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ABSTRACT

TEMPERATURE CONTROL

USING A K-TYPE THERMOCOUPLE

Min Eig Lee
Master of Science, Electrical Engineering

Youngstown State University, 1986

A temperature data acquisition and control system
applicable for process control was designed, built, and
tested. A K-type thermocouple was used to sense the tem-
perature and a MMD-1 mini microcomputer was used to process
the data and generate the control signals. Three types of
interfaces were required -- sensory, user-interaction, and
control. Both hardware and software implementations were
evaluated as means of compensating for the K-type thermq—
couple's nonlinearity and the reference junction tempera-
ture and to provide the set-point control signal. The
system was calibrated by two independent techniques --
fixed point and direct comparison. Noise rejection tech-
niques and ways of improving the performance of the data

acquisition and control system were explored.
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CHAPTER T
INTRODUCTION
Sensors

Sensing transducers, or sensors, as they are often
called, are the sensory components of measuring systems,
which are part of a broad field of technology called
instrumentation. They, like human beings, are sensitive to
the environmental inputs: pressure, force, motion, strain,
temperature, sound, radiation, electric fields, magnetic
fields, etc. They enable machines to recognize environ-
ments in order to make appropriate responses. They are to
machines what the four senses are to human beings. Sensors
play the vital roles in our modern technological world.
The flight of the first space shuttle, viewed remotely by
millions, is a prime example of an experimental project in-
volving a multitude of sensors and computers.

To reduce pollution, many chemical sensors are em-
ployed in the gas-refining processes. The operation of a
modern fuel-efficient car needs the onboard sensors and
computer for optimum performance and fuel economy. The
operation of robots needs the coordination of an assembly
system of sensors. Sensors are also intimately involved in
improving health. Doctors use an electrocardiograph to

check your heart. It is not uncommon to hear a doctor say.



that when you are forced or pressured to do something, you

experience stress and the strain shows.

Temperature Sensors

Temperature has an effect on almost all the proper-
ties, both physical and chemical, of materials. Chemical
reactions, the melting of solids, the boiling of fluids,
the conductivity of conductors, the insulation capability
of dielectrics, etc., are all greatly affected by tempera-
ture. The surprising explosion of the space shuttle
Challenger was caused by the effect of low temperature on
the safety seal for fuel.

Heat is dissipated when energy is being converted
from one form to another or when work is being done. 1In
some cases, such as conversion of coal to steam to elec-
tricity, large losses are caused by heat dissipation. ih
other cases, such as air conditioning, it is indeed de-
sirable for heat to be removed. As all industries place
new emphasis on energy efficiency, the fundamental measure-
ment of temperature assumes new importance.

There are four common temperature sensors: the
thermocouple, the RTD, the thermistor and the integrated
circuit sensor. A thermocouple is made of two dissimilar
metals with one end of them joined together. When the
junction is heated, some voltage output will be detected at

the two unjoined ends. The voltage is a function of the. _



junction temperature and the composition of the two metals.
A RTD (Resistance Temperature Detector) is a metal which
produces a positive change in resistance for a positive
change in temperature. Thermistors are generally composed
of semiconductor materials. Most thermistors have a
negative temperature coefficient; that is, their resistance
decreases with increasing temperature. An integrated cir-
cuit temperature transducer is a semiconductor device with
an output, either voltage or current, that is linearly pro-
portional to absolute temperature. Fig. 1 lists the ad-

vantages and disadvantages of these sensors.

Background of the Thesis

Once we have a sensor, the problem then is how to
use it. Some sensors transform the environmental inputs
directly into electric signals, and some sensors accomplish
it indirectly. The outputs of some sensors are linear,:;nd
those of the others are nonlinear. The outputs of some
sensors are high, and the others are low. The responses of
some sensors are fast, and the others are slow. Therefore
most sensor systems include a data conditioner. For some
nonlinear sensors, such as thermocouples, the relation of
the outputs to the inputs is very complex. A computer can
be used to improve the performance of such sensors.

Traditionally the conditioned output of a sensor is
compared to a set-point in order to control the system.

Some computer-based systems that use this approach locate
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the comparator with the set-point before an A/D converter
as shown in Fig. 2. But if the output of the pre-amplifier
is matched with the resolution of the A/D converter, the
comparison can be put inside the computer(see Fig. 3). In
this way the set-point potentiometer, usually an expensive
multiturn one is needed for an accurate control, and the
differential amplifier can be saved. In addition, the A/D
converter can be used in a unipolar operation in stead of
a bipolar operation. As the result, the resolution can be
more precise. The costs are increased software and res-
ponse time. For a thermocouple, the response time is about
5 secs. The time delay because of executing the increased
software, a few milliseconds, is of little importance.
Table 1 lists the comparion of these two approaches.

The goals of this thesis are to investigate:

1. a data acquisition system that uses a thermo-

couple as the sensor, M
2. the application of a microcomputer to improve
the performance of a nonlinear sensor, and
3. the software approach to implement the set-

point.
Overview

Chapter II reviews the fundamental theory and
characteristics of thermocouples. This includes the quan-
tum theory basis for the Seebeck effect, a description of

the material designations and operating ranges of thermo-
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TABLE 1

COMPARISON OF TWO APPROACHES TO IMPLEMENT THE SET-POINT

Software Approach

Hardware Approach

Advantages

1. Save the set-point 1. Control software is
potentiometer and simpler.
a differential
amplifier.
2. Use a unipolar A/D con- 2. A faster response.
verter in stead of a bi-
polar A/D converter.
3. Resolution is smaller. 3. Smaller memory.
4. More set points.
5. Software cold junction
compensation can be
used.
Disadvantages
1. Need a software modifi- 1. Need a set-point
cation for the output of potentiometer and a
the nonlinear sensor. differential amplifier.
2. Response time is longer 2. Need a bipolar A/D con-
because of executing the verter.
the modifying software.
(2ms for my case)
3. Need a larger memory. 3. Resolution is larger.

4. Fewer set points.




couples, and a discussion of the construction and the ex-
tension wires of thermocouples.

Chapter III introduces various kinds of interfaces.
The interfaces to a 4-digit decimal display and the inter-
faces to the cooling system (an electric fan) and the
heating system (a high-power electric furnace and a water
heater) are discussed and presented.

Chapter IV deals with the sensory interfaces (data
acquisition system) that use a K-type thermocouple as the
sensor. Although the circuit design is for the K-type
thermocouple, the principles described are also applicable
to any type of thermocouples. Cold junction compensation
is discussed. A precision amplifier with cold junction
compensation is designed. An analog filter is introduced.
The Sample/Hold circuit design, sampling time and holding
techniques are discussed. Finally the LR-36 A/D converter
is introduced and its interconnection with the MMD-1 mini
microcomputer presented.

Chapter V deals with the control software. A
software-modifying technique for K-type thermocouple is
introduced. The control flow chart including displaying
the set-point for five seconds, clearing the display for
one second, controlling the Sample/Hold, handshaking be-
tween the A/D converter and the microprocessor, modifying
data, displaying the detected temperature and controlling
the system temperature within +3°C from the set-point is

presented and interpreted. .



Chapter VI deals with the calibration techniques
for the temperature controller and lists some test results.

In Chapter VII, the noise rejection techniques for
thermocouple measurements are discussed. Some suggestions
for improving the performance of a microprocessor-based
temperature controller are presented. The flexibility of
the microprocessor-based temperature controller, including
the adjustments for other types of thermocouples and a con-
troller for various types of thermocouples, is discussed.

Finally, the multi-sensor control technique is evaluated.
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CHAPTER 11

THEORY AND CHARACTERISTICS OF THERMOCOUPLES

Introduction

When two wires composed of dissimilar metals are
joined at both ends and one of the ends is heated, there is
a continuous current flowing in the thermoelectric circuit
(see Fig. 4). This effect, called Seebeck Effect, was dis-
covered by Thomas J. Seebeck in 1821. The heated junction
is called the hot junction, while the other is called the
cold junction. 1In Fig. 4, the current flows from the
copper wire to the iron wire at the hot junction. If the
circuit is broken at the cold junction, we will find that
some voltage exists across the cold junction. The voltage
is called the thermocouple potential. Its polarity and )
magnitude are dependent upon the hot junction temperature
and the composition of the two metals. All dissimilar

metals exhibit this effect.

Theory

The energy-band models of two dissimilar metals at
absolute zero are shown in Fig. 5. The work that must be
done to remove an electron which is inside the crystal to
a distance far from the crystal is called the work func-

tion W of that crystal. At absolute zero, this can be .
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represented in the band model by the energy required to
raise an electron from the Fermi energy to the so-called
Vacuum level. When the two metals are brought in intimate
contact with each other, some of the electrons in metal 1,
shown to the left in Fig. 5, occupy quantum states that
have larger energies than those of unoccupied states in
metal 2. The electrons near the Fermi level in metal 1,
therefore, flow into metal 2 until at equilibrium the Fer-
mi energy in both metals is at the same energy level. 1In
the process, the surface of metal 2 becomes negatively
charged while the surface of metal 1 becomes positively
charged as indicated in Fig. 5. This produces a potential
difference between the two metals called the contact po-
tential V determined by

ev = W2 - Wl. (1)
Since a local electric field cannot exist inside a metal
because of its high conductivity, the change in the freé;
electron distribution in the two metals that produced the
potential in (1) takes place on the contact surface be-
tween them.

Considering a conductor ending at both X1 and X2 (
see Fig. 6), if we heat at the end X1, then an internal
electric field

1( I2 Ef)gg

I1'T~ T/dx (2)

lyw. R. Beam, Electronics of Solids (McGRAW HILL,
1965), p.1l41l. .




exists at any point between X1 and X2. Here

and

where

and

Ef = Fermi level energy,

e = charges carried by an electron,
T = temperature at point X,
%ok o .
. 427 m*”* (C_ _j+%9£0 4
IJ = T’j L i JE ak J = 1’ 2, 3..0

E = energy of electrons,
m* = effective mass of electrons,

T = mean free path of electrons with energy E,

13

(3)2

f0 = unperturbed density distribution of electrons.

This is the electrothermal (or Seebeck) field.

is produced because electrons from one end are carried

It

towards the other end of the conductor by a difference in

temperature. While the effect is subtly dependent on T (E),

it is convenient to imagine that more high-energy electrons

from the hotter end migrate to the colder end.

ends (X1, X2) of a conductor having temperature distri-

If there is no closed current path, across the two

bution T(X) will appear a Seebeck voltage Vs, the integral

of the field:

Vs =

-3

= =j==)dx
€ Jx|

2W. R. Beam, Electronics of Solids, p. 139.
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1l 72( I2 Ef
= e v

Fii- 1) o (4)
The Voltage depends only on the two particular tempera-
tures at the ends of the conductor; the conductor length

is unimportant. This is not to say, however, that the See-
beck voltage need be linear in temperature difference,
since the Seebeck coefficient (or thermoelectric power),
which is the integrand of Eqg. (4),

1/ 12 Ef

x = E(ﬁ" T)» (5)
is a function of T. Room-temperature values of & for
simple metals lie scattered over the range of +10 to =10
uv/°cC.

The coefficient o in metals is strongly dependent
on the energy dependence of the mean free path. Fig. 7
shows that in the upper conductor, the mobility of high-
energy electrons is greater than that of low-energy elec—
trons, and accordingly the negative charges accumulate ét
the cold end. 1In the lower situation the low-energy elec-

trons have greater mobility.

+ AO—-—>- -0 - a_—c _

H et <~ |7 JE|E£~0; %70
Hot End Cold End

o e— <5 It eEIRECOs 0

Fig. 7.--Dependence of the Seebeck Co-
efficient on the Mobility of Electrons
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Typical measurement techniques do not measure the
absolute Seebeck voltage Vs, because the electrodes con-
necting the meter with the conductor in question are also
under the influence of the same thermal gradient. Their
own electrothermal voltage may oppose that of the conduc-
tor. The usual tabulated voltages (thermocouple voltages)
are differences between Vs values in two different metals.
Although in metals these voltage differences are small,
the voltage difference is a reliable measure of tempera-
ture difference. To be assured of a reliable calibration,
most thermocouples are made from pairs of specially formu-

lated alloy wires, or a metal vs. an alloy.

Material Designations

The standards of thermocouples have been developed
by industry and the National Bureau of Standards. Thermo-
couples are designated by letter types. The common metals
(called base materials) are ANSI (American National Stan-
dards Institute) types T, E, J, and K. The more exotic
metals used are called noble alloys. These are more ex-
pensive but are able to operate at higher temperature and
highly resistant to oxidation and corrosion. These are
ANSI types R and S. Table 2 lists the ANSI type and its
thermocouple alloys. After the material there are (+) and
(=) signs. The (+) polarity establishes the metal with the

higher energy state.
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TABLE 2

ANSI SYMBOL AND ITS THERMOCOUPLE ALLOYS

ANSI Thermocouple Alloy
Symbol
T Copper (+)versus constantan(-)
E Chromel (+)versus constantan(-)
J Iron(+)versus constantan(-)
K Chromel (+)versus Alumel(-)
R Platinum(+)versus platinum 13% rhodium(-)
] Platinum(+)versus platinum 10% rhodium(-)
B Platinum 6% rhodium(+)versus platinum 30% rhodium

Operating Ranges

The thermocouple does not generate an enormous
amount of voltage. Fig. 8 is a plot of millivolt versus
temperature curves for the ANSI-standard thermocouples. We
can find that the base alloys (T, E, J, K) have larger out-
puts but operate in comparatively low temperature ranges.
The noble alloys (R, S), however, operate in relatively
high temperature ranges but have low voltage outputs. The
tungsten-rhenium alloys (3, 4) operate at extremely high
temperatures at an output voltage range between the base
and the noble alloys.

Each thermocouple has specific capabilities. These
are as follows:

Type J - This type is recommended for reducing at-
mospheres. The operating range for it is 1382°F for the
largest wire size (AWG #1). Smaller size wires can be
used at correspondingly lower temperatures.

Type T - This type is recommended for use in mild-

1y oxidizing and reducing atmospheres up to 662°F. They
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3Robert G. Seippel, Transducers, Sensors, and De-._
tectors (Reston Publishing Company, 1983), p. 264.
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are suitable for applications where moisture is present.
This alloy is recommended for low-temperature work since
the homogeneity of the component wires can be maintained
better than other base-metal wires. Therefore, errors
due to lack of homogeneity of wires in zones of tempera-
ture gradients are greatly reduced.

Type K - This type is recommended for use in clean
oxidizing atmospheres. The operating range is 2282°F for
the largest wire size (AWG #1).

Type E - This type may be used for temperature up
to 1652°F in a vacuum or inert, mildly oxidizing, or re-
ducing atmospheres. At subzero temperatures, it is not
subject to corrosion. It has the highest output of any
standard metallic thermocouples.

Type S, R - These types have a high resistance to
oxidation and corrosion. However, hydrogen, carbon, and
many metal vapors can contaminate them. The recommend;d
operating range is 2642°F.

Type 3, 4 - These types are in common use for mea-
suring temperatures up to 4000°F. They have inherently
poor oxidation resistance and should be used in vacuun,

hydrogen, or inert atmospheres.

Construction

The measuring junctions of some thermocouples are
constructed in a tube to provide the junction with support

while still achieving uninhibited sensing of the environ-~ _
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ment to be measured. The supporting material is called a
sheath and is made from metal such as inconel or stainless
steel. The sheath is insulated from the junction with cer-
amic or magnesium oxide. There are three basic junction
models as shown in Fig. 9.

The exposed junction extends beyond the protective
sheath to give fast response. It is recommended for the
measurement of static or flowing noncorrosive gas tempera-

tures in cases where the response time must be minimal.

——

|

P :

[ |

Lol |
|

i | :

Exposed Junction Grounded Junction Ungrounded™
Junction

Fig. 9.--Construction of a Thermocouple

The ungrounded junction is physically insulated
from the sheath by a hard, high-purity ceramic. It is
recommended for the measurement of static or flowing cor-
rosive gas and liquid temperatures in critical electrolytic
applications.

The grounded junction is welded to the sheath,
giving faster response than ungrounded junction type. It

is recommended for the measurement of static or flowing

corrosive gas and liquid temperatures in high-pressure



20

applications.

The Reference Junction

Let's connect a voltmeter across a chromel-alumel
thermocouple and look at the voltage output (see Fig. 10).
We would like the voltmeter to read only V1, but two more
metallic junctions, J2 and J3, has been created. If J2 and
J3 are kept isothermal, the resulting voltmeter reading
will be proportional to the temperature difference between
J1l and J2. This says that we can't find the temperature at

J1 unless the temperature of J2 is found.
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gyromel

Jl

_Alumel

J2

Fig. 10.--Measuring a Junction Temperature with a Voltmeter

Usually the junction J2 is put into an ice bath to
force its temperature to be 0°C and establish J2 as the
Reference Junction. Now the voltmeter reading is

V = £(T1 - T2) = £(T1) (6)
The ice point is used by the National Bureau of Standards
(NBS) as the fundamental reference point for their thermo-
couple tables, so we can now look at the NBS tables and
directly convert from voltage V to temperature Tl. The
OMEGA INC. use the same method to establish their thermo-

couple tables (see Appendix A). ——
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Extension Wires

In a large number of applications, the measuring
junctions of a thermocouple system are located at a con-
siderable distance away from the indicating instrument. If
the copper wires are used to connect them, the temperature
of the cold junction will change widely because of its pro-
ximity to the hot junction. 1In addition a steep tempera-
ture gradient will be created at the sensor. Thus it would
be very difficult to measure the temperature of the hot
junction accurately. If thermocouple wires are used to
cover this distance, it will be very expensive, especially
for those made of platinum. The way to solve the problens
is to use thermocouple extension wires to cover the long
distance instead of copper wires or thermocouple wires.

The material of the extension wire is matched to
the corresponding thermocouple wire so that no junction -
voltage exists at the junction of these two wires. When
the extension wires are used to connect thermocouple to the
measuring instrument, the cold junction will be kept at the
ambient temperature. By using the cold junction compen-
sation techniques described in the next chapter, the tem-
perature of the hot junction can accurately be measured.
Table 3 lists the material designations of various types of

thermocouple extension wires.
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TABLE 3

MATERIAL DESIGNATIONS OF THERMOCOUPLE EXTENSION WIRES

Symbol Alloy Combination TC Used With Temp. Range)
(°c)

JX Iron/Constantan J 0 to 200

KX Chromel/Alumel K 0 to 200

X Copper/Constantan T -60 to 100

EX Chromel/Constantan E 0 to 200

SX, RX Cu/Alloy 11 R, S 0 to 150
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CHAPTER III1

INTERFACE

Introduction

Interfacing is defined as the mating of one com-
ponent in a system to another to form a totally operational
unit. Since a microprocessor standing alone is essentially
useless, extensive interfacing is required to build a
usable product.

The interfaces can be divided into four basic
categories: operational overhead, user-interaction, sensory,
and control. Operational overhead interfaces are those
interface componenets necessary to make a processor func-
tion on the most basic level. This class includes data and
address bus drivers, bus receivers, and the clock circui£
surrounding the microprocessor. User-interaction inter-
faces are those circuits required to send and receive user-
specified data to and from a processing system. This class
includes terminal interfaces, keyboard interfaces, graphic-
device interfaces, and voice recognition and synthesis
interfaces. Sensory interfaces are those circuits required
to monitor events in the real world and send the results to
a microprocessor system. This class includes various kinds
of data acquisition systems. Control interfaces take the

microcomputer's milliampere-level data signals and convert
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them to the proper voltage and current levels to control
the real-world devices. The circuitry needed to drive a
stepping motor, to activate a solenoid-controlled valve, or
to illuminate a bank of stoplights falls into this category.
By using a MMD-1 mini microcomputer to detect and
control the system temperature, three categories of inter-
faces: sensory, user—-interaction (4-digit decimal display),
and control, are needed (see Fig. 11). The first one will
be described in the next chapter. The other two are dis-

cussed in this chapter.

Interfaces to the 4-digit Decimal Display

The LED's on the ports of MMD-1 correspond to the
binary codes. For ease of reading, a decimal display is
needed. To be compatible with the 10-bit operation of LR-
36, the display must have 4 digits.

The display LR8321R is a seven-segment common-aﬁgde
display. Fig. 12 shows its pin assignments. To protect
the LED's of the display, a resistor of 15 ochms must be
used between the common pin and +5 V. When any of the
other pins is at low voltage, the LED of the corresponding
segment will light up. When the pin goes high, the corres-
ponding LED will be off. For example, when the pins: a,

b, ¢, 4, e, £, and g, receive 0010010 respectively (the pin
d.p. floating), a digit "2" will be displayed.
7447 is a BCD-to-Seven Segment Decoder which is

designed to match a common-anode digit display. Appendix C
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shows the pin configuration, the segment identification and
the truth table of 7447. Since output functions 0 through
15 are desired, the blanking input BI/RBO, the ripple-
blanking input RBI, and the light test LT must be connected
to high.

To use four 7447's to drive the 4-digit LR8321R
dispay, the 10-bit binary code of the detected temperature
must transform to a 2-byte BCD code before being output to
the display. When a microprocessor outputs data to the ex-
ternal devices, the data must be latched from the data bus.
To transfer a 16-bit BCD code, four 7475's (Quadruple Bis-
table Latch) are needed. A latch has a data input (D), a
data output (Q), an inverted output (Q), and an enable
input (CLK). A latch allows data to freely pass from the D
input to the Q output when the enable is high. When the
enable is low, Q will maintain its value. 7

Fig. 12 shows the interfaces to the 4-digit dis-
play. The 4 CLK's of the two 7475's for the High Byte are
connected together to the output (pin 10) of one NOR gate
with its inputs connected to the OUT and the port 4. The 4
CLK's of the two 7475's for the Low Byte are connected to-
gether to the output (pin 13) of another NOR gate with its
inputs connected to the OUT and the port 3. Therefore when
the instruction codes

323 004
are executed, the data in the accumulator will be output,

latched by the High Byte latches, and displayed on the High
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Byte display. When the instruction codes

323 003
are executed, the data in the accumulator will be output,
latched by the Low Byte latches, and displayed on the Low

Byte display.

Interfaces to the Heating/Cooling System

The TTL logic gates can only sink about 16 mA. To
turn on the high-power devices, additional amplifying or
high power switching circuits are needed. There are many
devices that may be used for power switching: buffers,
power transistors, Darlington power devices, Thyristors,
mechanical relays, solid-state relays, VFET devices, and
servoamplifiers. A brief description of each of these de-
vices follows:

1. Buffers are useful in applications requiringw
high logic fan-outs or low-current peripheral drive cur-
rents (such as LED drive current). For example, 7407 can
be used as the buffer for LED.

2. Power transistors are designed to handle high
current levels. It is important that the drive current
to a switching transistor must be high enough. If this
current is insufficient, the transistor will limit the
load current by dropping voltage across the transistor,
thereby destroying it. For example, the maximum power
dissipation of 2N2222 is 240 mW, but during the switching

transition the transistor goes through a dangerous "burn-
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out" zone. When the transistor is sinking only half the
current while in the middle of its turn-on transition,

it drops half the load voltage across the collector-
emitter junction. The worst case for the 2N2222 is 40 V
at 400 mA, or 16 W. It is acceptable to swing switching
transistors quickly through dangerous zones; but if too
low a current is used to drive the transistor, the tran-
sistor could get stuck on one of these zones and burn up.

3. The Darlington transistor is a two cascaded
transistor with a very high gain and a very high input
impedance. For example, the General Electric D40Kl is an
NPN Darlington transistor with a minimum gain of 10000.
With a gain this high, even a CMOS circuit can control
the high-power switching.

4. Thyristor is a generic term for any semi-
conductor device that exhibits the regenerative switching
characteristic of a four layer or p-n-p-n arrangement;»
The most important member of the thyristor family is the
silicon controlled rectifier (SCR). The SCR is a three-
terminal, three-junction, four-layer (p-n-p-n) semi-
conductor device with two power terminals and one control
terminal. Essentially the device is a switch, and pre-
sents a high forward impedance if no positive signal is
applied to the gate. But when a positive signal is
applied to the gate, it will go into a low impedance
state. Once it is on, it will not turn off even the gate

signal is removed. It will turn off, however, when the _
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anode-cathod current is reduced below a level called the
holding current. The ratio of load current to drive cur-
rent is rarely less than 1000. A gate current of 50 mA
can switch 50 A or more. Because of this characteristic,
SCR has found wide use in heavy-load ac switch circuits.
When used with an ac signal, the SCR permits only the
positive half-cycle current to pass from anode to cathod.

The TRIAC is an extensively used device in ac line
control. It can be thought of as a pair of SCR connected
in reverse parallel with the gates tightened together.
When the gate is triggered, it will permit anode-cathod
conduction with either polarity. Most TRIAC's are
available in ratings of less than 40 A and at voltage up
to 600 V.

5. Mechanical relays are used in conventional con-
trols in which low current toggle switches must control
large loads. Its biggest problem is contact arcing. )
This may cause the reeds to be welded together. Another
problem comes from the back-emf voltage spike generated
when the relay is turned off. Because of the mechanical
contact operation, it can not be applied for high-
frequency switching.

6. Solid-state relays (SSR's) are designed to be
nearly direct, one-package replacements for conventional
mechanical relays. In ac applications the most commonly
used device is the TRIAC, and in dc applications the

transistor is used. Most SSR's are electrically isolated



31

between the control circuit and the ac load circuit; this
is commonly achieved by optocouplers. In addition, its
input is usually compatible with digital logic devices.
Another feature that is common to ac application is the
provision of zero voltage switching. The OMEGA SSR is
rated with 25 A. Fig. 13 shows the block diagram of an

SSR.

Switch
AC or DC ==
Optocoupler l

Control -~ %e{%
Signal SJZ&—@ 0289 pprAC

Fig. 13.--Diagram of an SSR

7. VFET3is a MOS device employing a V-shaped semi-
conductor channel. It can switch moderate and even high
power loads. Some of the VFET important characteristics
include high-frequency operation, low input current an&
the ability to be turned off at will.

8. Servoamplifiers are simply linear dc amplifiers
that accurately amplify an input voltage to drive a vari-

able-voltage peripheral.

Fig. 14 shows the interfaces to the Heating/Cooling

system. The control signal for heating is from bit 6 of

the port 0. The control signal for cooling is from bit 7

of the port 0. The heating system for the low-temperature

3Bruce A. Artwick, Microcomputer Interfacing, .

Prentice-Hall Inc., 1980, P. 233
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test is a water heater with a rated power of 250 W. The
cooling system is an electric fan with a rated power of 14
W. The SSR's available can switch a 1.5 A load. Therefore
bit 6 is directly connected to the input of one SSR to con-
trol the water heater and bit 7 is directly connected to
the input of the other SSR to control the electric fan.
The heating system for the high-temperature test is a
furnace with a rated voltage of 120 V and a rated current
of 8.8 A. Therefore building a high-power SSR is necessary.
ECG5677 is a TRIAC with the forward current of 15 A,
the peak reverse voltage of 600 V, the gate trigger current
of 50 mA and the gate trigger voltage of 2.5 V. ECG3049 is

an isolator with the internal circuit as shown in Fig. 15.

1 6
> 5
Zero
Crossing
, L
—] Circuit

Fig. 15.--Internal Circuit of an ECG 3049

Zero Crossing Circuit detects when the ac voltage
crosses the zero axis and produces ian output pulse of

approximately 100-usec duration to trigger the thyristor.
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This circuit is necessary because experience has shown
that thyristors will develop the least amount of electro-
magnetic interference, if in ac applications the thyristor
is turned on at the earliest possible instant after the
applied voltage crosses the zero axis.

Because SCR's and TRIAC's usually control large
loads with large voltage swings, it is difficult and
dangerous to connect an SCR or TRIAC switching circuit
directly to digital logic circuitry. Therefore an opto-
coupler is needed. The 110 ohm resistor is needed to pro-
tect the LED inside the ECG3049. The buffer 7407 is used
to drive the LED. When bit 6 of the port 0 is high, the
LED is 1lit up, causing the TRIAC inside the ECG3049 trig-
gered. As the TRIAC inside the ECG3049 is triggered, the

ECG5677 is also triggered and the furnace is actuated.
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CHAPTER IV

DATA ACQUISITION SYSTEM

Introduction

A thermocouple is an example of nonlinear sensor.

The relation of its output voltage to the measured tempera-

ture is very complex (see Fig. 16). In Chapter V, a soft-
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Fig. 16.--Seebeck Coefficient Versus Temperature

ware-modification technique is used to compensate for the
nonlinearity. Therefore only the data acquisition systems

that are computer controlled are discussed in this chapter.

Cold Junction Compensation

To measure the temperature of the hot junction
accurately, the cold junction (refernce junction) should be

kept at constant temperature. Usually it is put into an
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ice-water bath to keep it at a constant 0°C. Because ice
baths are often inconvenient to maintain and are not always
practical, several other methods are employed. A chamber
cooled by thermoelectric cooling elements can be used to
maintain a 0°C environment. Two temperature-controlled
ovens®can be used to simulate the ice-point reference tem-
perature. Microprocessor-operated devices can use software
compensation techniques to adjust for the reference junc-
tion temperature.

In the following section, the offset technique is
used to accomplish the compensation when the cold junction
is at 25°C. In this section, an electrical bridge is em-
ployed to accomplish the compensation near 25°C.

Consider the circuit shown in Fig. 17. When the

ambient temperature rises (or goes down) by 1°C, the output

Thermal contact

. o RT RY Rat
I - g% A A
l
| b A _J_ Vb a .
Rx + - a
o e e
v -

Fig. 17.--Cold Junction Compensation Bridge

4 Robert G. Seippel, Transducers, Sensors, and De-
tectors, p. 271.
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voltage of the K-type thermocouple will decrease (or in-
crease) by 41 uv. If the voltage Vab increases (or de-
creases) by 41 uV correspondingly, the effect because of
change of ambient temperature will be compensated.

Vb is a mercury battery giving a constant output
voltage of 1.35 V. Ry is a thermistor with a resistance of
392 ohms at 25°C. 1It's a temperature-sensive resistance
which is electrically isolated but thermally contacted with
the cold junction of the thermocouple. The resistor Rs
shunted with R, has a resistance of 392 ohms which is the
same as that the thermistor has at 25°C. This resistor Rs
is used to make the performance of the thermistor more

linear relative to the temperature change. To realize

this, consider Fig. 18.

VA—
Rs

Fig. 18.--Linearity-improving Circuit for a Thermistor

Suppose the thermistor has a resistance change 4r

due to a temperature change AT, the overall resistance

“ Rs (Rs+4r) _ Ar \ -1
RS//RT-— Rs+Rs+ar (1+ Rs <1+ 2RS>

58148 -Gy )



38

= 3=(1* 388 ) (45 «) (7)

We find that the overall resistance has become Rs/2 and
the overall temperature coefficient has decreased to half
the original one. Therefore the overall temperature effect
is more linear.

Let's design the other parts of the electrical
bridge. First we assume the bridge is in balance at 25 'C

and Ra'= a*Ra. The bridge near 25°C is transformed to the

Thevenin's equivalent circuit as shown in Fig. 19.

’VW © o
Rth

i
1

Vth [

Db

Fig. 19.--Thevenin's Equivalent Circuit of
a Cold Junction Compensation Bridge

Here Rth = 2(RasRa') = (2a*Ra)/(a+l) (8)
= wlp - aRx + AR
Veh = 733 (T+a)Rx + 4R VP
a
= Vb - & yp(1+ AR AR -1
T+a 1+a (1 aRX> 1+(1+a)RX)
. = Vb AR <..AR )
= .o

By experimental measurement, we find that the ther-
mistor changes resistance from 405 ohms at 22.8°C to 376
ohms at 28.2°C. On the average, when the ambient tempera-
ture rises, the thermistor decreases resistance in 5.37
ohms/°C. Under this condition the AR in Eq. (9) equals to

-5.37/4 o