And it becomes significantly large with a large feedback resistor R, In order to

reduce the effect of such mmput bias curment we use an op-amp with low input has current.
Op-amps with FET transistor inputs in the differential pair are a very good choice because of
their inherem low input bias current, however most op-amps have provision for the offset
valtage 10 be nulled, what matiers more is the drift with temperature. In this case FET

amplifiers are 3 to 6000 times worse than bi-polar op-amps such as the OP-07 and OP77.
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becouse their input bias current rises drastically with increasing temperature. [t roughly
doubles for every 10°C. whereas for a bipolar input op-amp. the input bias current which is
basically base current, drops with temperature nse (Horrowitz, 19935)
2.4.1.2 INPUT OFFSET YOLTAGE

Input offset voltage Vi, 15 the differential voltage that exists between two input
terminals ol an op-amp without any external input applied, In other words, it is the amount of
the input voltage that should be applied between two input terminals in order 1o lorce the

output voltage to zero, There exists an output-offset voltage 17, as a result of F_ which

results from a masmatch in the two mput terminals even though all the components are
integrated on the same chip, This output voltage 1, is either positive or negative in polarity
depending on the polarity of V), .

Te reduce the G offset voltage V., to zero theretore: we need 1o have a current al
the mput terminal of the op-amp that will give the flexibility of obtaming ¥, ol proper
amplitude and polarity. Such a circuit is called an input-oitsel voltage compensation network,
Although most single op-amp have offset adjustment terminals as mentioned carlier. i1 15 wise
ey choose an op-amp with an inherent low initial offset voltage max P, Firstly, an op-amp
with low mitial offset voltage tends to have a corresponding low oftset drift with temperature,
Secondly a sufficiently precise op-amp eliminates the need for extemal trimming
components. and thirdly. offset voltage and common-moede rejection ratios in most practical
op-amps are degraded by unbalances caused by potentiometers normally employed in offser
nulling {Franco. 1988},

Because the voltage offset can be wimmed to zero what ultimately matters is the drifi
of offset voltage with time. temperature and power supply voltage variation, Manufacturers
ol precision op-amps therefore employ various improved design processes o minimise

sources of errors. Bipolar op-amp hke the LM308 or OP-07 are a good choice, the best so far



advertised 1o cope with this problem is the AD707 claiming the smallest drift AV =01 |.1‘n-’.'”L'
{max},

Another factor to keep in mind is the drift cansed by self-heating of op-amp when it
drives a low impedance load. 1t 15 often necessary to keep the load impedance above [0k 1o

prevent large errors from this effect.

24.1.3 COMMON-MODE REJECTION ERROR

Insufficient common-mode rejection matio (CMRR) degrades circuit precision by
effectively introducing a voltage offset as a function of dc level at the input. This effect is
usually negligible since It is equivalent to a small gain change. and in any case it can be
overcome by the choice of circuit configuration. For example an inverting amplitier is
insensitive to op-amp CMRER. In contrast to this. in non-inverting amplifier applications the

signal between the input terminals is a small differential signal ndding on a large d.c. voltage.

and thus o high CMER 18 ¢ssential

2404 POWER SUPPLY REJECTION

Vartations in power supply voltage causes small op-amp errors. as with most op-amp
specification the power supply rejection ratio (PSRR) is considered to be a signal at the input
and it does add up 1o the real input signal. For example the OP77 has a specilied PSRR of
110dB at d.c. meaning that a 3.0V change in one of the power supply lines causes a change ai
the outpul eguivalent to a change in differential input signal of 1uV. Hence the use of
regulated power supply has become a part of most precision circuit design. The 78XX and

TOXX positive and negative voltage regulators réspectively are recommended.



2.4.2 OP-AMP ERROR DUE TO OUTPUT CIRCUITRY

As discussed earher when an op-amp is driving a low impedance load, sell-heating
oecurs in the op-amp and thus resulis in the op-amp characteristics varying in some cases
rapidly, Other serious hmitations associaled with the outpul stage are hmited slew rate,
outpul  crossover  distortion and  finite  open-loep  output  impedance. which are the
predominant sources of error in alternating voltages op-amp application. It is therefore a good
design techmique to always ensure that op-amp circuits are terminated with high impedance
devices, and il the need arises 1o use it as a drver for low impedance loads then it should be
terminated with a suitable unity butter.

243 COMPONENT ERRORS

lhe degree of precision of circuits used for generating reference voltages. current
sources, e.t.e. depends to a large extent on the accuracy and thermal stability of the resistors
used in the external net?mr’l-:ing. The common mode rejection ratio of a differential amplifier
for example is known to be greatly atfected when the ratios ol the two pairs ol resistors used
at the differential inputs do not maich. In the same vane. the accuracy and linearity of the
ramping action of integrators is also largely dependent on the properties and stability of the
capacitor used in the cireuit, Therefore the choice of components is vital in any circuit
implementation.

Components are generally specified with an initial accuracy. as well as the changes in
value with time and temperature. Complete specibication alse includes the elfect of
temperature cyeling and soldering. shock and vibration, short-term overload and moisture
The t1able 2.1 gives the specification for the commeonly used two resistor types {Hormowitz,
[993). From these specifications il is obvious that for precision work it is necessary 1o use

metal film resistors rather than carbon composition resistor.



Table2.1: Example of variation of resistor properties

| Material Temperature | Soldering Shock and ' Muisture
Coefficient | Temperature Vibration

{Tempco) | and Load Cyele
I

“Metal film Resistor 50ppm™C S5°C to 175°C 0.1% {0,3%

% arbon S0ppmC 25°C 10 B5°C i 6%

composition Resistor




2.5 DATA TRANSMISSION, MANIPULATION AND RECORDING

When the componeénts ol a measurement svstem are located remately from  one
another. it becomes necessary to transmit information between them by some sort of
communication channel. In some cases signal transmission problem arises because of relative
motion of one part of a system with respect 1o another. Some of the basic means of signal
transmission employed for measurement purposes today are discussed in the subsequent
section,

2.5.1 CABLE TRANSMISSION

Perhaps the most common way in which analogue and digital signals are being
transmitted is via cable network from one location to another. For analogue signals the
reliability of cable as a means of transmission 15 limited by distributed parameters. since the
properties of resistance, inductance and capacitance are not lumped or localised. In this work
emphasis will be laid on the hardware rather than the mathematical analyvsis of the various
parameters involved.

A popular device emploved in process industries for signal transmission is the so-
called current loop transmitter, which converts thermocoupie and Resistant Dependent
Thermocouple’s (RDT) output voltages mito proportional output ¢urrent. For this device a
zero input signal produces a minimum current
of 4mA and a full scale input produce 20mA which is transported to the measuring device or
indicator through copper wires, Such transmitters are available in several forms. the two wire
version 15 shown below in Fig 2.11 is in particular convenient because of its ability to
maintain a constant current for a given voltage input for the entire length of its transmission
line. When data must be transmitted over very long distances. analogue signals tend to he
corrupted by the response characteristics of the transmission line. It is therefore desirable 1w

convert the analogue signal into a digital form and thereafter it is either frequency modulated

A5



or frequency shifi-keved through the transmussion line w be demodulated m the receving
el
2.5.1 FIBER OPTICS DATA TRANSMISSION

Of increasing interest today i1s the use of optical rather than electrical means of signal
transmission. And it 15 now used for both analogue and digital transmission of signals.
Basically an electrically controllable light source usually Light Emitting Dhiodes (LED), an
optical fibre, and a photo-detector are the components that are reguired. Among the
advantages produced by the use of fibre optics as a means of data transmission are ils wide
bandwidth and high data transfer rate while avoiding many of the interference’s associated
with electrical means of transmission. Optical fibres are also immune to electromagnetic
mnterference from source such as lighting or power switching and produce good noise
rejection. The only lhmitatton of this means of transmission has remained 1ts high cost

( Marrangoni, 1993}

.53 FM RADIO TELEMETRY

In many cases of transmission of signal from one place to another interconnecting
wire may not be possible. In such cases data mayv be transmitted by radio. The word telemerry
simply means measurement al a distance and includes all forms of such system, opto-
telemetry and radio telemetry being the most widely utifised, Considerable standard has been
et for the use of radio for data communication. A special frequency band has been allocated
based on the requirement of such systems used in telemetry (Mie, 1997},

Figure 2.12 shows the widely utilised svstem of radio telemetry. The FM/FM refers to
the tact that two frequency modulation processes are employed. In the first process, a time
varyving de voltage is converted to proportional frequencies by using a voltage to frequency

converter. [he standard FM/FM system allows for multiplexing of various mputs from

EL



different transducers and then transmitted via a single cammer frequency as illustrated in the
block diagram. The standard carrier frequency for telemetry is specified from the range 216
o 235MHz.

A digital form of telemetry, the pulse code modulation (PCM) technigue is also in
wide use. Radio telemetry 15 very useful over short distances when the relative motion of the
measuring device and the readout equipment prevents a suitable direct connection. Examples
of such situation are found in measurement on rotating machinery. (for the purpose of this
research on a rotary furnace) where a slip-ring technique i1s not very accurate, Apart trom
radio telemetry it is important to mention that other means of transmission of data such as,
pneumatic transmission. synchro-position repeater systems and rotary transformers are also

emploved in other areas such as mechanical power transmission ( Marrangom, 1993),
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2.54 DATA MANIPULATION

Various means have been developed by which a signal is manipulated or conditioned
before 1t 15 finally available 1o the observer as read out. The basic data mamipulating devices
relevant 1o this work are electronics filters, integrators, differentiators and comparators which

dre discussed secton 2.5.4.1

2.5.4.1 FILTERS

Filters in signal transmission and reception are used basically as frequency selective
devices to pass signals within a desired frequency range and reject signals outside the range.
Filters may take various forms depending on the tvpe and frequency range it 15 expected to
filter, Of common use are the mechanical and electrical filters. Electronic filters fall into four

main groups namely the low pass, high pass, band pass and the band reject filters.

2.5.4.1.1 Low pass filter

The ideal low pass filter passes signals in the form of alernating em! whose fregquency lies
between (0 Hz up to a fixed lmit /i o All other frequencies above this limit 15 however nol
passed. A practical low pass filter on the other hand passes frequency at constant amplitude
up 10 @ frequency usually referred 1w as the 3dB point for which all other trequencies suffers
significant amplitude attenuation. Fig. 2,13 shows the action of both an wdeal and a practical
loww pass filter on a signal of varving frequency.

2.5.4.1.2 High pass filter

A high pass filter on the other hand passes signal frequency above a fixed minimum
frequency F; The charactenstic difference between an ideal high pass filter and a practical
one is also demonstrated in Fig. 2.14. The filter has a 3dB point after which the amplitude of

transmitted signal is maintained constant {only for Butterworth filters).

Ll
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2.5.4.1.3 Band pass filter

The band pass filter can simply be achieved by cascading a low pass and a high pass filter in
series. [t allows frequencies that fall within the frequency band f, < J_ < f,, set by the 3dB
limits of both filters to pass and attenuate all other frequencies below [ or above /. The
frequency range f,, — f, defines the bandwidih of the filter, Many band pass filter designs
exist and the choice of a particular tvpe is almost dictated by the requirement of the filter.
such as ripple rejection and the attenuation span (Franco, 1988).

2.5.4.1.4 Band reject filter

Band reject filter passes all frequencies except a set frequency f,. which it attenuates
significantly. The diagrams on Fig. 2.15 demonstrate both filter characteristics.

Filters can be constructed using discrete components such as capacitors, resistors and
inductors, such Alers at}e referred 10 as passive filters. Passive filters are still very much in
wide use because of their inherent low noise, require no power supplies and have a wide
dynamic range. Modem filters generally include transistors, op-amps and other active devices
and are thus referred 1o as active filters. Active filters however find a dominant application
enviromment because they are much more adjustable. They have a very wide frequency range,
very high input and very low output impedance that makes cascading and interconnection a
simple task. The frequency selectivity of any of the filters depends on the design
configuration and the filter order. and for the band pass and band reject it also depends on its

quality factor which also specifies the bandwidth.
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2542 INTEGRATION AND DIFFERENTIATION

Ofien in electronics measurement i1 15 necessary (o obtain the integral or the
derivative of a signal with respect to time. depending on the physical nature of the signal.
2.5.4.2.1 The integrators

lhe circuit in which the output voltage is the integral of the input voluage is an
mtegrator, Such a cirewit 15 obtained by using 8 basic inverting amplifier contiguration in
which the feedback resistor B s replaced by a capacitor O, as shown in Fig. 2.16
The expression Tor the output volage 1,15 miven by

== v, o+, (24)
l,";TH:I:-".I i

where v 1s the integration eonstant and is proportional 1o the value of the output voltage 1,

at timed =0 Fig. 2,17 shows the input and output waveform response of an integrator o

both a square wave and a sinusoidal wave.

2.5.4.2.2 The differentiator

The differentiator performs the mathematcal operation of differentiation i.e, the
output waveform is the time derivative of the input woveform. The differentiator can be
constructed from a basic inverting amplifier if an input resistor R, is replaced by a capacitor
Oy
The expression for the output voltage can simply be expressed as

V,==R,C.3V, o {2.3)

Hence the output 1y is equal 1o RO times the negative instantaneous rate of changes of the
mput voltage 5, with time. Fig. 2.18 shows a typcal cirewt amangement for a simple

differentiator amplifier and Fig. 2.1% is the input and output waveform ol o differentiator at o



given frequency.  Sine wave inpul results into cosine and square wave into positive and
negative spikes. The basic applicanon of integrators and differentiators are in the generation

of ramp waveforms and in phase shifter.

2.54.3 COMPARATORS

A comparator 8s used in electronmic mstrumentation compares a signal voltage on one
input of an op-amp with a reference voltage on the other input. In its simplest form it is
nothing more than an open loop op-amp with two input signals, one at the mverting input and
the other at the non-inverting input. The output of the comparators may go positive saturation
or negative saturation depending on which of the mput voltages 15 the larger. Comparators
have a digital output. They are used in circuits involving digital interfacing, Schmin tragpers,
discriminators. voltage level detectors and oscillators.

Fig. 2.20 shows ‘how an op-amp can be used as a comparator, A fixed relerence
voltage Iy of 1V is applied to the inverting input. and a time varving signal voltage V,, is
applied to the non-inverting input. For this arrangement the cireuit s l.'ailn:d the non-inverting
comparator, When V; 15 less than g the output voltage Vi 1s at =17 because the voltage at
the (<) input is higher than at the (+) input. When I, is greater than Vr. V, goes w0 + Py
(=+F..). Thus Fy changes from one saturation level to another whenever I, =1, as shown in
Fig 2.21.

The important characteristics considered in circuit design with a comparator are these
{a} speed of operation (h) accuracy (¢) compatibility of output with other devices
The output of the comparator must switch rapidly between saturation levels. This implies that
the bandwidth of the comparator must be rather wide. The speed of operation of the
comparator is improved with positive feedback. The accuracy of the comparator depends on
its voltage gain. common-made rejection ratio, input offset and thermal drift. The high

voltage gain allows the comparator (o respond to a smaller differential voluge at its inputs,
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while the high CMRR helps to reject the common-mode input voltages and thus makes it
immune 1o noise at the inputs.

Comparators are o vital component in analogue-to-digital converter circuits. in such
cases ity output is made 1o swing between two logic levels suitable for digital interfacing.
There aré many comparators |.Cs available in the market today, Une tvpe is the LM311
{single) and LM339 (guad). They are widely used because their outputs are of the open

collector tvpe and thus making 1t possible to make it compatible to any logic 1C family,.-

1544 FUNCTION GENERATION AND LINEARISATION

The majority of indicating devices used for measurement operate in a linear mode. bui
unfortunately most transducers are generally non-linear. In order for us to have a linear
representation of the measured quantity on the read-out, there should be a form of
linearisation. Various techniques have been developed for linearisation. ranging from the
non-linear potentiometer used as multiplier/divider and the diode function generator (Webb
and Greshock, 1993). Multiplier/dividers and multi-fraction modules provide a smooth
approximation to the desived function. A diode function generator, which is an altermative
approach, gives a piecewise linear curve fit.

A thermocouple generally suffers from non-linearity: therefore differem tvpes ol
linearisation ¢ireuwnl have been developed. Because of the inherent programmability of today’s
computers, digital computers provide the most comprehensive. accurate and versatile means
for function generation and thus digital linearisation method found useful application in this
work. However, m terms of speed of conversion. their speed generally cannot match that of

analogue linearisers.
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255 CONVERTERS

Digital svstems are used increasingly in many applications because of their ncreasing
efficiency, rehahlity and economical operating cost. With the development of the
microprocessor, data processing has become an integral part of various systems. Data
processing involves the transfer of data to and from the microcomputer via inpul/output
devices. Since a digital svstem uses a binary system of ones and zeros, the data input into the
microcomputer have to be converled from analogue form to digital form. The eircuit that
performs this conversion is called an analogue to digital (A/D) converter, On the other hand.
a digital-to-analogue converter (DAC) is used when a binary output from a digital system
must be comverted 1o an analogue voltage or curment. For this work the ¢oncentration was on

analogue to digital conversion process.

2.6 DATA INDICATION AND RECORDING DEVICES

The majority ol signals in measurement systems ultimately appear as voltages. Since
a voltage cannet be seen, it must be changed to a form intelligible to a human observer. The
forms in which data are presented generally include a pointer moving over a scale. pen
writing on a chart, It includes light beam writing on a photosensitive paper. electron beam
wriling on a cathede-ray tube, visual presentanon ol a set ol ordered digits and print-out of

digital data by o printer. We consider two types of such indicator in common use today,

2.7 ANALOGUE VOLTMETERS AND POTENTIOMETERS,

While digital volumeters are very popular, analogue meters is still the preferred choice
for certain applications, The most widely employed meter movements for dic. and ac
measurement in electronics 1s the classical 1) Arsonval meter. This current sensitive device is

used to measure voltage by passing the current through a D"Asonval meter and a large



resistor maintaining constant by means o6 some compensating techniques. An electronic
voltmeter utilises the D' Arsonval meter but precedes it by an amplifier circuit. The amplifier
increases the mput impedance and overall sensitivity, The instrument accepts a wide range of
d.c. and a.c. input voltages and has a measurement error of | 10 3 percent a1 full scale, When
an a.c. voltage is o be measured with a D'Arsonval meter. it is necessary to convert the
signal from a.c. to d.c. It 1s common practice to calibrate the scale of the meter to read oot
mean square values, When an extremely accurate measurement of d.e, voltage is required, a
potentiometer rather than a deflecting meter is employed. The potentiometer s a null
balancing istrument in which the unknown voltage 1s compared with an accurate reference
voltage, which can be adjusted until the two are equal, Since at the balance point no current
flows, error due to fR drop in the lead wires is eliminated. Such IR drop is usually present
when a [D"Arsonval meter is used 10 measure do directly, Fairly common are mexpensive

potentiometers, which can @mve result to the nearest microvinlL

2.8 THE DIGITAL COMPUTER AS A MEASURING SYSTEM TOOL

small computers either dedicated or general purpose. are a natural adjunct to a
measuring system.  The computer’s connection to the owside (its ports) are generally bi-
directional. That is, they may either receive or output data, but only in a well-defined and
orderly manner. The computer must be informed through software whether a particular port is
to handle incoming or outgoing information. Software assignment of port function 15 often
called configuring the ports. A single line may be all that is required for handling simple
limit switch/warning-light imformation. but multiple lines may be needed for processing
analogue-converted inputs. In addition, the input/output data may be handled in either serial

or parallel form (Barney, 1988).



1.8.1 THE MICROPROCESSOR

The heart of a microcomputer 15 in the central processing umit (CPL). or
microprocessor unit ( MPL'). Basically it serves as the control centre for divecting the flow of
digitised data. It s more than a tratfic controller because 1t not only provides the
organisational plan for the flow of information but also assigns the pathways, and can
perform unlimited manipulation of the traffic. It accepis inputs as either data or command
instructions n digital form, and routes them to predetermined (programmed) destinations
over busses (pathways) to displays. memories, controllable devices, etc. Sources of data or
commands may be external memories, kevboards, transducers, and so on.

There is a wide range of CPUs available with many levels of complexity, 4-bit, ¥-hit,
32-bit and 'so on. The CPU selected for a given purpose depends on the application. While a
4-bit TP is enough for a low-end dedicated controller, a 16-bit or 32-bit CPL! s selected for
general-purpose or high-end microcomputer applications.

Fig. 2.22 15 a highly simplified schematic diagram of the extemnal connection and
some of the intermal features of a typical microprocessor unit Motorola 6800 (Marrangoni.
199%). The diagram shows the primary buses into and out of the processor plus some
essential internal devices. To be functionally usetul. the system requires additional supporting
circuitry external to the CPU. including interfacing devices sometimes referred to as buffers.
mput/output {1'0) facilities. synchromsing clocks. ete,

Various control and decode lines, bus synchronisation. closely akin to multiplexing-
demultiplexing, 15 controlled through the use of two external clock signals. Additional lines
are shown, their utles in many cases provide clue w their function

Fig 2.22 shows the following:
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. An address bus consisting of 16 parallel lines for accessing 63,336 different memory
locations. The actual number available is of course. dependent on what may be provided

by the supporting hardware.

P

A datn bus consisting of eight hi-directional lines for simultaneously handling of 8-bit
{one byte) of data. This is a two-way street. the direction of flow being controlled by
gating eight bits. which provide for 256 combinations.

The figure also shows some of the intemal structure of the 6800 CPU. Various registers
are used, These may be considered as temporary storage bins for data, instructions, or
addresses as they are being shuffled from one location (o another. Essentially all datz and
instructions must pass through one of the aceumulator. A or B. each having a one byte (&-bit}
handling capacity. Primarily for providing manipulation of 2-bvte (16-bit) addresses. the
index register. program counter. and stack pointer are added.

The stack consists of the register and its contents are stored in contiguous addresses,
The purpase of the stack pointer is to keep track of where the stack infermation is stored in
the external random aceess memory {RAM), The programme counter contrals the sequence
of any programme steps. including the starting point. The index register. in addition to other
functions provides a channel through which two byte addressing may be handled m a
programme,

The: arithmetical logic unit (ALLU) has a relatively limited capability of manipulating
number. It can-add one byte to another. determine their difference or 1t can determine several
logie functions such as AND. OR. and EX-OR. To handle data in magnitude requiring
several bvtes. the Add and Subtract functions of the ALU may involve carrvover (for
addition) or borrow {for subtraction), 1t 1s the function of the status register 0 monitor such

requirement for possible further programme use.
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2.8.2 THE MICROCOMPUTER
A microprocessor must be surrounded by a number of servants betore it can claim to
be fullv operational. Fig. 2.23 shows a typical microprocessor unit surrounded by some

combination of peripherals.

2.8.2.1 Read-Only Memory (ROM)

Fig 2.23 shows a single ROM. there may be others. A ROM contains what is called
the monitor or executor. The term executor is particulariy apt. because theremn are contained
the microcomputer’'s operational orders in the form of various subroutines required for
organising the system und ensuring proper operation. Examples of such subroutines are

1. address building:

=)

INlerrupl sequencing;

i
'

memory examine and exchange;

4. power up seguence

L 1}

code interpretation (e.g. operational instructions, provision for outputting etc)
6. penpheral interface adapter (PIA) input/output

The complete program for a dedicated computer would alse be contained in ROM

2.8.2.2 Random Access Memory (RAM)

I'he RAM is the “bank™ that is used for temporary deposits and withdrawals of data or
information required for the establishment of programmes. The programme itsell may be held
in either the ROM or the RAM. Should the programme require modification from time tw
time it would réquire random access, hence the RAM. In both the RAM and the ROM. data

or operational instructions are held i the torm ol a single 8-bit byte.



2.8.2.3 Peripheral Interface Adapter (P1A)

The PIA provides one form of bridge between the computer and the owside. It
handles data in parallel fashion in that all the B-bit in each byvie of information or data are
processed simultaneously. It 15 obvious then why those eight separate lines into and out of the
PIA are required.

Fig, 224 shows a simplified schematic diagram of tvpical Motorola 6820 PIA. The
device provides two separate sections. each serving a primary 8-bit port. The n/out buses.
designated A and B. with lines PAD 1o PAT and PBE 1o PBY. are shown at the bottom side
of the diagram. Each separate line in cach port can be made 1o serve as single input or output
line. Any combination of imput/outpul may be added as required. For example:

l. lines PAS, PAL and PAS could be selected as input for recerving information from the

outside the computer and the remaining lines used as output lines: or

[

all A-lines could be made output and all B-lines inputs; or

3. any other combinations could be used.

Software assignment of the basic line function 15 called configuning, Al appropriate locations
in the operating programme, the inputoutput line must be defined (Marrangom, 1993 Segal

et al., 1983).

2.8.2.4 Asynchronous Interface Adapter (ASCIA)

The ASCIA is a second tvpe of connection, or bridge into and out of the computer.
Whereas the PIA handles data in parallel form, the ASCIA does so serially. Serial
transmission of digital information is generally used between such devices as a computer and
kevboard, video display, printers, and the like. Senal handling is also used for long-line

rransmission, where cost of multiple parallel lines becomes prohibitive. Often a universal
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asynchronous receiver and transmitter (UART) 15 used to convert from the parallel format
used by the computer to the senal format for output,
2.8.3 Analogue-to-Digital and Digital-to-Analogue Conversion
As discussed earlier in section 2.5.5 some measurements originate in diginal form.
Muost mechamcal mputs however exist in analogue form. Hence before digital data processing
can be accomplished, an analogue-to-digiial conversion is necessary. In like manner if o
computer output s used to drive an analogue device, o digital-to-analogue conversion must
be performed. Analogue-to-digital {A/D) and digital-to-analogue (IVA) conversion can be
executed using a vanety of circuns,
28351 A Digital-to-Analogue Converter
A simple VA converter is hased on the summing amplitier, Referring w Fig 2.25 it is
seen that the current summed 15 controlled by some digital switches. Four basic elements are
involved, these are:
I. @ stable reference voltage Eny
2. & ladder arrangement of summing resistors, For this 8 bit word, eight summing resistors
are used. The resistance values mcrease in a sequence of the power of two from R 1o
128R.

a series of swilches that-are solid state gates. The eight switches can be activated by TT1

L

inputs, so their operation may be controlled by their respective bits. contained in a single
byte of data

4, Op-amp output civcuitry. The op-amp output voltage is equal to —B; times the sum of the
current from each ladder branch: The gain control resistor. Ry is selected to scale the

output voltage 1o a desire maximum value. 10V say,
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When a switch is closed. a current is delivered to the inverting input ol the op-amp in
proportion to circuit resistor: switch 0 contributes Iy = E.y /128R. switch | contributes i, =

E.or B4R and 50 on
Hence switch 0 corresponds to the least significant bit by switch 7 corresponds 1o the most
significant bit by etc. By closing selected switches the output voltage mav be made
proporiional Lo any particular 8-bil number, Because of its increasing use in many digital
applications, DAC now come in [C varying from 3-bit to as high as 16-bit converner. The
ZN425 and DAC-O8 are popular 8-bit digital-to-analogue converters in use today (Carr.
1987).
2.8.13.2 An Analogue-to Digital Converter

One typical circuit of the A/D converter 18 shown in Fig. 2,26, The circuit uses # set of
voltage comparators and a series of resistors to simultaneously compare an analogue tnput
signal with a set of reference voltages. The basic elements are as follows:

1. a siable reference voltage B,

2. a senes of resistors; which form a voltage divider between Ep and ground. For this 3-bit
converter, eight resistors are used, The voltages at the nodes between resistors increase in
stepsof E_, /8

3. a set of voltage comparators: The analogue voltage 15 simultaneously compared with the

voltage at each node. A comparator output is hagh when F, 15 above the node voltage and
low when 1t is below, Seven {E" -1) comparators are necded tor the 3-bit converter,

4. an encoder circuit: the encoder reads the seven comparator outputs and produces a 3-bit
binary output corresponding to one of the decimal number 0 to 7.

The digital output is shown as a hunction of I, The Fig 2.27 shows the Parallel A/D

conversions form, they are particularly fast since all bits are set simultaneously, for which

reason it is sometimes called lash encoding.
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1.8.3.3 Analogue-to-Digital Conversion Considerations.

Saturation Error: The most obvious limitation of an A/D) converter is that it has defined
upper and lower limits of voltage response. Typically full-scale ranges are 0 to 10V and -10V
to 10V, It the mput signal exceeds the upper or lower limit of response. the converer
saturates and the recorded signal does not vary with the input. This situation can be prevented
by appropriate signal conditioning. such as ampliude attenustion or de offset removal.
Resolution and Quantization Error: An A/D converter responds to discrete changes in the
mput voltage, For example each step of a 3-bit converter corresponds to changes in I, of

Eref’8. Thus there i1s a mimmum increment of voltage that can be resolved by the A/D
converter. In general. the voltage resolution per bit, &, depends on the full-scale voltage and

the number of bits of the converter:

By = — (26

Where | 15 the full-scale voliage range
n 1% the number of bits of the A/D converter.

Tvpical A'D converters have B. 12, 16 or more bits corresponding 1o division of 15,
intoa total of 256, 4096, and 65536 increments.
The finite resolution of the A/D converter introduces emmor in the recorded values, since the
actual analogue wvoltage usually lies between the available bits level. This 15 called
guantization error, and 1t is entirely analogous to the reading error of o digital display. Using
an AL} converter with more bits may reduce guantization error {Hall. 1989,
Conversion Error: An A/D converter may also suffer from non-lincaritv. zero offset error.
scabe error, or hysteresis, Such emars are a direct by-product of the particular method of input
quantization. For example the conversion presented at Fig, 2.27 15 on the average low by one-

halt of the least significant bit (the amount by which the solid curve lies beneath the dashed
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lineh. Mormally the manufacturer will provide specification for the potential size of such
CONVErsion error.

Sample Rate: The rate at which an A/D converter records successive values of a tme-
varyving input is called the sample rate, Each A/D converter has a maximum possible sample
rate of which tvpical value ranges from about 1000Hz to more than 100MH2. Software often
allows us to specify any sample rate up to this maximum value.

Signal Conditioning for A/D Conversion: To make the best use of an A/D converter.
conditioning of the analogue signal 15 often required. The most importanmt consideration 1s
prevention of aliasing, minimization of quantization error, and prevention of saturation error.
Aliasing can be prevented by using a low pass or antialiasing filter to remove frequencies of

If:'d.,,',h-, 2 or more from the analogue signal. Cuantization érror can be minimised by

amplifving the signal to span as much as the full-scale range as possible, However this
approach often conflicts with the need o avoid saturation error, $0 a compromise has 1o be

reached
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29 INTERFACING THE STANDARD PARALLEL PORT

The Parallel Port is the most commonly used port for interfacing the computer to the
outside world, This port allows the input of up to %-bit or the output of 12-bit al any one
given tme: it 15 composed of 4 control lines, 5 status lines and ¥ data lines. It i1s found
commonly on the back of the personal computer as a D-type 25 Pin female connector. There
may also be a D-type 25 pin male connector {Peacock, 2001 )

Newer Parallel Poris are standardised under the [EEE 1284 standard first released in
1994, This standard defines 5 modes of operation, which are:

I. Compatbiliy Mode,

|

- Nibble Mode

fad

. Byvte Mode.

-

. EPP Mode
5, ECP Mode

The aim 15 to design new drivers and devices, which are compatible with each other
and also backward compatible with the Standard Parallel Port (SPP). Compatibility, Nibble
and Byte modes use just the standard hardware available on the original Parallel Port cards
while EPP and ECP modes require additional hardware which can run at faster speeds. while
still being downwards compatible with the Standard Parallel Port,

Compatibility mode or "Centromes Mode™ as it 15 commonly known can only send
data in the forward direction at a typical speed of 30 kilo-bvtes per second but can be as high
as 130+ kilo-bytes per second, In order to receive data, one must change the mode w either
Nibble or Byte mode. Nibble mode can input a mbble {(4-bit) in the reverse direction. e.g.
from device w computer, Byte mode uses the Parallel’s bi-directional feature { found only on

some cards) 1o mput a byie (8-bit) of data in the reverse direction.

i)



Extended and Enhanced Parallel Ports (EPP) use additional hardware to generate and
manage “handshaking”. This limits the speed at which the port can be run. The EPP & ECP
ports get around this by letting the hardware check to see il the pronter 15 busy and generates a
strobe and appropriate handshaking. This means only one 'O instruction needs to be
performed. thus increasing the speed, These porls can outpul at around 1-2 megabytes per
second. The ECP port also has the advantage of using Direct Memory Access (DMA)
channels and First In First Out (FIFO) buffers. thus data can be shified around without using

110y instructions (Stewart, 2001)

2.9.1 HARDWARE REQUIREMENT

Table 2.2 shows the "Pin Outs” of the D-type 25-pin connector and the Centronics 36-
pin connector. The D-i;r'pe 25-pin connector is the most common connector found on the
Parallel Port of the computer. while the Centronics connector 15 commeonly found on printers.
The [EEE 1284 standard however specifies 3 different connectors for use with the Parallel
Port, The first one, 1284 Type A is the D-type 25 connector found on the back of most
computers. The 2nd is the 1284 Type B. which is the 36 pin Centronics connector. found on
most printers. [EEE 1284 Type C however. 1s a 36 conductor connector like the Centronics,
but smaller. This connmector is claimed 10 have a better chip latch and better electrical
propertics and it is easier to assemble. It also contains two more pins for signals. which can
be used 1o see whether the other device connected has power. The 1284 tvpe C connectors are
recommended for new designs (Peacock. 2001 ),

Tahle.2.2 uses "n" in front of the signal name 1o denote that the signal 15 active low,
E.g. nError, This line normally is high, should the printer be functioning correctly, 11 the
printer makes an error then this line is low, The "Hardware Inverted” means that the signal is

inverted by the Parallel card. Such an example is the Busy line. If Logie 1 {+3V) 15 applied
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Table 2.2 Pin assignments of the D-tvpe 25 pin paralle] port connector,

Pin Mo (D- 25) Pin No SPP Signal irection  Register Hardware Inverted
ol e
1 1 !nSLrnbe [n/Chut ':CDIIII'[:II Yes
3 El Dyata () Ot Data
3 3 Data | Out Data
- - Data 2 il iData
5 5 Data 3 Out Data -
6 0 Data 4 Out Data
7 7 Data 3 Owt Data
B ] Data 6 Out Data
i ) Data 7 Ot Data
10 10 :nA::L In Status
i | |
11 11 Busy In Status Yes
12 12 Paper-Out Paper-End In Status |
13 13 iSelect In Status
14 il4 nAuto-linefeed In/Chat Control Yes
15 32 II'lErmr nFault In Status |
6 Bl ninitialize In/Out  |Control
17 36 l Select printerdn/Cut Control Yes
r:Selm-ln
18- 25 19-30) 7|Em1md Cinel
|

AR



0 this pin and the status register read. it would return back a logic (0 in Bt 7 of the Status
Register. The output of the Parallel Port is normally at TTL logic levels. Most Paralle! Ports
implemented in ASCIA, can sink and source around 12mA. These are just some of the

Higures taken trom manutacturer Data sheets. Sink/Source 6maA, Source 12

il ‘H\.r.i
Sink 16mASource $mA. Sink/Source 12mA. (Anderson, 19961, _‘fl.-' \

The Parallel Port has three commonly used base addresses, These are listed in Table
2.53. The 3BCh base address was originally used for Parallel Ports on earlier Video Cards.
They have now reappeared as an option for Parallel Ports integrated onto motherboards. upon
which their configuration can be changed using Basic Input and Output Svstem (BIOS).
LPT1 is normally assigned base address 378, while LPT2 is assigned 278;. However this
may nol always be the case as explained later, 378, and 278, have alwavs been commonly
used for Parallel Ports. The lower case h denotes that it is in hexadecimal. These addresses
may change from machine to machine,

When the computer is first wened on. BIOS (Basic Input/Output Svstem) determines
the number of ports on the motherboard of a computer and assigns device labels LPTL, LPT2
and LPT3 to them. BIOS first looks at address 3BCy,. If a Parallel Port is found here. it is
assigned as LPT1. and then it searches at location 378 If a Parallel card is found there, it is
assigned the next free device label. This would be LPT1 if a card wus not found at 3BCy, or
LPT2 if a card was found at 3BC;. The last port of call is 278 and follows the same
procedure as the other two ports. Therefore 1t 1s possible to have a LPT2 which is at 378, and
not at the expected address 278, (Peacock, 2001 ).

Some mamufacturers of Parallel Port Cards have jumpers that allow the Port 1o be

confuured as LPT1. LPT2. or LPT3. On the majority of cards LPT] is 378 and
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Table 2.3: Porl Addresses

Address

MNotes:
|

3BCh - 3BFh

Used for Parallel Ports which were incorporated on to

Video Cards - Doesn't support ECP addresses

378h - 37Fh

Usual Address For LPT |

278h - 27Fh

Usual Address For LPT 2

Table 2.4: LPT Addresses in the BIOS Data Area

Start Address Function

0000408 LPT1's Base Address
0000:040A LPT2's Base Address
0000;040C LPT3's Base Address

DN O40E LPT4's Base Address (Note 1Y




LPT2, 278, but some use 3BC, as LPTI. 378; as LPTI and 278, as LPT2, The assigned
devices LPTI. LPT2 and LPT3 should not be a worry for interfacing devices to PC s, Most of
the time the base address is used o interface the port rather than LPT] cte. When BIOS
assigns addresses to a printer device. it stores the address at specific locations in memory, the
address of LPT1 or any of the Line printer devices are on lookup table provided by BIOS
which can be accessed at boot up of the computer. Table 2.4 i3 a tvpical BIOS address

allocations for all LPT found on a given board.

2.9.3 SOFTWARE REGISTERS FOR THE STANDARD PARALLEL PORT (5PF)

If the Port is Bi-Directional then Read and Write Operations can be performed on the
Data Register  The base address usually called the Data Port or Data Register is simply used
tfor outputting data on IJ'I.I.‘ Parallel Port's data lines (Pins 2-Y), This register 1s normally a write
only port. Any read operation from the port will give back the last byte sent. However if the
port is bi-directional. data could be received on this address. Table 2.5 gives the data port
properties

The Status Port (base address + 1) with the properties shown in Table 2.6 is a read
only port. Any data written to this port 1s often ignored. The Status Port is made up of 3 input
Imes (Pins 10,11,12.13 and 15}, an IRQ) status regmster and two reserved bits. It should be
noted that Bit 7 (Busy) 15 an active low input. For example if bit 7 happens 1o show a logic 0,
this means that there 15 a logic 1 (+5V) at pin 11, Likewise with Bit 2. (nlR} It this b
shows a'l" then an mterrupl has nol occurred.

The Control Port (base address + 2) with the properties shown mn Table 2.7 15 intended
as a write only port. When a printer is attached to the Parallel Port, tour "controls” are used.
Fhese are Strobe, Auto Lineteed. Initialise and Select Printer, all of which are inverted except

Initialise, The prnter does not send a signal 1o inftialise the computer, nor does it 1ell the
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computer to use auto linefeed. However these four outputs can also be used for inputs. If the
computer has placed a pin high and a device wants to take it low, one would effectively short
out the port. causing a conflict on that pin. Therefore these lines are "open collector” outputs
tor open dramn for CMOS devices), This means that it has two states. A low state (v) and a
high impedance state (open circuit).

Normally the Printer Card has internal pull-up resistors. but as one would expect, not
all will, Some may just have open collector outputs, while others may even have normal
Totem pole outputs. In order to make our device work correctly on as many Printer Ponts as
possible. one can use an external resistor as well. Should one already have an internal
resistor. then the two resistors act in parallel. If it is a Totem pole output. the resistors act as a
load. An external 4.TkL2 resistor can be used to pull the pin high. If a resisior of lower value
were used as the external resistor it would act in parallel giving effectively, a lower value of
pull up resistor. When in high impedance state the pin on the Parallel Port is high. When in
this state, the external device can pull the pin low and have the control.port change to read a
different value. In this way the 4 pins of the Control Port can be used for bi-directional data
transter, However the Control Port must be set 1o xxxx0100 for it to be able to read data that
15 all pins to be at logic | at the port so that you can pull it down to GND (logic ) (Peacock.
2001 ).

Bits 4 and 3 are internal controls. Bit 4 enables the IR and Bit 5 enables the bi-
directional port meaning that vou can input § bits using (DATA 0-7). This mode is only
possible if the computer card supports it. Bits 6 and 7 are reserved. Any write 1o these two

bits will be ignored.



Table 2.5: Data Port

Offset rN'nme Read Write Bit No. TP-mperties

Base = () |[Data Port  [(Write (Note-17  [Bit 7 iData 7
Bit & Data 6
[Bit 5 Daa 5
Bit 4 Data 4
Bit 3 (Data 3
it 2 Data 2
Bit | Data |
Bit !'.Datﬁ 0

Table 2.6; Sttus Port

F}mq Name  Read/Write  |[Bit No. [Properties

Base + 1 Btatus Port Read Only  |Bit 7 Busy
Bit & Ack

| . Bit 5 Paper Ow

Bit 4 _EELEEI In
Bit 3 Error
Bit 2 1!111:’;! (Mot)
Bit | ’:Rv:s-:rvcd
Bit 0 Reserved

LR



Table 2.7: Control Port

r]ffsﬂ IName Read/Write  Bit No. Properties
Base + 2 ’cnmml Read/Write  [Bit 7 Unused
: Port Bit 6 Unused
Bit 5 Enable Bi-directional
Port
Bit 4 Enable IRQ Via Ack
| ine
Bit 3 Select Printer T
[Bit 2 [Initialize Printer {Reset)
Bit | Auto Linefeed
Bit ()

Sirohe
i




294 BI-MRECTIONAL PORT MODE

The schematic diagram shown in Fig. 2.28 is a simplified view of the Parallel Port's
Data Register. The original Parallel Port cards implemented 74LS logic. Nowadays all this is
crammed into one ASIC, but the theory of operation remains the same. The non bi-directional
ports were manufactured with the 7T4LS374's output enable tied permanently low, thus the
data port 15 always output only, When a read operation 15 performed on the Parallel Port's
data register. the data comes from the T4L5374 which is also connected 1o the data pins, Now
it one can overdrive the 374 it can be effectively turned into o Bi-directional Port. (Or an
input only port. once the latch outputs has been blown up!)

Bi-directional ports use Control Bit 5 connected to the 374's Output Enable so that its
output drivers can be turned off. This way one can read data present on the Parallel Port's
Data Pins. without having bus conflicts and excessive current drains. Bit 5 of the Control Pon
enables or disables the bi-directional function of the Parallel Pont. This is only available on
true bi-directional ports. When this bit is set to one. pins 2 10 9 go into.high impedance state.
Unee in this state one can enter data on these lines and retrieve it from the Dot Pont (base
address). Any data written to the data port is stored but it is not available at the data pins, To
turn aff the bi-directional mode, bit 5 of the Control Port is set 10 0", However not all ports
behave m the same way. Different manufacturers implement their bi-diréctional ports in

different wavs.
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Standard Parallel Port Bi-Directional Operation
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Fig.2.28: Stndard parallel port Bi-directional operation
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CHAPTER THREE

DESIGN AND DEVELOPMENT OF A PRECISION THERMOMETRIC SYSTEM

3.1 INTRODUCTION

Precision temperature measurement (o a large extent depends on the stability and
precision of the monitoring device. Since most of the system design 15 basically electronics. in
becomes imperative to employ all the knowledge acquired from chapter two on precision
design and error budgeting. This chapter presents the design parameters used in the design
and development of each stage of the thermometnc system.

To fully deseribe the entire circuitry used in the accomplishment of this project, it is
divided it into two major parts (a) The Analogue and (b) The Digital Design part. The latter

consists of (1) the digital eircuit design and (i) software design

3.2 THE ANALOGUE DESIGN REQUIREMENT
3.2.1 THERMOCOUPLE
The choice of a thermocouple lor emperature measurement 15 usually dependent on three
major factors:
(i) the range of temperature to be measured.
(b} the environmental condition in which the measurement is to be taken.
{c) the degree of accuracy. consistency and sensitivity required for repeated measurement
operation using the same thermocouple (Perrin, 1999, 2000),
Thermocouples are given a letter designation thar indicates the material they are
fabricated from. This letter designation called thermocouple type. classity commonly

available standard thermocouples inte their usable temperature ranges ( Labfacility. 2001 ).
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Each thermocouple type produces a different open circuit voltage for o given set of
temperature conditions. None of these devices is linear over a full range of temperature
{Perrin, 199%). Therefore standard tables are available that tabulate Seebeck voltape as a
function of temperature. Also there is a standard polvnomial model available for each
thermocouple (Labfacility, 2001 ).

In many applications the range of temperature being measured is sufficiently small
that the Seebeck voltage is assumed to be linear over the range of interest.  This eliminates
the need lor look up tables or polynomial computation in the sysiem. However for the
purpose of this application which covers a temperature range from 30°C 10 1500°C and for
reason of the deteriorating effect which the environment of the furnace could have on the
thermocouple. the thermocouple of choice is the 1type S which is made of Platinum Rhodium
vgrsus platmum.

From the standard table for this thermocouple it has a lower limit a1 0°C given a
Seebeck voltage output of zero emf with the reference junction fixed at the tniple poimnt of
water e 0°C and an upper limit of 1700°C with an output e.m.f. of 18.39mV. Appendix A
gives the temperature and commesponding output voltage of a standard S type thermocouple.
This is based on the international temperature scale of 1948 with reference junction at 0°C.
For accuracy all measursd outpul voltages are normally referenced 1o the standard chart

containing a curve of temperature versus voltage for the thermocouple type.
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Table 3.1: Shows the commercially available standard thermocouple

|

U'SABLE TEMPERATURE

TYPE | MATERIALS RANGE IN °C
B Positive Side Negative Side
Pr+ 30% Rh Pt + 6% Rh 0to 1820
E Ni+ 10% Cr Cu+43% N
i Nichrome) {Constantan) <270 to (M)
J Fe Cu+43%Ni
{lrom} {Constantan) =210 w 1200
K Ni+ 10%Cr Ni+2% AL+ 2%
(Michrome) Mn + 1% 8§ 27w 1372
{Alumel)
N Ni+ l4%er+ 1.5% | Ni+4.35%
51 Si+0.1% Mp =270 o 1300
i Microsil) {Nis1)
R Pt+ 13% Rh P 5010 1768
5 P+ 10% Eh Pt 50w 1768
T Copper Cu + 43% Ni
(Constantan =270 10 400




3.2.2 THERMOCOUPLE AMPLIFIER
In the design of a thermocouple amplifier the following points were considered.

. The type of thermocouple to be used.

. The full range of temperature the hol junction will be exposed 10
. The tull range of temperature the cold junction will be exposed to.
. The temperature resolution required for the application

. Whether or not the system requires galvanic isolation

. I'he tvpe of cold junction compensation required.

I'he sensitivity of thermocouple’s output voltage is in the range of a few microvolts
per degree change i lemperature. To prevent the useful signal from being marred by noise
that could be several milli-volts, in the design of the thermocouple amphifier. attention was
focussed on noise rejection and common mode error rejection.

Many integrated circult modules are advertised in catalogues, which meet some of the
requirements hsted.  Such modules are expensive and not readily available. Therefore it
became desirable (o build s workable circuit from readily available parts such as op-amps and
other discrete components, As described in chapter two on error budgeting, a well designed
thermocouple amplifier takes into consideration the following requirements.

{a) the amplifier circuit should present high input impedance to the transducer so as w
it the error due to self-heating in the thermocouple,

(b} the op-amp should be one with low input bias currént, low output offset voltage, small
thermal drift, high CMRR and high power supply rejection ratio (PSRR). The op-amp
should have provision for offset nulling.

{c) discrere components such as capacitors and resistors were those with low temperature
coefficient. since the amplifier circuit is to be mounted in an area of ambient

temperature close to 40°C.



J23VOLTAGE-TO-FREQUENCY/ FREQUENCY-TO-VOLTAGE CONVERTERS

The voluge-lo-lrequency converler (V/F) finds wide application in measurement
systems where transmission of signals is over a relatively long distance and through cable.
radio or optical fibre, The mode of signal transmission depends on the application at hand.
For this work FM TELEMETRY is used and basically it involves the use of radio signals
transmission.

The output signal in de. voltage from the thermocouple amplifier 15 converted 10 a
time dependent varving signal that is proportional to the input voltage. Voltage-to-frequency
converters can easily be assembled from discrete components and trimmed to meet the
required linearity. Because of the rapidly incressing need of these converters in system
design. manufaciurers have come out with such converters in IC form. This is available as
single chip in market with varyving degree of lincarity and drifi, among the common tvpes
availahle are the LM331. ADS37, VFC 32, TSC 9400-02 and the RC 4151 & 4152 (Franco,
1988)

For this work, the LM331 is used extensively. It is a simple V/F converter suitable for
use in analogue-to-digital conversion. precision F'V conversion and many other applications,
Fig 3.1 shows the IC pin-out. When the IC 15 used as a volage-to-frequency converter, it
produces a pulse train, which is linearly proportional to the applied input voltage. The device
uses a temperature compensated band-gap reference circuit to provide very good accuracy
over the entire operating temperature range. Although the precision timer circuit has a low
bias current, the response is sufficiently fust for 00 kHz voltage-to-frequency conversions
(low bias current often results in reduced switching speeds and restricted operating
frequencies). The outpul of the device is capable of driving loads of between 3V (1e. TTL
level) and 40V, depending on the supply voltage. and 15 fully protected agamnst short circuits

1o Voo Appendix B 1s a complete application note for LM331 from National Semiconductors
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Fig.3.1: IC pin-out for the LM331 V'F and F'V converter



324 FM TRANSMITTER

The FM mode of radio transmission 1s widely adapted in radio telemetry because of
its numerous advantages over other known means of radio signal transmission basically
because of its immunity 10 noise and high penetrating power. Apart from this, FM receivers
can he fied with amplitude limiter 1o remove amplitude variation caused by noise, It is
possible to reduce noise still further by increasing the modulation deviation angle since
percentage modulation in excess of 100% 15 possible in FM without causing much distortion
{Kenedy and Davis 1992). For this work the quality of useful signal received 15 not expected
to suffer much distortion since they are pulses that can easily be reshaped. FM broadcast 15
also possible in the upper VHF and UHF Freguency range. Various methods of generation of
frequency modulation 1s described 1n vanous communication texts (e.g. kenedy and Davis.

1992)

3.2.5 ANALOGUE CIRCUIT DESCRIPTION

The circuit can be conveniently divided into two parts, the transmitier and receiver
maodule. Fig, 3.2 shows the circuit diagram of the transmitter module. The thermocouple is a
type *S" which is adequate for the continuous measurement of temperature in the desired
range of 30-15300°C. Its reproducibility of tempemature measurement and ability 10 operate in
both exidising and reducing atmospheres make 1t an 1deal choice (Permin. 1999),

['he thermocouple amplifier is built around L'/ a commercially available precision bi-
polar op-amp (tvpe OP-07). According to its manufacturer (National Semiconductor, 1994).
the op-amp exhibits low drift with time and temperatre ((L6mV/"C) and a low offset voltage
{7.5mV max). The op-amp U7} is operated in the non-inverting mode 5o that il presents a high
imput impedance 1o the thermocouple, a condition necessary for the proper operation of active

transducers with low output impedance (Garrett, 1981).
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The voltage gain of the amplifier is equal 1o (RF2 + BT <RA)RE. The gain is trimmed
to 100 by adjusting the potentiometer 12 on Fig.3.2

The diode D/ 1s in thermal contagt with the thermocouple’s cold junction and
provides the means for the cold-junction compensation. At room temperature, the vollage
drop across the diode D/ is approximately 600mY. The potential divider formed by the
resistors B4 and R3 makes the temperature coeflicient of the voltage drop across the PN
junction of the diode [)/ match the thermocouple sensitivity at 23°C which is approximately
0.14mV for type *S°. This puts the potential at the inverting input of the op-amp of Fig.3.2
equal 1o 0.14mV.

As the ambient temperature increases above 25'C, the temperature coefficient of the
diode voltage drops almost linearly with the rise in temperature (-2mV/"C for silicon diodes)
{Franco, [988). The cold junction compensation mismatch can be reduced to a sufficiently
low level by trimming A so that e X R3/(R4 - R5). where g 15 the temperature
coefficient of Fae of D/, exactly maiches the thermocouple sensitivity (Isaag et al., [993),
This results in a drop of —=5.8uV/"'C across the resistor £3 acting as the reference point for the
non-inverting input of 1l and this corresponds to a change close to the sensitivity of the
thermocouple around ambient. This shows that the combination of diode [2) and the resistors
f4 and RI adequately provides the required cold-junction compensation for the
thermocouple. [t is important o note that this scheme works only at a temperature above or
around ambient.

£'f has provision for offset nulling on pins 1 and ¥ and this 15 used 10 bring the ourput
voltage of the thermocouple amplifier to zero for an inial zero input voltage. thus nulhing the
effect of the input offset voltage and in elfect allowing for the operation of the amplitier with
minimal drift. The potentiometer BV is used Tor adjusting the output of the thermocouple

amplifier to a reguired voltage value for known temperature a1 the thermocouples ho
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junction. This is done by inserting the thermocouple into a fixed temperature bath at 150°C
and the thermocouple amplifiers output voltage timmed to 103mV which corresponds to the
expected thermocouple output emi X 100,

Diodes 22 and D3 protects [y inputs from damage that could result from transient
upsurge voltage which may follow a thermocouple break or electrostatic discharge. The
output of the thermocouple amplifier is fed to a voltage-to-frequency converter formed by the
V/F LM33]1 and its associated components. The voltage on pin 7 and the values of resistors
RI§RIO RIZ - RVF and capacitor C'7 determine the frequency of the pulse output at any

time. According to {Maplin, 2001 ). f is given by:

3+ RF3 | &
f =0.486 A F k”_.
RIORLILT o

(3.1)

The output pulse height is determined by the value of the voliage to which R/2 is tied.
It 15 worthy 0 note that the choice of resistive and capacitive components for the V/F
converter is very critical. for values used in the implementation of this device linearity error
was only about 1% as specified in the manufacturer design note Ih-'I.apIin- 2001). The VIF
converters output frequency per unit input voltage i1s adjusted by the 4.7kL} trimmer resistor
RIZ. It was tnmmed to give an output of [Hz'mV. For a thermocouple amphfier output
voltage of 30mV to [5353mV that corresponds toa temperature of 30°C—500°C, the
converter 1s expected to give an output pulse of frequency 30Hz to 1555H=.
The output pulse is attenuated by a resistor combination of /4 and R/F with K735 being
rrimmable to allow for adjusting the level of the mput pulse needed for best modulation of the
CAITIET Wave,

The oscillator section of the transmitter is built around 77 of Fig.3.2 Oscillation
frequency 15 determined by the value of LI, FCT and C10, which forms the oscillating tank,

for small value of C/ the centre frequency can be approximated by the relation:
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e 3.2
2m LFEC

FET) is used to set the centre frequency tor best reception on the VHF receiver, £'/1) is used as
a feedback capacitor and it is usually in the range 1 to 3pf so that it as little etfect on the
centre frequency. This is regquired to sustain oscillation. Modulation is directly applied 1o the
base of T/ via CX. The transistor T2 15 a buffer that is used to drive a RF amplifier built
around 73 operating best at a frequency determined by L2 and C/4. The values for the
componenis shown on Fig 3.2 are for maximum RF amplification. The signal is finally
radiated ‘as electromagnetic wave from the body of a Imm thick. 50mm long copper wire.
which act as the transmitting antenna

The schematic diagram shown in Fig. 3.3 is the receiver module. It begins with u VHF
receiver used 1o demodulate the transmited pulses from the [irst module, The audio
frequency output from the receiver is shaped to a sguare wave of amplitude 3V by the two
CMOS inverters and its associated components, with D4 and D3 acts as a voliage limiter to
keep the output from the receiver to a tolerable limit.

[he square wave serves as inpul to a frequency 1o voltage converter buill around
another LM331 IC now configured as a F/'V converter. The choice of components is such as
o give a conversion factor of ImV/Hz. for values of components shown the converter as i
full-scale output voltage from 0 to 4V for input frequency 0 to 4 kHz. For input frequency
30Hz 1o 1523Hz the output voltage of the LM331 was rimmed for a voltage output of S0mV
to 1553mV. The output from this converter stage is then buffered by the voltage tollower L2,
whose output i$ then attenuated and conditioned by resistor £32 and capacitor € 20 1t is this

voltage that serves as input to the next stage that is the digital conversion stage.
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Fig.3.2: The telemetry transmitter circuit
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3.2.6 DIGITAL INTERFACING CONSIDERATION

For this project the printer’s port of the IBM compatible P.C. was adapted,

This port s an inexpensive and yel powerful platform for implementation of project dealing
with the control of real world peripherals. Fig 3.4 shows what the port looks like at the back
of a personal computer desktop. The port provides eight TTL outputs DO- 1T, Hve inputs 83-
87 and four bi-directional leads CO- C3. It provides a very simple means to use the PC
Inlerrupls struciure,

An explicit discussion on the adaptation of the printers’ port is a large manual on its
own. Manuals that deal with the use of the printers” port for controls and data acquisition are
available in text and on the Internet (hitp:/'waw.access digex.net/phal. Five modes exist for
parallel intertacing as was described in section (2.9} earlier. For this work. the byie mode
which allows the input and output of 8-bit at a time was adapted.

The TCT7109 a 12-bit analogue-to-digital converter, a product of Microchip. used for the

implementation of the digital module offers the following important features

. FLero-mtegrator cvele for fast recovery from mput overloads,

. Eliminates cross—talk in multiplexed systems,

. 12 bit plus sign integrating A/D converter with over-range indicator
. Low noise (<15 pVp-p tvpical )

. No Zero Adjustment needed

. TTL compatible, Bvte-organised Tri-state outputs

The general deseription and application note for this device is presented in Appendix D

Since the analogue-to-digital converter used is a 12-bit microprocessor (pP)
compatible tvpe to input this twelve bit using the same 8 bit port reguires taking the
wformation in o succession of 8 lower bits followed by the next 4 upper bits. The process of

achieving this and the control of the interfacing network lie entirelv on the driver soltware.
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The programme 15 written in QBasic and also visual basic, The entire circuit lavout lor the

interfacing and control software 15 presented next.
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Fig.5.4: DB-25 printers port connection
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3.26.1 DIGITAL CIRCUIT DESCRIPTION

I'he cireuitry is conveniently divided into two modular parts. the A/D converter
module and the mterfacing adapter module. Fig. 3.5 shows the entire module. It consists of a
12-hit AT converter, two 4069 hex inventers and 12 LEDs as visual indicator for ease of
calibration. The converter was 5¢1 in a continuous conversion maode by tving pin 26 the
RUNMHOLIY 1o a high {+3V). Pins 18 through 21 set the operation of the converter for direct
output mode and enabling both lower byte B1—B3 and the higher byte B9-—B12, and also
the polarity and over-range indicator outputs. The conversion rate was set to 3 conversions
per second by the choice of C4 and R4 that form an RC osciflator for the system. To pive a
better rejection of line which result in an error of less than 1% from two 60 Hz perods or
33.33 millisecond.

A resolution of 1bit/mV was achieved by adjusting the reference-input voltage at pin
36. The combination of the zener diode ZDJ and the potentiometer PRI allows for the
trimming of the reference input voltage, This allows for a full-scale¢ 12-bit output 1.¢. all
outputs bits B1—B12 are high when an input voltage of 4096mV is placed ot the input, The
outputs B1—B12 serve as inputs o 12 inverters contain i the two 40649 CMOS IC, The
inverter in turn drives 12 LEDs that serve as visual indicator signifying the state of each bt
B1—BI11.

The mterfacing adapter consisting of two 7415373 octal D-type latches, busses lor
connectivity and signal transmission and a 13-25 ;'Ilﬂh: parallel port adaprer, The outputs Bi o
B12 from the A/D converter also serve as inputs for the 2 Octal larches. with B1—BE as
tnput 1o 1C2 and B9—RBI2 as input to ICL 1IC1 has 4 open inputs pin 13, 14. 17, and I8,
which for safety against damage that could result from electrostatic charges are all grounded
{Bernard et al., 19771,

[he busses carrying the output bit from the latches were crossed such that the |2 bit
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data under software control can be read in a succession of 8 bits tollowed by the other 4 bits.
Most computers parallel port card outputs are designed as open collectors te enable
compatibility with varying attached devices. To prevent excessive current drain, which could
cause a permanent damage_ the port output pins are tied to a high (+5V) through a 10k£L2
resistor as shown in the Fig 3.5,

The control input pins 1 and 14 of the D-25 parallel port adapter are both active low
i.e, a high placed on these pins by the computer processor 15 internally mverted. This is taken
care of in the design of the control software. The output of the control pin | is connected to
pins 11 the chip-enable of both octal latches. When a high is placed on this pin the output of
both latches follows the ADC s 12 bits and when set low the outputs are latched. The control
pin 14 is connected directly to pin | of 1C2 and inverted by a CMOS inverter connected to
pin | of IC1. This ensures that data are presented to the data port pins 2 through 9 of the [-25
adapter in an altemnate pattern.

When the control pin 14 is set to a low. [C2 is-enabled and 115 output are active while
the output of 1C1 are all set o high impedance caused by the inversion of the control bit o its
pin 1. When this conirol bit is high the action is in the reverse with IC17s output being active
and available through the busses to the data port. Tying the output as shown in Fig 3.5 is to
achieve the said goals of inputting 12-bit of data through the B-bit port available for byte

mode transler of data.
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3.2.6.2 SOFTWARE DESCRIPTION

The entire process of control. data read operation and further processing of 1he
acquired data are all carried out by the computer software. The software programme was
wrnitten in QBasic. which i1s a text mode program, and Visual Basic a window based
programme. This program is then compiled as a stand alone executable programme to enable
portability. compatibility to other svstems and importantly to prevent the program from being
corrupted and finally to increase the speed of operation (Nameroft, 199%).

The entire programme is made up of five sub-programs as demonstrated in the tlow
chart in Fig 3.6. First a graphical screen is prepared for inputs from the user and owpwt of
processed data. A file is then opened for both read and write for storage of data and a tfimer is
mitiated.

The main program then calls the control sub-program a DLL (Dynamic Link Library)
which enables the programme control to interact with the external circumtry (Maver, 1998),
Pata are read to a temporary memory location on the RAM of the computer. The
manipulation and processing of the data is also carried out in the RAM, the result of which
comes out as displayed on the graphical screen and at the same time stored in a permanent
file at a time interval as provided by the user. Fig.s 3.7 10 3.10 shows how the graphical
sereens for control and data logging look like, Fig 3.7 is a flash form that displays the product
copynght [D. Fig 3.8 is the main control panel from where one can decide whether 1o
recalibrate the ADC or proceed with the main operation of measuring and data logging
temperature readings. Fig 3.9 is the recalibration form that recalibrates the ADC and produce
a correcting factor by comparing a known input voltage imnto the ADC and the actual retnieved
by the computer from the ADC . Fig 3.10 15 the main operation form that displaved the
measured temperature. time and date. [t also has provision for selecting a drive and creating a

sub-directory for which data logging 15 desired. It also has a means for setting the rate at
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which data could be logged, The time interval ranges from 1 second to 24 hours. It also has a
provision for selecting the thermocouple type for use with the svstem _The button named
caller is a provision that allows the user to adapt the svstem 1o suit other applications

The following sub programme demonstrates how the data read operation is carried
ILIE.
3.2.6.2.1 Module for the control of the ADC

Line

Option Explicit

Public Function ATMC()} As Integer
Dim first As Integer

Dim second As Integer

Dim result As Single

Dim foward As Integer

Dim fad({3) As Integer, rel As Integer
. Dim E As Integer, N As Integer, S As Integer, p As Integer
9. Rem READ OPERATION

11, Do While first = 0

11. Out 890, 252

12 ForE=1 To 200: Next E

15, Ot 890, 255

19. For E=1 To 200: Next E

15. first = Inp{ 888)

16. Loop

17.Let5=0

18 Do

19.  Out 890, 253

20}, For E=| To 200: Next E

21, second = Inp(888)

e

2. S=8+]

23 If'S =200 Then

4. p=0

25 Exit Do

26.  EndIf

27, Loop While second = 0
28, Seleat Case second

2, Case 1: p= 256

30, Case 2:p= 512

3. Case 3: p=T68

3. Case 4: p= 1025
33. Case 5: p= 1280
34, Case 6: p= 1536
35, Case 7: p=1792
ih, Case Else: p=0

3T, End Select
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38. ADC=first+p
39, End Function

Line | ensures that no undeclared variable is used. Line 2 declares the function ADC() a
public integer so that 1t can be used by other sub programmes ocutside the main window.
Lings 3 to 8 declare all the vanable tvpe used in the programme. Line 10 starts the read
operation by initiating a loop. Line 11 cutpuis to the control port with port address 90 in
decimal the code represented in decimal by 252 which mitialises the 12-bit ADC card. Line
12 is a delay that allows the ADC enough time to fully respond to the control bits. Line [3
sends the code 255 1o the control port to set the data port for bi-directional data transfer and at
the same time connecting the 8 lower bits of the ADCs output to the data port, Line 14 is
again a delay while line 15 is a command 10 read the 8-bit available ar the data port and
assigned the value read to the variable first, Line 16 checks the condition stated a line 1) and
ensures that a none zero value is read, if a zéro is read the operation is repeated. Line 18
through 27 is another loop operation that connects the remaining 4 higher bits to the data
porl, a counter 15 initiated that allows this value o be read for up to 200 times in the case the
4-hit is a zero, if it is non zero the loop is ierminated on the first read operation and the final
value read is assigned to the variable second. Line 28 to 37 15 a comparison chart for the
variable *second” for the entire operation range seven levels at most 1s expected. [f the value
in the variable second is | then P is assigned 236 and so on. Line 38 assigns the addition of
first i.e. the value of the first &-bit and the processed value for second i.e. the upper 4-hit 1o
the public function ADC (). These values represent the converted value for the entire 12-bit
data from the analogue-to-digital converter. Line 39 terminates the operation and the linal
result in the function ADC () is sent to another sub programme that further processes it
Appendix C gives the entire programme for the control and shows how the data read is

processed before the final sereen display.
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CHAPTER FOUR

RESULTS AND DISCUSSION

The circuitry for the achievement of the requirement of the project ie. Precision
thermometric svstem using radio telemetry was designed and first simulated on a computer
using two electronics software packages: (1) The electronics work Bench and (2) Crorcuit
maker, These are software packages that help to analvse an electromic circuit design and
indicate the workability before implementing.

The actual implementation of the design was carried out in phases on different vero
boards and each section of the entire design was tested separately before the final coupling
and calibration. This chapter presents the experimental procedure and the results of the
various tests carried out on each section of the design and concluding comments about all

modifications on the initial design.

4.1 THERMOCOUPLE TYPE (Platinum Vs Platinum | (% Radium r.

The method generally adopted for the calibration of a thermocouple involves the
dipping of the hot junction of the thermocouple inte a known temperature of about 2007,
and its cold junction placed at 0°C, and the emf produced is read on a panel meter. A repeated

reading of the emf at various temperatures 15 taken and a final table of temperature against

emf is presented for the specific thermocouple. (;

Because of the stringent requirement for this calibration exercise which in most cases
requires a standard cold junction ar 0°C. most users of thermocouple relied on the
manufacturers’ standard and thus need not calibrate the thermocouple before use. Instead the
output emf is compared with a standard table given in handbooks for thermocouples. For the
purpose of this work the table presented in Appendix A, which is a standard for a tvpe 5

thermocouple was used.
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4.2 THERMOCOUPLE AMPLIFIER TEST RESULT

The thermocouple amplifier which forms a part of the analogue circuit presented in
Fig 3.1 was set 10 a gain of 1(0) using the trimmer resistor 8172, For the test. a varving d.c.
voltage of between U and 15.0mV was applied at the input of the thermocouple amplifier.
This simulates the input voltage expected to cover the “5" thermocouple range and the
corresponding output voltage was measured with a digital voltmeter. The input and output

vialiage readings are shown in Tahle 4.1

The thermocouple amplifier was observed to produce a high response nme and stable
output whose drift with time is very small, The observerd lineanity as shown in Fig 4.1 shows
that the thermocouple amplifier meets the required standard desired for precise
measurement. The slope of the graph shows the gain to be constant at 10{0_over the entire

medgsurement range,
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Table 4.1: Thermocouple amplifier characteristics with its gain set at 100

INPUT VOLTAGE | OUTPUT VOLTAGE (mV) at 27°C
(mV)
0.3 31
1.0 100 ’
15 152
&0 201
3.0 EiH
1.0 399
5.0 408
6.0 5909
70 700
9.0 o9
10.0 1000
12.0 1200
14.0 | 398




4.3 VOLTAGE TO FREQUENCY CONVERTER TEST RESULT
The V/F converter, which also forms a major part of the circuit in Fig 3.1, was tested
by applying the output from the thermocouple amplifier to the input of the converter at pin 7
of the |.M331 through a 100k and 10nF capacitor cobination which help to remove any form
ol ripple in the thermocouple amplifier output voliage. Refering to Fig.3.2 a digital volumeter
was connected to point L to measure the input voltage to the converter and a cigital frequency
meter was connecled o point M 1o measure the output frequency. Table 4.2 shows the result
of the test. It was observed that the converter 15 very stable with little drift with variation of
ambient tenperature, which was comected for by replacing the capacitors C7 in the converter
cirewit, which was initiallv an electrolyvtic capacitor with a ceramic of same capacitance. since
the capacitance of a ceramic capacitors is not seriously ctfected by vanation of ambient
lemperature
Fig. 4.2 15 a plot of the resull of Table 4.2, It demonstrmes good lmearty of the V/T
converters, and thus satisfies the required standard for the design, The slope from the graph

shows the conversion ratio to meet the required | £H=71



Table 4.2: V/F frequency output trimmed al a conversion factor of |H2/mV

| THERMOCOLPLE AMP V/F OUTPUT FREQUENCY (kHz)
OUTPUT VOLTAGE (v)

0.09 0.11
0.21 0.20
0.30 (.29
0.40 (.41
0.51 (.50
(1,600 0,600
0.69 (.71
0,80} (.79
0.92 _ o2
1,00 1.02
10w 1.11
1.21 1.20
1.29 1.28
1.40 1.41
1.52 151
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4.4 TRANSMITTER, RECEIVER AND FREQUENTCY-TO-VOLTAGE
CONVERTER TEST RESULT
The next test was carried out by coupling the entire components of the circuil as
shown in Fig 3.2 The output from the voltage-to-frequency converter ve. pin 3 of the LM33]
and the variable resistor 8135 used to trim the modulating voeltage to the FM transmitter. An
FM receiver set at about 220MH2 on the VHF band was used 1 demodulate the transmitted
signal, Clear reception of transmitted signal was obtained at about 20 meter radius from the
transmitting poinl, which 15 adequate for this work as applied for the monitoring of a rotary
furnace temperature. Alter reception. the demodulated signal was then fed into the frequency-
to-yvoltage converter Le. pin 6 of the LM331 used in this case as a F/V converter through two
inverter that provides the 3Vp-p pulse necessary to drive the converter. The demodulated
frequency was measured with a digital t'reqpency counter connected to the point N while the
corresponding output voltage from the Frequency-to-Yoltage converter (after buffered by the
unity gan amplifier 072} was measured with a digital voltmeter connected o point O, The
results obtained are shown in Table 4.3
It was observed that as the input [requency into the transmitter incredses there was i
slight upward shift of about 20MHz in the transmitter’s center frequency which was reduced
1 a bearable limit by reducing the modulation voltage through the R15 variable pot. The plot

of the results of Table.4.3 shown in Fig 4.3 establishes the linearity of the network.



Table 4.3: output result for the receiver and F/'V converter

MODULATION DEMODULATED VOLTAGE OUTPUT
FREQUENCY FREQUENCY FiV CONVERTER in (V)
(kHz}

(.05 R 005

(.10 (11 .11

0.19 0.20 0.20

(1,30 0.29 .30

.41 01,40 (.40

0.51 (a0 0.51

0.7 0,79 .78

1.01 L.o0 1.00

1.2] 1.2] 122

139 |40 1.39

152 1.51 1.52
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Fig.4.1! The thermocouple amplifiers output voltage versus mput voltage
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Fig.4.2: The V/F converter output freguency versus mpul voltage
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4.5 COMPUTER INTERFACE ADAPTER AND PROGRAMME TEST

This network which consists of the 12-bit analogue-to-digital converter was both
hardware and software calibrated to ensure 1ts integrity. For the hardware circuit calibration
and test. a known voltage was applied to the circuit shown in Fig 3.5 The commesponding
binary output decodded by means of 12 LEDs was then observed. The pot £V was used o
adjust the reference voltage until an accuracy of 21-bit was achieved for all inpul voltage,

It was observed that the ADC penerated intermal heat that put the device temperature
at 427C after abowt 10 minutes of operation. The accuracy of convertion was not observed to
be effected. The table 4.4 presents the results of the test

The integrity of the software was tested by connecting the device through the printer’s
port and the control programme was run. Referring o Fig 3.7 through 3,10, first a known
input voltage was placed at the input of the ADC, a subprogramme called calibrator was
activated. The value of the input vohiage was entered into a textbox and then the return button
was pressed. The programme then compared the user’s entered value with the value decoded
from a read operation from the printers port and performs the operation (input voltage by
user’ converted voltage from the port) to generate a correcting factor that acted as.a multiplier
to all other converted readings from the port. These compensated for errors that could arise
due to effect of change in environmental condition afier the initial hardware calibration and
the non-linearity of the thermocouple, The outpur result was displaved on the graphical
screen and results retrieved of the data logged .shu-'l.a'l::i that the software worked as expected
with an aceuracy of =1°C, The programme for the callibration written in Visual Basic is

presented i Appendix C.
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Table 4.5: The analogue to digital converter output

INPLIT LEDN s DHSPLAY OUTPUT i
VOLTAGE
(mV) B2 BRIl Bl0 B9 BE B7 Bs BS B4 B3 Bl |
T o o e o To Te o o (1 o 1 [1 |
() o |0 (8 |0 |0 o [t |1 |0 (& |t |0 |
L) | @ (0 [0 (0 [0 (1 [1 [0 Jo [1 [0 |0
200 o (o (o (o |12 [1 (o (o [1 [0 Jo |o
300 o o (o (1 |o o |1 [o [1 |1 [0 |o
400 o [0 (o [t [2 To Jo [t To Jo [o Ti1
500 e (o (o (1 |1 J1 |1 (¢ [o |1 [0 o |
| 600 0 (o (1 [0 fo f SHIE IRIETE EIE 5
RO B (0 (1 (1 [o o [t o ID o [0 [0 |
| 1 0D 1] i 1 1 | : | | 0 1 [0 1] {1
L 2000 To |1 [0 [0 [1 [0 [1 |1 | D(0 (0 |0
1400 o |1 |0 [1 [0 |1 (|1 [& | 1 (o [0 o ‘
1500 o [ Jo [v 1 [a [o 1 J1 [1 o | ‘
l
I Indicates that the LED is ON
i Indicates that the LED is OFF
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4.6 STANDARD AND EVALUATION TEST

In order w fully ascertain the integrity of the system the entire circuit was used 1o
monitor the temperature in an electric furnace (Muffle) manufactured by Gallenhamp
Corporation UK. It has its own in built temperature measuring device. The temperature as
displaved on the visual display unit of the computer was compared with that of the furnace
lemperature display. The result is as presented in table 4.6, for temperature in the range 30°C
to 1200°C which s the entire temperature range for the electric furnace, It was observed thet
the system tracks the displaved furnace temperature accurately and the response time (ie
time laps in the response of the tested to the referenced temperature measuring device) was

less than 2seconds which is just adequate.
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Table 4.6 Temperature output as read from the furnace and the constructed

thermometrv system

ELECTRIC FURNACE TEMPERATURE DISPLAYED BY THE
TEMPERATURE (°C) THERMOMETRY SYSTEM (°C)
50 50

100 101

300 201
300 302
300 401
500 502
B0 600
70 ; T
800 799
900 901
1000 1001
1100 1102
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4.7 OPERATION AND PERFORMANCE OF THE SYSTEM

The effectiveness and utility performance of the svstem has been tested for
monitoring the temperature of a rotary fumace (EMRUH) of the Engineering Matenals
Development Institute. Akure, used for melting cast iron over the temperature range 30 o
L400°C. The test carrled out over a long period has the first module e the mansmitting
circuitry attached directly to the rotating furmace. The system was found to be stable when the
VHF receiver was properly tuned for best reception. little drifi due to transmission losses,
which demanded a constant re-tuming of the receiver was however observed. This drift could
be associated with the effect of air current around the rotary lurnace body (Vidvallal et al.,
1993, and which can affect the inductance of the oscillating tank n the transmitter section,
(hher forms of anticipated errors are the input offset voltage of L'/, the cold-junction

compensation mismatch and change in the value of the resistors with temperature.

4.8 CONCLUSION AND RECOMMENDATION

It has been demonstrated that the measurement of physical parameters such as
temperature 10 an inaccessible or hazardous environment is indeed possible with radio
telemetry, The advantage of this scheme over other well-known means of high temperature
measurement systems like optical pyrometer is evident in its stability, That 1s its consistency
in the measured outputl and the fact that results of such output can be accurately recorded at a
distance far away from the system whose temperature 13 being monitored. Although the
maximum distance apart tor the accurate application of this device has not been established,
it does sausfy our design limit of 20 meters. 1t 15 indeed possible 1o increase the range by
improving on the ransmulier power.

The adaptability of a personal computer for the purpose of processing and data

logging large amounts of data at greal speed and also carrving ot difficult computational
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process on such data with results displayed almost immediately on the VDU therefore
presents a cheap means of achieving complex control with ease. This inherent great potential
mav resuli into further research for design of dedicated imtegrated measurement/control
system for adaptability to various transducers (active or passive) emploved in measurement

and instrumentation.
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APPENDIX A

STANDARD CALLIBRATION TABLE FOR THERMOCOUPLE
HANDBOOK OF CHEMISTRY AND PHYSICS 62™ EDITION 1981-1982



STAMNDARD CALIBRATION TABLES FOR THEEMOQCOLUPLES
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APPENDIX B

LM331 ViF AND F/'V CONVERTER APPLICATION NOTE
NATIONAL SEMICONDUCTOR INC
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APPENDIX C

SULRCE CODE FOR THE CONTROL SOFTWARE WRITTEN IN MICROSOFT
VISUAL BASIC 6.0



Declare all variables

Option Explicit

Dim answer. pod, TMP As Integer
Dim lagata As String

Dim calfac, start As Single

Codes for checks button
Private Sub chkmvy_Cheki)
optk.Enabled = False
opts.Enabled = Faise
opli.Enabled = False

End Sub

Codes for Start button

Private Sub emdstart Click()

Dim THR, IMN, ISC As Imteger
Dim start As Single

IHR = Val{txtHour, Text) * 60 * 60
MM = Val(ixtmin. Text) * 60

ISC = Val(txtSec. Text)

answer = IHR + IMN + ISC
MsgBox answer

tmrsave. Enabled = True

End Sub

Codes for Stop button

Private Sub emdstop Clicki)
imrsave.Enabled = False
End Sub

Codes for Directory change

Private Sub dirDirect Change()

Dim lade As String '

tx1sad, Text = dirDirect. Path & "\Result.ix1”

I drvDisk. Drive = "a:t" Then mxtsad. Text = dirDirect, Path & "Result.oxt”
fade = txtsad. Text

End Sub

Codes for Drive control

Private Sub drvDisk Changel)
Chlvive devDisk.Drive



dirDirect.Path = devDisk. Drive
End Sub

Codes for main form

Private Sub Form_Load()

start = Time

optmv. Value = True

‘centering the form on the screen
Left = {Screen, Width - Width) / 2
Top = (Screen.Height - Height) / 2
ChDwviwve "c:"”

ChDir "odoala”

drvDisk. Drive = "c."
dirDirect. Path = "ndoala”
‘Adding item to the hour

Dim Hour As Inmeger

For Hour= { To 24

lstHour Additerm Hour

Next Hour

‘Adding item to the mmute

Dim Minute As Integer

For Minute = ) To &0

Isthlin. Addliem Minute

Mext Minute

'‘Adding item to the seconds
Dim Seconds As Inmeger

For Seconds = {} Ta 60

[stSec. Additem Seconds

Mexl Seconds

‘diable save operation
tmrsave.Enabled = False

End Sub

Codes for data lopging interval

Private Sub IstHour Click{}
ixtHour Text = lstHour. Listindex
End Sub

Private Sub IstMin_ Cheki)
txtmin. Text = IstMin.Listindex
End Sub

Private Sub 1stSee Click()
txtSec. Text = IstSec. Listindex

[ ]



End suab

Codes for Radio button

Private Sub optmv_Click()
aptj.Enabled = False

optk. Enabled = False
opts.Enabled = False

End Sub

Private Sub optther Click( )
optj.Enabled = True

optk, Enabled = True
opts.Enabled = True

End Sub

Codes for Tmmer control

Private Sub tmreon_Timen(}
lhldate.Caption = Date$
Ibltime.Caption = Time{)

Dim pod. TMP As Integer

pod = ADC()

TMP = converter(pod)

If optmy.Value = True Then
Ihltemp.Caption = Intipod) & "mY"
Else

Ibltemp.Caption = Inti TMP} & "C"
End If

End Sub

Cuodes for Save to file operation

Private Sub tmrsave Timer()

[¥im lade As String

Dyirn last, difl As Single

lade = txtsad. Text

last = Timer

dift = lasy - start

It diff Mod answer = | Then
Open lade For Append As #1

Print #1, Time5. Ibltemp.Caption

Close #1

End If

End Sub

Lk



Import 32.dll for hard ware control

"Inp and Out declarations for direct port 10
in 32-bit Visual Basic 4 programs.

Public Declare Function Inp Lib "inpou32.d1I° _

Alias "lnp32" (ByVal PortAddress As Integer) As Integer

Public Declare Sub Out Lib "inpout32.dil"

Alias "Ou32" (ByVal PortAddress As Integer, ByVal Value As Integer)

Codes for the control of the ADC
Option Explicit

Public Function ADC{) As Integer
Dim first As Integer
Dim second As Integer
Dim result As Single
Dim foward As Integer
Dim fad(3) As Integer. rel As Integer
Dim E As Integer, N As Inieger, S As Integer, p As Integer
Rem READ OPERATION
Do While first =10
Out 890, 252
ForE=1To200: Next E
Out B, 255
For E=1 To 200: Next E
first = Inp(E88)
Loop

Lets=0
[3a
Clut 894), 233
'Far E= | To 200: NextE
second = Inp{B88)
§5=5+1
If 5 = 200 Then
p=U
Exit Do
End IT
Loop While second = )

Select Case second
Case |, p=256



Coze 2;:p= 512

Case 3 p= 768

Case 4; p= 1023
Case 5:p= 1280
Case 6 p= 1336
Case :p= 1792
Case Else: p=10
End Select

ADC =first + p
End Function

Conversion comparison table

option Expheit
Dim D As Single
Dim pod As Integer

Public Function converter{ByVal pod As Integer) As Single
Select Case pod

Case | To 6d; Let D = (.6]
Case 65 To 72; Let D = 0.655
Case 73 To 79: Let D =0.658
Case 80 To 87: Let D= 0.669
Case 88 To 95: Let D = 0.679
Case 96 To 103: Let D = 0L.687

Case [04 To 111
Case [12 To 119;

Case 120 To 127
Case 128 To 135;
Case 136 To 144
Case 145 To 152:
Case 153 To 161

Case 162 To 169
Case |70 To 178;
Case 179 To 187:
Case |88 Ta 196:
Case 197 To 205;
Case 206 To 214:
Case 215 To 223:
Case 224 To 232;
Case 233 To 241:

Case 242 To 250k

Caze 73] To 259

Let B = 0,694
Let D=10.7
Lat D = 0,706
LetD=0.711
Let D =072
Let D=1.7T24
Ler D =10.732
Let D=0.735
Let D= 0742
Let D=10.748
Let D=10.754
Let D={.739
Let D =0,764
Let D =0.769
Let D=10.773
Let X=0.T77
Let D=10.78I
Let D=0.785



Caze 260 To- 269
Casa 270 To 278:
Cose 279 Ta 297:
Case 298 To 306:
Case 307 To 316:
Case 317 To 325:
Cose 326 To 335:
Case 336 To 344;
Case 345 To 354:
Case 355 To 364:
Case 365 To 373
Case 374 To 383
Case 384 To 393:
Cagse 394 To 402:
Case 403 To 412:
Cased13 Todll:
Case 423 To 432;
Casc 433 To 442;
Case 443 To 452
Case 453 To 462
Case 463 To 472!
Case 473 To 482
Case 483 To 4592
Case 493 To302;
Case 503 To 312
Cose 313 To 52X
Case 323 To 533
Case 534 To 543:
Case 544 To 553;
Case 354 To 564:
Case 365 To 5374:
Case 375 To 584
Case 585 To 595:
Case 596 To 603
Case 606 To 616;
Case 617 To 626;
Case 627 To 63T;
Case 638 To647;
Case 648 To H3%:
Case 659 To ohE:
Case 66% To 679
Case 680 To 690:
Case 691 To 701:
Case 702 To 711:
Case 712 Ta 722:
Case 723 To 733

Let D=0.791
Let D=0.794
Let D=0.803
Let D=10.805
Let D=10.81

Let D=0.8I13
Lea D=0.817
Let D=0.819
Let D=0.823
Let Dd=0E827
Let D=0.829
Let D= 0.B33
Let D= 0836
Let D=0.838
Let D= 10841
Let [ = 0844
Let D=10.847
Let D=0.85

Let D=10.853
Let D=10.856
Let D= (.83%8
Let D= (.86
Let D= (),.B63
Let D= 0.B66
Let 2= (.B68
Let D=0.87

Let D= 0874
Let D=0.876
Let D=10.878
Let D=0.881
Let D=0.883
Let D=0.885
Let [D=0.888
Let D =089

Let D=0.893
Let =10 g%
Let D=0.897
Let D= 0,899
Let D= 0901
Let D =10.903
Let D= 0.5
Let D= 0908
Let D=091

Let D=0.912
Let D=0.914
Let D=0916




Case 734 To 744

Case 745 To 735
Case 756 To T66:
Caze 76T To 7T
Case 778 To THE:
Case 789 To 799:
Case 800 To 810¢
Case 811 To 821;
Case 22 To 832:
Case 833 To 843
Case 8§44 To 855:
Case 836 To 8oo:
Case 867 Ta By
Case= 878 To RER:
Case BRD To SHb:
Case 901 Tao9Ql§:
Case Q2 To 923
Case 924 To 934
Case 933 To 944:
Case 947 To 937:
Cuse 958 To 968:
Case 468 To 9RE;
Case 98] To 992:

S - AR
Let =092
Let D=0923
Let D =925
Lat D=0927
Lat D= 0,929
Let D=1{.931
Let B = 0,933
Let D =10.935
Let D=10,937
Let D=1.94

Let D=1{.94]
Let D={.L543
Let D =10.945
Let D= (.947
Ler D= {349
Let D= {L.952
Let D =0.953
Let [3= 0956
Let D= {04957
Let D ={.939
Let D =10.96]
Let D=0.963

Case 993 To 1004: Let D= 0965

Case 1005 To 1015

Case 1016 To 1027
1028 To 1A%
100 T 1051 :
1052 To 1(02:
1063 To 1074
1075 To: [08G:
Case 1087 To 1(93:
Case 1099 To 1 110:

Cage
{ase
Case
Case
Case

Case 1111 To 1122
Case 1123 To
Case 1135 To
Case 1147 To
Case 1159 To
Case 1171 To
Case | 183 To

Case 1255 To | 266

[ 134
[ 146
I 138
R iE
| 182
| 154
Case 1195 To |206:
Cage | 207 To 1218:
Case | 219 To 1230;
Case |231 To 1242;
Case | 243 To 1254:

Let D=0.967
Let D =10.969
LetD =497
Let D=0.973
Let D ={974
LetD=4.974
LetD=0.978
Let D =058
Let D=10.982
‘Let D =0.984
Let D =0.984
Let D=0.988
Let D=0.99
Let D= 0,992
Let D= (0,993
Let D={.995
Let D =0.997
Let D =0,998
LetDm= |

Let D= 1.002
Let D= 1.003
:LetD=1.005



Case 1267 To [278:
Case 1279 To |290:
Case 1291 To 1302:
Ciase 1303 To 1514
Case 13135 To 1326:
Case 1327 To 1338:
Case 1339 To |350;
Case 1351 To 1362:
Case 1363 To 1374:
Case 1375 To 1386;
Case 1387 To 1398:;
Case 1399 To 1410:
Casa 1411 To 1422
Case 1423 To 1434
Case 1435 To 1446,
Case 1447 To 1438:
Case 1459 To 1470;
Case 1471 To 1482:
Cose 1483 To 1494
Case 1495 To [503:
Case 1306 To 1517;
Case 1518 To 1529:
Case 1530 To 1541
Case 1542 To 1553

End Select
converter = pod * D
End Funetion

Let D= 1.006
Let D= [.OOB
Let D= LO0Ow
Let D= 1011
Let B = 1.012
Let D= 1.014
Let D= 1.015
Let D= 101G
LetD=|.0I8
Let D= 1.01%
Let D=1.02
Let = 1.022
Let D=1.023
Let D= 1.024
Let D= 1.026
Let D= 1.027
Let D= 1.028
Let D= 1.029



APPENDIX D

TCTI0% 12-BIT ANALOGUE-TO-DIGITAL CONVERTER APPLICATION NOTE
MICROCHIPS SEMICONDUCTOR INC



MICROCHIP

TC7109
TCFI09R

12-BIT pP-Compatible Analog-To-Digital Converters

FEATURES

B Fero-Integrator Cycle for Fast Recovery From
Input Overloads

B Eliminates Cross -Talk in Multiplexed Systems

B 12-Bit Plus Sign Integrating AID Converter With
Owverrange Indication

B Sign Magnitude Coding Formal

B True Differential Signal Input and Differential
Reference Inpul

B Low Noise... e 18N Typ.

N input Eununl ; N ~ 1pa Typ.

B NoZero Adjuslrrmnl Hlaﬂhd -

B TTL-Compatible, Byte-Organized Tri-Siale
Ouitputs

B UART Handshake Mode for Simple Serial Data

Transmission

ORDERING INFORMATION

PART CODE TCT109X
A or blank®

Package Tempar_ature_
Coda Fiu::kaga Range
l.'_'_fﬂ'-'-.l 44.POFA 0o +70 -.':_
CL:-"-I' 44-Fin PLCC 0"C 10 +70C
CPL 4-Pin:-Plastc DIP D'Cia+TO'C
1JL J0-Pin CerDIP - 250 o +A5C

* The “A" veraion has a highsr g on the digital lines.
FUNCTIONAL BLOCHK DIAGRAM

GENERAL DESCRIPTION

The TCFO94 5 a 12-bit plus sign, CRMOS Inw-powesr
analog-to-chigital converter (ARG Only eighl pessive com-
ponents amd & crystal are required o form G complete
dual-slope mitegrating ADC

The impraved Yoy source current TCTTOSA has fea-
tures that make d an anractive per-channel aliEmative o
araleg mulliplexing for many data acquisition applica-
tiong, These fealures include vpeal inpul Beas current of
Tph, drift of less than 1UYC) Inpul nose Typically 150Ve
g, and auto-zer: Tres differential inpul and reference
allow messurement of bridge-lype ransdecers auch as
ioad calls. sirain gauges. and femperaiure ransdecers

The TCET 1094 provides a wersatibe digial imerace, In
e direct mode ., chip select and RIGHILOW yie enables
control parallel bus interface. In the hardshake mode, he
TET1088 will operate with industry-siandard LARTs in
controlling serial data transmission — ideal for remots
daig logging. Control and montonng of conversion timing
i5 provided by the RUMMHILD input and STATUS oufpud

For applicabons requirnng more resclution, see the
TCE00, 15-bdt plus sign ADC data sheaf.

The TCT109A has improved owermangs racovan pers
{ormance and higher aulput derse Capatility than the dngs-
nai TCT108. &ll mew {or existing) designs should speady
e TCT104A wherever possibée

TOTAFLA
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12-BIT uP-Compatible
Analog-To-Digital Converters

TC7109
TCT109A
ABSOLUTE MAXIMUM RATINGS*
Fositive Supply Voliage (GND to V") . HE2
Megative Supply voltege (BND@ V) o =08V
Amaleg Inpul Voltage (Low bo Highl (Mata 1} VR
Referance inpul Voltage (Low tooHigh (Mote 1) W7 1o
Digital Inputi Voltage [Pins 2-27) (Mote 2) ..., GMND - 0.3V
Power Dnsslpﬁnm. Tp. = 107 f: {Mote 3)
CerDIP . i 2ZEW
Flastic DIP - 123w
PLCC .. 1.23W
F'[HFF' - 100
Operating Temparalum Hsnga
Plastic PRSEAGE (X} v oo 0°0 1o =000
Ceramic Packags (I} .o = 25°C o +85°C
(M) = 0570 1o 412570

Storage Temperature Range .. ... —65°C o +150°C
Lead Temperature (Solderng, 10 S8C) ... +300°C

“Hanlic-aensilive diece Urmised devicey nwisl be gl o canfuctive
maierial. Pratect devicas from skajic discharge and static heids, Stressas
Elg Mg e HEled unssr Anerie Mauirgm Fasngs may &aies
pemmanent damage o the dieace. Thess dre stress fobrgs anly ard
Bunizlipind operation Gf P Gevecs 831 PieSe O0F any (Mhed pood Bohe Blaee
Finse inchcasad i Tl coRranordd Secions ol Ihe specihcabos & rdl
impbed. Exposure o Absakiie Baximum Raling Candilions far sciended
panods may alfect davea rakakilily

NOTES: 1. Inpul vOBSGES Maay eacsal supply wagas i et curmenl i
brrvied o =100 A
7 Connectng any digiil mpots or ueputs to vollages gramher
Than ¥~ arless an GHO may couse desiructen cesce labchys
i Thersfions, il 18 reciommandsd hat inpuls from aources
qlraar Man 1he Same powss Bioply shoosd not e appliai 50
the TCA0EA betone s power supply is esiablished, in
mudliple supply sysiEms, e supohy [0 1he devios Bnould oy
antvatad first
3 Thmiimilrefersiothotof the ackage and wil rof socur durmg
Hrral Gperallcn

ELECTRICAL CHARACTERISTICS: Al parametars wilth \* = 45Y, V- = -5V GND = 0V, Ty = «25°C

UFH-EEE. ﬂﬂ'rEM'E-E I'IIZIIE."E.'lEﬂ

Lz

e —— —

Symbaol Farameter Tnnt 'Eundhmna Him Typ Max Unit
Analog — ———
Cwericad Recosiry Time - o 1 Measursmeant
| TIS710BA, Lyl
Zaro tnpat Reading Vi = 0N — 000 . 0000y +0000: Octel Resding
Fulll Scile. = 409,80
Rata Malric Reading W 5 VaEr 7Ty 3TTTs 4000y Ocisd Resdng
WREF = 204.Bm\ #0000
ML Monlinesndy (Max Deviataon Full Scala = 40 6my o -1 )2 +3 Counl
From Bast Siraight Ling Fif) 2.HBY Cyar Fulk Oparating
Temparature Raage
Rl Cher Error {Dilférsncs in Full Scake = 400.8mY o =1 .02 +1 Cpunt
Reading for Egual Fositve and 2.8048Y Oyar Full Cparating
I Magratve inputs Mear [Full Sciel.  Termparaturs Range
CMRR Inpiit Cormmon-Soae Ve 21, Vg = 0V —_ 50 — wihy
Fl.-n:rul:hl:!n Rm_r:- Foull Sl;all,- -II:IEI Ern'l.l'
Viepam Cammor-dose Voltage Inpuit High, IRpust I.l:m verl B — TR | W
:l.angn . =n|:_| Cmn Fris
o Mo (PP Vishee Mol Wi m O — 18 SE o
Exceedad B5% of Tima) Full Gople = 408.6mY
I Leakage Curant &l Inpui Wi, Al Packages: +35°0 - 1 10 pf
O Ouveee 0.0 rp_ T 212 18] fFis
| Dgvice: — 25°C < Ty = +B8°C 00 250 [
B MD&#nt_.n:-Ei"‘Ei TaZ e125°0 Z 3 nA
TCzs Zero Rending Diif Vi = OV o N B -
TCrs Sobe-Factor Wi = 40B Smy = =777, = 1 5 uvrc
Femperaiure Coafickent Reading, Ext Ref = Oppmd“C
I* Supply Currem Wiy = 0V, Crystal Cacillator — Toh 1400 e
% 1o GHD 1 5EMHT f_u:_t l'_'!rn:-.Hl
ls Supply Cutrent (V" 10 V) Pits 2-21. 25, 26, 27. 29 Open - TOO 1500 A
(TR R T T o T v Jirg | e T Trweigy e [l LA

it |



12-BIT pP-Compatible

Analog-To-Digital Converters

TC7109
o TCT7109A
ELECTRICAL CHARACTERISTICS (Cont.)
Symbof Paramatar Test Conditions Min Typ Max Unii
Vs Rl Cut Voliage Rafgranced o W™, 26k -4 -2.48 -332 W
Eietween V' ond Ref Out
TCRER rel Out Tamperaturs 25K52 Beivaen v° and Rel Ol — Al ppmi C
Coefliciend 0G £ Ty & +T0°G
Digital -
Wi Crpul High YoRaog TCT0E; gyt = T00RA 15 E I - W
TETH0A,; Ipyr = FOOHA
Pins 3 =16, 18, 18,20
Vo Cutput Low Volage liwyr = THmMA - 02 0.4 v
Cauipid Leakage Currant Ping 3 — 16 High Impedance == 10 =1 sy
Control KO Pins 18, 19, 20 Voo = V-3 — - = BA
Pull-Up Curnent Mode [npul @ GHD_
Cortrol /O Losdng HBEMN, Fin 15 LBER, ¥in 15 - - S if
Vi inpud High Vaoltisps Pins 18- 21, 3. 27 2.5 - - W
Referenced 1o GND
Wi Ergat Low Violkage Ping A8 — 21, 6, 27 — —= 1 ¥
B Relerenced 1o GHD
irgut Pull-Uip Currant Prg 28, 27 Viour = V- 3V e 5 — 113
P'i:'l.ﬁ.1.'-'_2|1.:"."!;_mr_='|.l"-3"-" 23 A
Ingut Pull-Dosin Gumant Pin 21, Viggr = BND = +3% — 1 iy
Cisciliator Qutput Current, High Wi = 298 - - imif
Oscilator Oupul Current, Low Wout = 2.5 - 15 - M,
Bulfersd Cscillatar Dubpat Wt = 25Y = 2 = mik
Carrant, High
Bufferad dscillatar Clutgut Ve = 2.5 - 5 — A
Currenl. Low
§ Moda input Pulde W a0 s

HANDLING PRECAUTIONS: These devices are CMOS and must be handled corractly to prevent damage Fackage
and siore only in conductive foam, antistalic fubas, or olher conducting matesal LUse propes anbsiatio handling
procedures. Do not connect i cirouits under “power-on” conditions. 8s mgh ramsenis may causs panmanent

damapgs

0N Arecre TocTe kg 17

[EPE e

TeFipmh.s iaes



12-BIT uP-Compatible
Analog-To-Digital Converters

TC7109
TC7T10%A

Pl COMFIGURATIONS
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12-BIT uP-Compatible
Analog-To-Digital Converters

TC7109
TC7109A

TCT109/A PIN DESCRIPTION

Pin Mo,
{40-Pin PDIP) Symbol Description
1 GHD Elqi.t.ll_g_'n!.lnd_. ﬂ"?'.-_gfuund rezhurn for af dagtal Ingc
. S5TaTUS Quiput HIGH furing inlegrete and demiegrate uniil data =5 laichad Cutpal LOW
wWhan =_|n=_l|_:g:_in|:h;|n =N _=u||:!-:ﬂ.r|:| or ZEro-intagralor l;u'n!rg:u:hnn
3 PO Folasfy — High for posibve ingul
4 R EI-.rm-ra.l'agu = Higgh il uﬂ.nerrangg_-g.
-] Bz Bit 12 Most- Significant Bi
4] Bqs il 11
7 By Bit 15
a By git g
q Bls Bit &
10 Br BLy Al Three-State Data Bits
11 By Bit§
) Hs Bit 5
13 Ba Bit4
t4 8 Bit3
15 8y Bil 2 )
16 B Bit 4 [Laast Signilicant Bity
17 TEST ingul Hign — Marmal operats . Hpul LOW — Farces all Dil outpuls HIGH
Wate: This ingul 15 used 1o e purposes anly
18 Low-Byte Enable — With MODE (Pin 27) LOW, and CEILOAD [Fin 20) LOW
LBEN taking this pin LOW aciivatas Iow-prdar byte outguts. B1-BE, Wik MODE [Pin 21)
HIGH, this pin sanees &5 kea-05de Aag et usad m handshake made. See
Figures 7.8, and g
16 High-Byta Enable — With MICGE (P 21 LOW, and CELCAD {Pin 200 LOW,
HBEN taking 1his pin LOW aclivates high-order byte cutplds, BE-812 FOL, OR. Wik
MODE (PR 21 HIGH, 18 Dir serses we hgh-tyts Mg sdlpul csed « Spindstok
mode. See Faguies 78, snd g
20 Chip EnabinflLoad — Wish MODE (Pim 27) LOW, CELOAD sarvs as a masiar
CELOAD ouiputanabke. ‘Whan HIGH, B1-812, POL, OR outputs are disablad, Whan
MOLCE (Pin 214 is HIGH. & Ined stroba s usad in handshake mode See Figure T
B, pnd 2
21 Man0E ingit LEAW — Direct output mode wham CELQAD {Pin 204, HBEN [Pn 18], and
LEEHN (Fin 18] act 85 mputs dracily controfing byts pulputs
input Pulsad HIGH — Causss immadiate antry mto handshake moda and aubput
of dafa as jn Figure B
input HIGH — Enables CEALOAD {Pn 20}, HBEN (Pin 18], and LBEN {Fin 18)
a5 (uipils, handahake mode will be entered and d218 outpat a3 n Figures T e
_ B at convarsions completion.
o ISC 1 Oscillstor Ingut.
23 QsCauT Drseillatar Output
4 o5C SEL Cacilledor Saleat — Inpid HIGH oenfigures DS N O5C OUT BLIF S8 80T
R oscillator — ciook will be same phase and duty oycle as BUF 055 QUT. nput
LOW configures DSC N, OSC OUT for erystal oseillalor — cloek fraguency wa
b 1/5E al reguency al BUF OSC OUT
25 BUF Q5COUT Buffered Dseciliaior Julpul
26 input HIGH — Conversiona canlinuously gerfarmed every B182 cleck pulses
RUNMHOLD Inpul LOW — Consersion in phagreas camplebed. convestes wit stop in auto-zam

0 Matrehp Tertwokags e [SELl

SEYEN CORINts Deione inegrae

5 TCT 10w 4



12-BIT pP-Compatible
Analog-To-Digital Converters

TCT109
TCT109A
TCT109/A PIN DESCRIPTION (Cont.)
Pin Ne.
{40-Pin PDIP) Symbal
il SEND
28 ¥
29 REF OUT
30 BLFEER
31 AUTO-ZERG
17 INTEGRATOR
33 COMMON
L INPUT LOW
5 INPLIT HIGH
36 REF IN®
AT REF CAP*
38 REF CAP
i 1 REF IN
40 VW

Description

gl — Lised iy hiendenake inod 10 Bidicate absbly & an adpings deviue §
accepd datn
Comnect te W if not used

Anaiog Negalve Supply — RNommally - 3V with respact o GO (Pin 1)
Rederence Vollage Cubput — Maminally 2.8 dewn frans V" (Fin 404
Suffer Amplitier Cuipud

.llulu-zﬂr.l.: #u-:i-d:ﬂ —. .II;!II:'H Bl o Congr.

integrator Cutpul — Outsice Toil of Ciur

Anglog Commen — System is autz-rerged o COMMON

Dufferantial ingut Low Side

Diffarantial Input High Side.

Differential Relerence Input Positve.

Relerence Capacitor Postive

Reference Capacitar Negative

Diffgrantial Reference Inpul Negative
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Figure & TCT1054 Paralled infeetacs With BO48E048 Mior oo omspea bar

DETAILED DESCRIPTION
(& Pin Desgnatons Refar to 20-Pm DHPS

Analog Section

The functional diagram shows a block diagram of ihe
analog sechon of the TOCPI09A. The drcull will parform
converskons at a rale determined by the clock frequency
(192 chock periods per ovcle), when the RUNMMHOLD input
is leftopen or connected to V', Each measurameént cyele js
divided inlo four phases, as shown in Figure. 3. They are;
i) Aula-Zera(AZ), (2) Signal Infegraie (INT), (3) Referance
Demtegrale (DE), and (4) Zem integrator (£1)

Auto-Zero Phase

The buller and the inbegrator imputs are disconinecias
from mput high and input low and connected o analog
codrmsan, The relerencs capaciton s charged to the rafer-
ante vollage, A leedback loop is closed arownd the 5ysiem
to charge the Guto-zero capactor, Cap, o compansata for
offsel voltage in ihe buffer amplifer, integraior, and com-
parajor, Since the comparator is includad in the loop, the AZ
accuracy is imited anky by the noise of the systam. The offsed
rlerrod 1o the mput is less than 10uWV.
LT IRRA

AR Mooy Ty W

Signal-Integrate Phase

The buffer and integrator inputs are removed from
common and connacied fo inpat kigh and mpul low, The
auto-zero loop is opened. The aulo-zer capgaciton i placed
in sarias in the koop o provide an equal and opposite
COMBensaling oirget wiollage I iz it el sy -
twaen input kigh and imput low s integrated for a fixed tme
of 2046 clock perdds, Al thi snd of this phase, the polanty
of the intagrated signal is determined. if the inpud signad has

na retumm o the convartar's power supply. input [ow can be

figd b0 analog common (o eslablish the corres! common-
mode voltage,

Deintagrate Phase

Input hegh 15 conneched across the presvicushy-chargad
rejerance Capacaod aod mipul low & anisnally cu
analog cormmon Circudry wilkin the chep ensures tha ca-
pacHor will be connected wilh the corract polanly o cause
the inlegraier oulpul 1o frelum 0 the 2890 crossing (estab-
lished by auto-zero) with a fixed slope. The time, repre-
santed by ihe number of clock penods counted Tor the ol
i retum to 2arg, s praporional to he nput-signal

R
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Zero-Integrator Phase

The Fl phase onby ocours when &n mpul overranos
condition exssls. The function of the £1 phase s o aliminata
residual charge on the inegrator capacitor after an overrange
measurament. Unless remowed, the residual charge will Ba
fransfared 1o 1he aulg-Zero capacior and cause an e in
the succesding conversion

The &I phase virually eliminaies hysteresis or “cross
talk™ in multiplexed systems. An overrange input on one
channad will nol Cause an eftod on the next channel mes-
sured. This featurs @B especially usaful in thermocoupla
measuraments, whars unused (of broken (Barmocoue)
mpuls are putled o the positive supply rasl,

Duwring ZI, the reference capacitor & charged o the
referances valtage The signal inputs are disconnecied from
the buffer and integrator The comparator oulput is con-
nicled 1o the buffer input, caussng the iImtegrator oviput to be
drivan rapedly to 0V (Figure 3). The 1 phase only odours
fellowing an owerrange and lgsts for a maxmum of 1024
glock periods

Differential Input

The TCTH094 has baen optimized for operation with
analog common near digial ground, With +3V and =5
powed supplies @ full 24Y full-scale ntegrator Swing max-
miges the analog seclion’s performancs,

A typical CMRR of 86d8 iz achieved forinput diffecantial
violtages anywhene withn e lypical comman-mode range
of 1% below ik positive supply 1o 1.5V above ihe negative
supply. Howaver, for oplimum paedformance, the W Hland i
LEY inpuis should not come within 2% of sdher supply rail
Since the intagrator also swings with the commonsmiods
woltage, care must be exercised 1o ansure the integrator
cutput does nol saturale. A& worsl-Case condilion is naa a
full-scale negalve differential impul voltage with a large
positive: comman=made voltage, The nagative input signal
drives the integrator positive whan maost of its swing has
peen wsed up by the posiive common-mode voltage. In
such cases, the integrator swing can be reduced to lass than
the recommended L4 full-acale value, with some loss of
goouracy, The integrator output can swing {o within 0.3% of
gither supply without loss of linsanty

Differential Reference

Tha referance voliage can be generated anywhens
wilhin The power supply voliage of the comverier. Roli-over
voltage is the mam source of common-mode arror, caused
b the refErence capacitor losing or gaining charge dus 1o
stray capacity on its nodes. With a large commaon-mode
vallage, the reference capacilor car gain charge (increase
voltage} wihen callod upon 1o dentegete a positive signak
and Ilose change |(decreass vollage) when called uwpon
o deinfegraie & negative: inpul: signal, This differemoa-in

it ToRURERT S

refarance for (+] or (=) input valtages will Chuse § rl-oear
errar. This esror can be held{ioless tham 0.5 count worst case
by using & large reference capacitor in comparson to the
stray capacifance. To mimmize rmil-over arror from these
souprons, keep the reference commen-mode vollsge near o
at analog comman

Digital Section

The digital section i shown in the block diagram (Fig-
urg 4} and includes the clock oscillator and scafmg circud
a 12-bit binary counber wilh oulpul fatches and TTL com-
patible thres-siate ouput drivars, WART handehake ogic
polarity, everrange, and conlrol logic, Logic levels are re-
ferred foas LOW or HIGH

Inpuds drivesn from TTL gates should hawve 2k6 o Skl
pull-up resistors added for maximum noiss immunity, For
minimum powar consumplion, all mpats should swing from
GMD {LOW) 1o WV [HIGH]).

STATUS Cutput

During @ corwersion cycli, he STATUS oulpdl goes
HIGH at the beginning of ssgnal mtegrate and goes LO
one-halfl clock pencd afler rew data from (e conversson nas
bieen stored (n e outpul latches (see Figure 3}, Tha signal
may be used as a "data valid™ Rag b drive inlerrupds, or for
monioring the sfals of the converter. |Data will not changs
while status s LOW )

MODE Input

The output mode of the corvertar isconirolled by the
MOHDE input, The converler & In its “direct” output mods.
when the MODE input is LOW or lef open The outpul datia
is directly accessible under the conirol of the chip and byie
enable inpuls [this input is proveded wilh a pull-down ression
o engure & LOW Level when the pinis left open). When the
MODE mpud s pulsed high, the converer enters the UART
handshake mode and outpuls the data m 2 bytes, than
relurns 10 "derect® mode. When the MODE input is kept
HEGH, the convederwill output data in the handshake mada
at the end of every conversion cycle, With MODE = 0 {direct
bug branster), the send input should be bed to V7. (Ses
"Handshake Mode.”]

RUN/HOLD Input

With the RUNHOLD mpul high, of open, tha crcual
oparates normally asa dual-gsiope ADC, a5 shown in Figure
1, Conversion cycles operate conbinuously wilf the oulpul
latches updated after 2an Crossing in e deintegrate modes.
An imernal pull-wp resistor is provided to ensure a HIGH
feval with an cpen inpui

T keorodaen Tacteistgy e [ SRR
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Flgure 5. TCT109A RUNMHOLD Dparaticn

The RUNHOLD input may b used 1o shoren conver-
sion bme. If RUNHOLD goes LOW any lime afler zero
oaging i ke deiniegrate mode, the circuld will jump to
auto-zaro and eliminate that porion of tme normally spent
in deintegrate,

If RUNHOLD stays or goes LOW, ihe conversiom will
complate with mimmum bme in demiegrate. 10 will stay in
auto-zero for the minimum time gnd wan in auto-zero for a
HIGH a1 the RUNHDLE input. A5 Shown in Figere 5, e
STATLIS output will go HIGH 7 clock periods after RLINS
HOLD iz changed to HIGH, and the convertar will bagin the
integrate phase of the nexl comwersion

The RUNHCLD nput sllows contridied comyersion in-
terface. The convarter may be held al idle in aulo-zero with
R—!,.IN.H{JLD LOW,. The conversion 5 stared when RUBKY
H-DLD goes HIGH, and the new data is vakd when |.‘hE
et "Handskahi Made®), RUN/AOLD may now go LOW,
terminating deintageate and ansunng & minimum Auic-2ern
time balors stopping o wait for the naxl comvarsion, Comear-
sion ime can be minimized by ensuring RUMNHOLD goes
LOAW during demtegrate, afler zem crossing, and goes
HIGH after the hald pointis reached. The reguired activiby on
the BLIBHOLD irgpul can B proneded by conneclang I§ o the
buffered oscilfator owmut. In this mode, the input value
measured datermines the convassion timea

Direct Moda

Tha data culputs (bits 1 through B, low-order bytes, bits
9 through 12, polarity and overrange hgh-order byles) are
acoessshle under contral of the byte and chip enable termi-
malg as inpuls with tha MODE pin al a LOV level Thess
thras inpuls are 4l active LOW  Intermal pull-up resistors are
provided for an inactiva HIGH leval whan il open, When
chip enable i LOW, a byte-enable input LOW will allow the
outputs of the byta o become activa. & varigly of paralled

dala accessing echnigues may be used, &5 shown in the
“Intarfacng” section. (See Figure 6 and Table 1)

The aocess al data showld be synchronized wilh the
comersaon cycla by monitorng the STATUS outpid. Thas
prevenis accessing dsa while it s being updalted and
aliminates tho acguisition of efroneous data

CELDAD fe=r=e
A5 IKPLUT \ f t

HIGH-BYTE o wan +_+' R e i e |
o S
I ‘Dac —-L = = =+tDHC
LOW-BYTE L occcessseees = ad =
5 -+
| cEmhees = HIGH IMPEDANCE
Figure §. TCT1084 Dsrect Mode Outpet Teming
Table 1. TCT1094 Direct Mode Tim_lljg H_l_l:!l_.llll‘!‘l:_ﬂi‘ll
Eymb-u:l I:I-esi:ripﬂnn Min Typ Max Units
THEA Byie Enabie W||:|1h 200 - 50 TR
EIRTA Data Access Time 1ol 3K s
From Eiie Enable
ond Data Hofd Time 180 3 nsec
From Byie Enabla
1_I:E|L Chip Erabla 'Wikith 300 ¢ 500 fEac
e Diata AcceEss Time 200 400  nsec
Fromi Chip Enable
Ioiac Diata Hoid Tima 00 400 neec

From Chig Enable
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Handshake Mode

Amghermative means ol niedacing the TCT 1094 1o
digital sysiems 15 provided whan the handshake output
mods of the TCT1084 becomes atlive in controlling e
fiow of cata irstead of passively responding 1o chip and
byte enable inputs. This mode allows g direct mierface
betwaen the TOT10948 and ndustry-siandard UARTs with
no extemal logic requirad. The TCT1084 provides all the
contred and flag signats necessary 0 sequence The two
trytes of dasag into the LWART and instiate thiir fransmassion
im sarial form when Inggared info e Bandgshake mode
The cost ol desgnng remote datd aogquisilicn slalions s
reduced wsing serial data fransmisson o minimize the
number of lines o the central contralling processor

The MODE wnput controls the bandshake mode. YWhen
the MODE inpul 8 hetd HIGH, the TCT1094 enlers the
handshake mode after new dals has been stored n the
oulpil Ialenes st the end of every comversion perfommed
(s8e Figures ¥ and 8). Eniry into ihe handshake mode may
be Iriggered on demand by the MODE input. Al any lime
dunmg the conversion cyche, the LOW-1o-HIGH transifion of
& ghod pulse &t the MODE inpat will cause mmediaie entry
into the handshake moda. I 1his pulse occurs whilke new
daia is b=ing stored, the enbry into handshake mods s
detayed until the dala is gtabls. The MODE input is ignored
in e handshake maode, and until the converer complatas
{he outpul oycls and céears the handshake mode. dats
updabing will ke inhibited {2ee Figune 39,

When tha MCDE input is HIGH or when [he converter
anters the Bandshike mode, the chip and beie ohakds
inputs become TTL-compatible ouiputs which provide the
ouipisl cyche cantrod signals (see Figuras 7, 8 and 9)

Tha SEND input is used by the converer as an Ndca-
tion of the abilly of the recaning davice (such as a UART)
to accept data in the handgshake mode, The sequence of
tha oultpul cyche with SEND haid HIGH is shown i Figurs
T The handshake mode (mtarmal MOOE HIGH) |s enterad
after thi data fatch pulse (Ihe CELOAD, LBEN and HBEN
terminals are aclive as oubputs simca MOGE remains HIGH)

The HIGH lewel al the SEND inpul is sensed on tha
same HIGH-io-LOW internal clock edoe On the next LOW-
lo-HIGH miemal clock edge. the high-order byle (bas 9
through 12, PGL, and OR) outputs are enabled and the CE/
LOAD and the HBEM oulputs assume a LOV level. The
CELOAD putpul remaing LOW for ane full inernal clock
penod anky, the data outputs remain-active for 1-1/2 infer-
nal clock perods; and the Fgh-byle erable remains LOW
for 2 clock peripds The CELCAD output LOW kewval or
LOW-To-HIGH edga rmay e used 2% -8 Synchionggmg Sige-
nal to ensure valid data. and ihe byte enabis a8 an culout
may be used As @ byls dentification fisg With SEND

001 Mooy Tecteamag, Bk T 48414,

L

.........

puts {bits 1 through B} are activaied. When both byias are
sant, the handshake mode s terminated. The typaeal UART
interfacing timing is shown in Figure 8 The SEND mput &5
used 1o delay porbons of ihe seguence, or nandshake, 1o
ensure cormect data fransfer. Thes tmmg diagram shows an
industry-gtandard HDE403 or COPTASY CMOS LIART 1o
intarface to sanal data channels. The SEMND nput to the
TCF1034A 5 drivan by the TBRE {Trarsmiltor BufTer Rogis-
ter Emply) output of the UART, and he CE/LCAD mput of
the TCT1094 drves the TBRL [ Tramemiltar Buffar Regestar
Load) mput fothe LART  The aght franamiiar butles régis-
tey inputs acoept the parallet date cutputs, \With the UART
trangmitler bulfer register emply, the SEMD inpu will be
HIGH when the handshaks moda s enferad afier new data
ig-gigred. The high-order byte oulpuis become active and
the CE/LCAD and HBEN nputs will go LOW after SEND s
sanzed. Whnen CELOAD goes HIGH at the end of one
clotk parind, the high-arder byle data Is clocked inlo the
UART fransmitler buffer regesier. The UART TERE owipu
will go LOW, which halts the output cyole with the HBEN
outpui LOW, and the high-order Dyle cutputs active. When
the UART has fransferrad the data to the transmmitter ragis-
ter and cleared the ranamitier buffer register, the TERE
ratums HIGH. The high-order byle oulputs are disabsed on
the next TCT109A ntarnal clock HIGH-10-LOWY ados, and
one-halfinternal ciock iater, the HBEN outpuf ratums HIGH
The CE/LOAD and LBEN outpuls go LOW at the sarme
fhix CELOAD raturms HIGH i ihe end of one clock petiod
the low-order data = clocked into the UART transmitter
buffer registar, ard TBRE agam goes LOW. The naxt
TCTI094 internal olock HIGH-to-LOWY adge will sense
when TBRE raturms toa HIGH, disabling the data ingputs
Cne-half internal clock later, the handshake modsa &5 clearad
and the CELOAD, HBEN and LBEM iorminaks rélum

HIGH and siay active, i MODE still remains HIGH

Handshake oulpul Soquences may De padamad oo
pemand by triggenng the converesr info handshake mods
with -8 LOW-1o-HIGH edge on ke MODE npusl. A hang-
shake pulpul sequence triggersd &= shown in Figure 8 The
SEMD mpui is LOW whian the comeartor anlens handshake
mode: The whole oulpul seguence s controlled by the
SEND input, and the segueance for the first (high order) byte
i% smilar o he saquercss for the second byle

Figure 9 also shows that the oubput seguance can lake
lomes thaan a convarsion cycha New data will il b katched
whan the handshaks mode is 51l in progress and is there-
fore hosd

TCTIEELT 1)
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ZERDO CROESING DCCURS
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INTERNAL MoDE 2N SEND , senp | rILART MOOK
SENSED" ENEED WSED
SEND INPUT wv_d K 5 ? 1 i ; [
r
..... b L 5 5_. L4
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HEBEM ==——==—==af L tIH L L -
HIGH-BYTE DATA s======== gkl = ‘r---]--- nn.rnr.nunég | --!-- wesel) Yent= =
Aok ok L | [ e | ik
LEEN =====m=af | ] [ 5 J lﬁ.. i ]
T
LOW-BYTE DATA - ————--~-——1 e 1) s e i 1 A W | muuun&é --------
i
_____ THREE-STATE —mmme = THREE-STATE
= DONT CARE * HIGH IMPEDANCE  WITH PULL.UP

Figure 9, TCT109A Handshaka Triggerad by MODE inpul

Oscillator

The oscillator may be overdrven, or may be operated as
an RC or crysial csciflator. The OSCILLATOR SELECT
imput oplimizes the mtermal configuraton of the oscillator far
RC or crystal operaton. The OSCILLATOR SELECT imput
is provided with a pull-up resistor 'Whan the QSCILLATOR
SELECT input iz HIGH orleft open, the oscillator 15 config-
wrad for RC operation. The intermal clock will be the same
frequenty and phase as the sgnal af the BUFFERED
DSCILLATOR QUTPUT. Connact the resistor and capaci-
tof a5 in Figure 10, The circuit will osciiate at a frequency
given by [ = 045/RC: & 100k resistor i recommended for
useful ranges of freguency. The capacitor value should be
chogsen such thal 2048 clock periods arg close ioan integeal
miultipée of the B0Hz penod for ophimum 60Hz line rejection.

With QSCILLATOR SELECT mput LOAW, two on-chip
capaciors and a feedback device are added 1o the oscilla-
ir. In this configuration, ihe oscilatonrwill operaie with most
arysials inthe T MHz o 5MHz range with no external compo-
nents (Figure 11). The OSCILLATOR SELECT inpul LOW
insers.a fixed —58 diveder circuit between e BUFFERED

i Wil Techrniigy b JU2Tdinid

1

CSCILLATOR QUTPUT and fhe inbernal clock, A 3 58MHz
T crystal gives a division ratio providang an integration tims
gmren by

54
358 MKz

The error s less than 1% from two 60Hz penods, or
A3 33msec, which will giee Detler than 4008, BOHZ rejection
The comvertar will oparate reliably at conversion rates up
io 30 per second, corresponding o 8 clock frequency of
245 8kHz

Wiharn the asciltalor 5 o be averdriven, the OSCILLA-
TOR OUTPUT should be kafl open, and the ovardfiving
signal should be appleed 3l ine OSCILLATOR INPUT. Tne
imternal clock will be of the samé duty cycla, frequancy and
phaseas the input signal. Whanine OSCILLATOR SELECT
is at GMD, the clock will be 158 of the mpul fraguancy

1= [Z)al clotk penodas) = 33.1Bmsec
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Figure 10, TCT109A RC Oscillator
V=T CLOCK
[:}O . DO LI
4 22 n m
G —
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SEL N ouT o8 ouT
I
GHD CRYSTAL
i

Figuse 11, TCT100A Cryatal Oscillabor

Test Input

The counter @nd s outpuis may be jesied eastdy. When
the TEST inpul is cornacied to GND, ke internal clock is
disabled and the counter outputs are all forced into the HIGH
slate. Wihan the mpaut retwerms fo the 142 [V - GMD}) voltiags
o fo V© and one clock & inpul; the courdér oulputs will all ba
clocked to the LW state.

The countar autpul lalches are enabéed when the TEST
ingul 16 tAken 10 a level halfway between V' ang GND,
aliowing the counter conlanis o be sxamined amdime

Component Value Selection

Tha imtegralor cutput swing for full-scale should be as
large as pessible. For example, wilth +5V supplies and
COMMON connected io GMD, the nominal integrator output
swing at full-scale is 74V, Since (e ntegrator cutpul can go
to 0.3V from either supply withowl significanily effecting
lmizardy, & 4% indegrator oulpul swing allows 0.7 for vana-
tiona in oulput swang due o component value and oscillator
tolerances. With =5 supplies and a common-mode voltage
ranga of £1% regquared; the component valeas should be
selecied to provide +3V integrator output swing, Nose amnd

TLTIDEAN.T 1)
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molb-over efrorg will be slhighlly swarse than in the 245 caso
Faor large common-mode woltage ranges, the infegrator
Qg S miist ba reduced fudiar. This will incredsa both
noise and roll-owver emars. To mprove pedormances, H6Y
Supplies May De used

integrating Capacitor

Thi integrating capaclar, Gy, should be sabacted fo
give the maximum ntegrator oulput voltage swing that will
not saturale ihe integrator bo within 0 3Y rom aithes suppiy
A 255 1o =4V integrator outpul swing is nominal for the
TCH109A, with £5Y supplies and analog common con-
nacted o GHNO. For 7-142 conwarsions per second (61,72
kHz infernal clock frequency], nominal values Gy and Caz
are 0.15uF and 0.33pF, respectively. These values shouid
be changed if different clock frequencies ane used 1o main-
igin the imlegrator output voltage swing. The valwe of Tt 15
given by

(2048 ¥ Clock Period) {20uA)

Giwr = integraios Cutput Yoltage Swing

The integrating capacitor must have iow dislectric ab-
sofption 1o prevent rod-over arfors. Polyfirodylars capsc-
iors give undeteciable errors, ai reasonable cost, up o
+85°C, Teflon® capacitors are recommanded for tha military
temperature range. While their digiectne absooation charac-
{eristecs vary somewhal betwsan upils, devices may ba
selected to lees then 0.5 count of &rar due bo dielectng
absorphion

Integrating Resistor

The integrator and buffer amplifiers have a class A
output slage with 100808 of quiescent cumrent. They supply
Z0ph, af drive current with negligible nonlingarity. The inte-
grating resistor shoukd be large emough to remain in this wery
linear region ower the inpul valtage range, Bul small enaugh
ihat undue leakage requiremeants are not placed on the PC
board. For 2.048Y full-scale a H00kE resistor & recom-
mended and for 408 6mV full-scale a 20k | resistor s recom-
mended. Rjyr may be salacted for oiher vatues of Tull scale
by,
Full-Szale Voltage

20pA

Auto-Zero Capacitor

As the aulo-zero capacilor @55 made largs, the sysiem
noise i reduced. Since the TCT1094 incorporates a zeso
integrator cycla, the size of the auio-zero capacitor does nol
allect overioad recovany. Thi aptimal value o the auto-zaro
capaciion 5 between 2 and 4 Emes S A lypical value Tof
Gz is 0.33uF,

Rigr =

aTHl ' = mena Tars sy o [=~=gE S
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Direct imerlatng o most micfoprocessor Busses s
easily accomplished thraugh ihe three-slate output of the
TCT1094

Figuras 1, 17 and 18 are lypical conneclion diagrams
To ensurs requiremants for setup and hodd times. mirdmum
pulse wicths, and the divve limdalsans on long busses anm

12-BIT pP-Compatible
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meat, it is necessary to carsfully considar ihe system tmmg
in thas type af inlesface. This lype of interface & used whin
i mamary pitipheral address dansily 15 low, providing
simpla address decoding. Interrupt nandling can ba sempli-
fied by using an interdaoe 1o reducs the companent count

A, EW_I_I B. GHI:I—I

CHIP SELECT 1 CHIP 3ELECT

C. GND _l

MODE CELOAD MODE

BE-E12 ] o
FOL, OR

| AHALODG

:>. TCT108A |:>- TCT108A j:> TCT1004 :
Bi-BA| & > Bi-BA| &

CELDAD MODE CELOAD |

Oa-fE12
| TG L AR,

Amms BMALOG I
M o i -
| RUNMOLD RUMHOLD fe+—— AUMMHOLD f#—
= — | coNvERT — CONVERT v [CoOMVERT
MBEN LBEN HBEMN LBEN HEEN LBEN
1‘ 1‘ GND DR 1 + 1'
CONTROL CHIF SELECT 2 BYTE FLAGE
o Figura 12. Direct Moda Chip and Byte Enabla Combinations
COMVERTER CONVERTER CONVERTER [
BELECT SELECT SELECT

£
GHD _l Y GrD —I

LN P
| GND = |

MODE  CELCAD MODE

BS=E12
POL, OR

I
[ rermonm | ) rertonn [ rerioma
B1-BE | & Bi-BE| & B=-BE} H

CEALOAD MODE  CELOAD
Be-m2 [, sa-g1z2 I
POL. OR POL, OR

ANALDG ANALOG ANALDG
1] SPPCPAL L N Lt f & I el
RUNMHOLD LY BUNHOLD 8y RUNMOLD oy
HBEN LBEN HBEN LBEN HBEN LBEM
1 ' & & & &

i ..'. -
BYTE SELECT FLAGE <.

- L3 . -

Flguite 13, Thise-Stating Seversl TCT1004'% to & Small Bus
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Th ineser 108l of C gz should be connecied to pin 31 and
thie outar foll to the RC summing unction. Tha inrer foil of
Gz shaould be connected to the RC summing junction and
the outar fail b pan 33 for begl rejection of sivay pickups. For
low lpakagse al temperahires above +B5°C. use Tehon
CApBCiogs

Referance Capacitor

& tuF capaciior i3 recommended for most orcuits.
However, where a large commor-mide vollage exsls, o
farger value B required 0 prevent roll-over ammoc {g:.g., the
referance kow is not analog commaon}, and a 409 6mly scale
is used, Tha rodlover geror will be held 1e 0.5 count with a
10uF capaciior. For temperatures abowve +80°C use Teflon
or equivatent capacitors o thew 10w Bakage charactans-
ths

Referance Vollage

Tiogenaerate full-scate output of A08E counts, the analog
input required is My = 2 Vigep. For 409.6mY full scale, usea
referance of 204 BmYyY, Inmany applications, whera tha ADC
is conngcled io 8 ransducer, a scale factar will exist be-
twieen tha mput vaoltage and the digital reading. For inslance,
in @ megsunng sysiem, the designer might like to hawe a full-
scake raading when the voltage lor the Fansducer is TODmY,
Instead of dividing the Input down to 4089.6m\, ihe designar
should gse (he npul Yollage directly and sedect Ve =
A50mY, Sutable values for integrating rasistor and capaci-
for would ba 3480 and O 150F This makes 1ha aysiem
slighify guieier and also avoids a dividar pabwork on ha
mpul, Anofher advantage of (his SySiem oocurs when 1ed.
peraiure and weighi measiremeants with an offset or tare ars
gdesired for nenzero mput. The offset may be entroduced by
connecting the voltage owput of the fransducer batwaen
camman and. anabog high, ana the offsel voltage batween
cormman and analog low, observing podanties carafully. o
processor-based systems using the TOT109A 1l may be
more desirable 1o use software and perom this type of
scaling or tare subtrachon digitally

Reference Sources

A magor factor in the-absolule accuracy of the AGC s the
stabiity of the refarence voltage. Tha 12-bitresolution of the
TET1084 5 nne part In 4096, or 244 ppm: Thus, for the on-
board referance lamparaturs coslficien! of T0ppmi™C, a
jemperature difference of 3°C will introduce | one-bit abso-
fute arror. YWhare the ambiant femperaturs & nat conbrofbed,
or wihiene high-pocuracy absalule measurements ane Being
made i 15 recommended that an exiernal high-guality
rafarence be wsad.

00T Mattatei Tathrariygy bin. OSSR
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A reference owtput (pin 29} & provedied which may be
ugad with & resistve dividar io generate a suitable referance
voltage (20mA may be sunk winout signiflcant varfation in
output voltsge), A pull-up ias device is prowvded which
sources about 10iA. The outpul voltags is nominally 2.8
balow W' When using the on-poard reference. REF DLUIT
{pin 28} should be connected to REF {pir 28] and REF®
shoubd be connecied o the wiper of 3 precision potenticm-
ater batwasn REF CLUIT and V" The test circuil $hosws the
curguil for @ 204 B\ relerence, ganeraied by & 2kil preck
gion potenbometer m senes with a 24k0 iged ression

Interfacing

Direct Mode

Combinations of chip-arabée and bylo-enabde control
signals whach may be used when interfacing the TCT 1094
io paralhkel data lines are shown in Figura 12 The CELCAD
input may be Yied low, allowing either byie to be controlled
by itz own _enable [Figure 124} Figere 128 shows tha
HBEN and LBEN as flag inputs. and CE/LOAD as a master
enable; which couwld be the READ strobe available from
most microprocessors. Figure 120 Shows & cunrlgurﬂhm
whera the two byte enables are connacied togaiher. The
CE/LOAD is & chip enabie, and the HBEN and LEIEH may
be used as a second chip enable. or canrecied 1o grownd
Thee 14 data oulguts will be enabled at the samea time. In
the direct MODE, SEND should be ted o v

Figure 13 shows interfacing several TCT1008's 10 a
buz, ganging the HBEM and LBEN sigrals 10 soverl oo
verters together, and using the CELDAD mput 1o select
the desired corvarlar

Figures 14 = 19 grve prachcal oircudts uilizing e
paraliel three-state outpul capabdlities of the TCT10G4,
Figure 14 shows paralle interface to the Intel MOS8, -80
and -B5 systams via an 3255 PPl whare The TCT1059A
data ouiputs are actres at all fimes . The 8156 WD porls may
be used 0 an ddankoal manner. Thes infarface can be used
i a read-after-updaie sequence. &5 shown in Figure 15
The data is accessed by the high-to-ow trarsidion of ihe
STATUS driving an intermupt 1o the microprocassor

Thaa RUNHOLD nput s also used to mitiate comeer-
sions under softwars controd, Figung 16 grees an inborface
io Motorola MCEE00 or MOS Technology MCSB50A sys-
farm

An imerrup s generated through the Control Register
B, CB1 line from ik high-lo-iow trangifion of ke STATLS
output. The RUNHOLD pin s controlied by CB2 through
Control Register B, allownng soffware comirol of comegr-
slons

UFERpL? vhass
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ADDRESS BUS

7

CONTROL BUS

¢ DATA BUS
GND
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s |
Figure 14 Fulk-Time Paralle! imerace to MCS-48, &0, -85 Microcompuiers
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Flgure 15, Full-Tims Parallel terface o MCS-20, -80, 55 Microcomputers Wib Interrupt
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[ GHD ol

MODE RUNHOLD

BE-B12 & !:
AMALDG Pm.ﬂﬂj
[j> Tcriea O oM LE :> <: :>
i = TAC42
LBEH [=—] Al-AF
CELOAD
[ T4C 30 A1E-A70

Figuss 18, TCT1004 Dérect Interdlace to MCERDD Bus
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Fegure 19. TCT100A Handshake interface to MCS-48, -80, -88 Microcomputers
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Figurs 16, Full-Tame Pacallsl infectace to MCEE0D or MCSE50X Microprocesss:
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Figisre 17, TCT108A Direct inserface to AOB0/0BS
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Handshake Mode

The handshaka mode provides an inferface fo a wide
vanely of exiernal devices. The byvie enables may be used
a5 byte wentification flags or as load enables and axtermal
laiches may be ciocked by the nsing edge of CELOAD A
handshake imterface to infal microprocassors using an B255
Bl i5 shown i Figure 19, The handshake operation with
thi B255 i controfled by inverting its Inpul Buffar Full [1BF)
flag 1o dnve the SEND input io the TCY 1034, and wsang the
CELOAD 1 drive the B255 strobe, The interndl coninal
ragisler of the PPI should be sat in MODE 1 fur the pord
used. |f the 8255 IBF flag s LOW and the TCT1084 15 in
handshawe mode, the nezt word will be strobed into the
port. The strobe will Gause IBF 1o go HIGH (SEND goas
LiZ¥Wy, which will keep the enabled byte outpuls active: The
PPI will generabe an intermept which, whan axeculed. @il
resuft in the data being read. The 1BF will be reqst LOW
when {he byte is read, causing the TCT 1084 to sequence
infoe the mexd byte. The MODE input o the TCT1098 is
connected 1o the control line on the PP

Thix data from avory cormarsion will be sequancad n
tewo bytes in the system. if this output is eft HIGH, or tied
HIGH saparately, (Tha data access must take less ime
than a conversion ) The oput Seguence can be obtained
on damand if this oulput is mada to go from LOW fo HIGH
and the mtermupt may be used to reset the MODE bt

Conversions may ba obtained on command undar soft-
ware control by doving thie RUNIHOLD nput to fhe TET 1058

12-BIT uP-Compatible
Analog-To-Digital Converters

bty @ bil of the B255. Ancther penpheral device may be
sericad by the unused port of the B255. The B155 may be
wzad in a simitar manner. The MCSE650 mcroprocessors
are shown in Figure 20 wiin MODE and RUNHOLD fies
HIGH to save port outpuis.

The randshake mode 5 parcularty useatul for directly
imtarfacing to mdustry-standard UARTs (such as Westam
DOigital TR18G2), proveding & means of ssrialy transmiting
corated data with manimum component count

A typical UART conpnecton is shown in Figure 1. in this
circut, amy word received by the UART causes tha LIART
OR {Data Ready) output fo go HIGH. The MODE input o
the TCT100A goes HIGH, Inggerng the TCT1094 into
handshake mode. The high-oeder byte is output o ihe
UART and whan tha UART has transterred the daia ba tha
Trangmitter regigter, TBRE [SEND} goes HIGH agasn, LBEN
will go HIGH, driving the UART BRR (Data Ready Hesal)
which will signal (ke end of the transfer of dala from he
TCT109A 1o the UART.

Ar pxtension of the bpical conneclion o sevaral
TEM09A's with ons UART is ahown in Fegure 21. In thes
circuit, the word recehved by the UART {(avallable & the
RER outpuls when DR & HIGH) is used 1o aslect which
convarter will handshakae with the UART Up io aight
TGV 1080 s may interface with one UART, with no extamal
componanis. Up to 256 corvarers may be accessed on
ane serial ling with addmonal components

20

EL1Y T I T e .
MODE RUMMOLD
oc - womm [ K
MCBED
"
d>- TCT1094 M < :: j> C _—’_t:; crson
i TR MCSRS0X
[ CE/LOAD = Al [
SEND -'-—Qq’— GAZ |
LEEM HBEN
ADDRESS DATA CONTROL
BUS BUS  BUS
Figure 20, TET1094 Handshake ntorface to MCS-6800, MCSE50K Microprocessors
TETA - Tidds DR 1iRNA
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| HEEN LBEM HBEN LBEH HBEEN LBEN
Figure 21, Handshake [nterfecs tor Mulliplexed Canverass

integrating Converter Features

The oulput of integrating ADCs represents the integral,
or average, of an mput voltage over a fized pariod of time.
Compared with techngues inowhich the inpul is samplod and
hald, the integrating converter averages the effects of nmse,
A sgcond mporant characteristic is that time 5 wsed to
guanlize the anawer, resulting in exiremaly srall nonlinearity
arrors and no missing output codes. The imtegratmg con-
vamer giso has vany good rapecion of freguencias whose
periods are an imtegeal muliple of ihe measuremsent pesiod,
This leatoere can be used o advantage in reducing lne
frequency nosse (Figure 22)

S Mg Tasmaiady e [ d B LT
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: Hil
: |
| g 10 H H
I g A
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INPUT FREQUENLCY

Figure 22 Mormal Mode Rajection of Dual-Siepe Converter as a
Funetion af Fragquency
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