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ABSTRACT

_ The object of this thesis is to de31gn and realize
a versatile microcomputer system and apply it to the precise
control of electrical power.
\

The specific application of this system as pre- -
sented in the thesis is to control the temperature of a
liquid on time axie by contrelling the power of a heater
unit according to specific requirements., Other possible
‘applications could be chemical reactions that require
precise temperature control or experiments that have to
be realized under specific temperature conditions. These
requirements can be fulfilled by auvtomatic control means
most safely. A microcomputer based system is the optimum
way of doing this.

In this thesis, the design and the implementation
of a microcomputer based temperature control system is
presented. The main blocks 6f_the system are a microcomputer
an instrumentation amplifier and a digital firing angle
control circuit. The system realised operated satisfactorily
enabling the control of temperature on time axis with a
0.25 °C resolution.



OZETGE

Bu tezin amaci, elastik yapida bir mikrobilgisayar
tasarimlayarak bunu elektrik giiciin hassas bir sekilde kont-
roliine uygulamaktar.

Tezde sunulan bu sistemin 8zel uygulama alani, bir
1sitaica linitenin giicliniin kontrol edilerek, bir sivinain isi-
sinin 6zel gereksinimlere gore kontrol edilmesidir. Digér
uygulama alanlari, hassas 1s1 kontrolii gerektiren kimyasal
reaksiyonlar veya Ozel 1s1 kogullari gerektiren deneyler
olabilir. Bu gereksinimler ancek otomatik kontrol vasitasiy-
la en emin bir gekilde karsilanabilirler. Bir mikrobilgisa-
yar sistemi bu sorunlarin ¢oziimiinde en uygun aragtir.

Bu tezde, mikrobilgisayar tabanli bir 1si kontrol
~sistemi tasarlmlanarék gergeklestirilmigtir. Bir mikrobil-
gisayar bir araqsél yikseltici ve bir sayisal tetikleme |
devresi sistemin ana yapi taslarini olusturmaktadir. Sisten,
zaman ekseninde 0.25 °C hassasiyetle kontrolii saplayarak,
tatmin edici bir sekilde ¢alismigtair. ’



TABLE OF CONTENTS

ACKNOWLEDGEMENTS

ABSTRACT
OZETGE

TABLE OF CONTENTS

I.
i1,

11T,

iv,

VI,

INTRODUCTION

SYISTEM LAYOUT

2.1

THEORY

MICROCOMPUTER

3.1
3.2
3.3

2.4

3.5

MICROCOMPUTER OPERATION
MICROPROCESSOR UNIT, 7-80
PROGRAMMABLE PERIPHERAL INTERFACE
A/D CONVERSION

SEMICONDUCTOR MEMORIES

INSTRUFBERTATION AMPLIFIER

4,1

4,2

4.3

INSPRUMENTATION AMPLIFIER
ARCHITECTURE

INSTRUMENTATION AMPLIFIER
SPECIFICATIONS

THE BRIDGE AKD INSTRUMENTATION

'AMPLIFIER USED IN THIS THESIS

DIGITAL FIRING ANGLE CONTROL

5.1
5.2
5.3
5.4

CIRCUIT OPERATION

BASIC PHASE LOCKED LOOP OPERATiON
DESCRIPTION OF THE CIRCUIT
TRIGGER PULSE SHAPING

DISCUSSION

iii

<4

VI VR

13
13
17

30
35

-39

41

43
49
49
49
52
58

vi



VII
APPENDIX A

APPENDIX B
APPERDIX C
APPENDIX D
BIBLIOGRAPHY

- CONCLUSION

TEMPERATURE VERSUS RESISTANCE TABLE OF
PT100 *

THE MONITOR PROGRAM OF THE SYSTEM

THE PCB LAYOUTS OF THE SYSTEM UKITS
OPERATING INSTRUCTIONS

60

61

62
73

77
78

vii



CHAPTER- I

INTRODUCTION

Control of power is an important area in electronics.
Until microprocessors become available, analog and hardwired
digital control methods were usually used to control power.

_ Microprocessors and other micro chips contributed
a new dimension to power control units. By using this new
technology power can be controlled precisely on time,
according to the programme written into the system. Of
course this is a very important development because of the
fact that it gives very broad elasticity to control power.

Microcomputer systems are very efficient to control
industrial processes. It has some advantages over analog
control systems and TTL systems : Precise control can be
achieved ; real time concept can be included easily; design
and equipment cost decrease appreciably. In some industrial
processes, it may be necessary to control environmental
conditions. One of the important environmental condition is
temperature. In this thesis, the design and the implementa—
tion of a microprocéssor based system to control the temper-
ature of the liquid in a tank is described. '



CHAPTER 2
SYSTLEM LAYOUT

l1.1. Theory

Instantenous power, P, in an a.c. circuit may be

expressed as:
P=V.I=V_ sinwt-I sin(wt+%) (2.1)

where,
Vm=Peak Value of the Voltage.
Im:Peak Value of the Current.
wt =Angular Frequency.
@=Phase Difference between the Voltage and Current

Average power is giﬁen by,

Pav=—i- V_ T  cos@=V I cosf (2.2)
2.mm

where,cosf is cailed the power factor, V and I are the RMS

values of voltage and the current respectively.

2M—cx

Figure 2.1.1 A Sinusoidal Voltage VWaveform with
a Delay Angle of |



Referring to Figure 2,1.,1 , the average power,
88 a function of delay angle, , can be expressed;

Pavz-f-‘l‘-—ﬂ sin wt - gin (wt @) dwt
a2m
(=4
2M-cx
vV I
= o n L (cos @- cos(owt+®) ) awt
21 2 :
o<
v I 21-ex ' 2M-oX
=—2 L cos @ dwt- —— sin(2wt+98) :)
41T . 2
o
o<

v I |
mm <% cosd (M-ot) - L ( sin(g-2)

- s8in ( 2x+@) ))

I 1 :
Pav 5 2 cosf (M-o¢) = —— ( sin(f - 2)
2 4

- sin( 2 - 8)) (2.3)

For a resistive circuit, that is @ is zero, average

power 1is;

VI - B
P ='—E""ﬂ, <('}T -cX) - L sin 20(> 2.4
av 21 2 (2.4

In order to control é.c. power in an electrical
circuit two ways can be adopted : Either phase angle of
the a.c. waveform is controlled or the cycles of the )
‘waveform are controlled.



In this thesis, beeause of the precise power cont-
rol, phase control for the power control is adopted. The
EMI problem is encountered and tried to be suppressed.

In order to understand the measures for suppression
of EMI, characteristics of the interference must be explored
first. To have interference at all, we must have a transmit-
ter, a creator of interference and a receiver, a device af-
fected by the interference. Common transmitters are opening
and closing switches and relay contacts, all forms of elect-
ric and electronic circuits with rapidly changing voltages
and currents. Receivers are generally electronic circuits
both high and low impedance which are sensitive to pulse or
high frequency:energy. Often the very circuits generating
the interference are sensitive to similar interference
from outer circuits nearby or on the same power line.

EMI can generally be seperated into two categories
radiated and conducted. Radiated interference travels by
way of electromagnetic E and H waves just as desirable
RF energy does. Conducted interference travels on poWer,

- communications or control wires.

As it is seen the two are not seperate packages
independently control is not possible. In any case both
interference forms must be considered when interference
elimination steps are taken.

Phase control circuits using thyristors and triacs
are very offensive in creating EMI. These controls are gen
erally connected in one of the two ways shown in Figure 2.1.2
a and b . ' '

The circuits in Figure 2.1.2 may be re-drawn as shown
in Figure 2.1.3 illustrating the complete circuit for RF
. energy.



CONTROL

LINE LOAD

a. Separately Mounted Control.

 LINE

b. Control and Load are in the Same Enclosure
Figure 2.1.2 Two Methods in Phase Control Circuits.

The switch in the control box represents the thyris-
tor shown in the blocking state. In phase control operation
this switch is open at the béginning of each cycle of the
power line alterations. After a delay, determined by the
remainder of control circuitry, the switch is closed and
remains that way until the instantenous current drops to
zero. This switch is the source from which the R¥ energy
flows down the power lines and through the various capaci-
tors to ground. '
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Flgure 2.1. 5 RF Energy Sources in Separately Founted
control.

If the load is passive such as a lamp or a motor
which doesn't generate interference, it may be considered
as an impedance by-passed with the wire to wire capacitance
of its leads.

If it is another RF energy source, however such as
a motor with & commutator, it must be treated separastely
to reduce interference form that source. The power source
can be treated as d.c., 88 far as the high frequency inter-
feremce pulses are considered. The inductance, associated
with the power source, comes from two separate phenomena.
First is the leakage impedance of supply transformer and
second is the self inductence of the wires, between the
power line transformer and the load.

One of the most difficult parameters to pin down in
the system is the effect of grounding. Most industrial end
commercial wiring and many homes use a grounded conduit



system which provides excellent shielding’of radiated energy
emanating from the wiring. However, a large number of homes
are being wired by two or three wire insulated cable without
conduit. The -capacitances 02, C and C7 to ground will be
affected by the grounding system used.

Before the switch in the control is closed, the
system is in steady state condition with the upper line of
the power line at the system voltage and the bottom line and
the load at the ground potential. When the switch is closed,
the upper line potential instantenously falls due to the
line and source inductance, then it rises back to its
original value as the line inductance is charged.

While the upper line is rising, the line from cont-
rol to the load also rises in potential. The effect of
both of these line increasing in potential togéther, causes
an electrostatic field change which radiates energy. In
addition any other loads connected across the power lines,
at point A for ‘example, would be affected by a temporary
loss of voltage created by the closing of switch and the
line and source inductance. This is a form of conducted
interference.

A second form of radiated interference is inductive
coupling in which the power line and ground form a one turn
primary of an air-core transformer. In this mode an unba- -
lanced transient current flows down the power lines with
the difference current flowing to the ground thréugh the
various capacitive paths available. This type of interfe-~
rence is a problem only when the receiver is within about
. one wavelength of the transmitter at the offending frequency.

Radiated interference from the control circuit is
of little consequence due to several factors. The lead ~
lengths are so short compared to the wavelength in gquestion
that they make extremely pobr antenna. In addition}most of



these control circuits are mounted in metal enclosures which

provide shielding for radiated energy generated within the
control circuitry.

Both forms of radiated interference which are results
of conducted interference on the power lines are caused by
rapid rise in current. Thus, if this current rise is slowed
all forms of interference will be reduced.

When the switch closes it shows very low impedance.
Since this reason, it will show very little benefit to put
a parallel capacitance to the switch in slowing down the
current. The capacitors will be charged to a voltage deter-
mined by the circuit constants and the phase angle of the
line voltage just before the switch closes. When the switch
closes the capacitor will discharge quickly, its current is
limited only by its own resistance and the resistance of the
switch. However a series inductor will slow down the current
rise in the load and thus reduce voltage transients on all
lines.

CONTROL
T TRIAC

LINE LIPF

LOAD

Figure 2.1.4 One Possible EMI Reduction Circuit.

Although the circuit of Figure 2.1.4 will be effec-
tive in many cases the filter is unbalanced, providing an
RF current path through the capacitances to ground. It uas,
therefore, been found advantageous\to divide the inductor
-into twohparts and to put each half in each line to the con-
_trol. Figure 2.1.5 illustrates this circuit showing the



polarity marks of the two coils which are wound on the same
core. '

o Y Y Y V) -
LINE A B —| CONTROL
RE— '*‘*—kAJ;hAi .

LOAD

Figure 2.1.5 ©Split Inductor Circuit.

Where the control circuit is sensitive to fast ri-
sing line transients, a capacitor at point B will do much
to eliminate this problem. The capacitor must charge through
the impedance of the inductor, thus limiting the rate of -
voltage change (dv/dt) applied to the thyristor while it is
in blocking state.

As mentioned above the EMI problem is the main dis-
advantage as far as the comparison between phase angle con-
trol and integral cycle control is made.

Integral cycle control is another a.c power control
way. In this approach some cycles are inhibited to pass.
through the load. Gate triggering of thyristor or a triac
occur at the zero crossings of the line waveform. Hence, no
EMI problem comes out. But power control by this method is
not as precise as phase angle control. The most precise pro-
portion of the power that can be controlled by this method
is one percent. Hence, despite the problem of EMI, for pre-
cise control ability the former wéy of control is adopted.
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2.2. Operation -of the System

This system described in this thesis was designed as
versatile as possible. This is why it may be used for con~
trolling other industrial processes. Specific application i
here is to control temperature inside a water tank.

To use the system, a temperature versus time diagram
should be drawn as in Figure 2.2.1.

Ambientg
Temperature#

4
5
v

Figure 2.2.1 A Temperature versus Time Diagram.

This diagram is entered to the microcomputer by
keyboard. If any of the data is given by mistake, it is
possible to clean the wrong one and re-enter the true one.
It is also possible to return to the beginning by resetting
the system and change any one of temperature and time data
pair at any time.

When entrance of data lasts RUN command is given and
the time and the real temperature is displayed and the
disgrasm is realized. The microcomputer controls the slope

of the diagram. If any time there is a deviation from it the
| system takes necessary steps by changing firing angle to
.icorrect the slope. ’
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The block diagram of the system is shown in Figure
2.2.2. The temperature sensed by PT100 probe is converted
to differential signal by a bridge which is adjusted to give
O V at 25°C. This differential signal is amplified by an
instrumentation amplifier, to couple the signal to A/D con=-
verter. This amplified d.c¢c signal is converted to digital .
signal by the A/D converter and becomes ready for being used
by microcomputer.

The microcomputer gets this data and compare it with
the data that should exist. If there is a deviation from the
required value then it checks the required temperature slope.
This deviation is compensated by changing the firing angle
through the firing angle control circuitry. ‘ ‘

Digital firing angle circuitry can control the firing
angle with a resolution at 180°/256 0.703°. The input to
this circuitry comes from the microcomputer, which produces
the 8-bit firing angle data to the input of the Digitsl
Firing Angle Control Circuit, consequently this data is con~
verted to appropriate firing pulses. Firing pulses are gene-
rated in synchronization with the line frequency. These fi- .
ring angle pulses are used to fire triac to control the
power.

Display unit displays the data entered at programming
stage. It also displays the real time and the real tewmpera-
ture inside the tank when the system runs. It consists of »
two three-digit sections. Three digits at the right hand si
side displays the entered temperature data, and the real
temperature when it runs. Three digits at the left hand
side displays the entered time data and real time as hours
and minutes when it runs. ' '
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Figure 2.2.2 The Block Diagram of the System

cl
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CHAPTER III

-MICROCOMFUTER

3.1. Microcomputer Operation

Microcomputer was designed as versatile as possible
as shown in Figure 3.l. It can be used for many other pur-
poses due to this property. It has an A/D converter to get
and process analog signals. It can communicate with the ou-
ter world by using I/0 ports of 8255 PPI (Programmable Peri-
pheral Interface) in different modes. |

The CPU used in microcomputer board is Zilog Z-80
which is one of the most suitable 8-bit microprocessors
for control applications. Many software and hardware pro-
perties of Z-80 are used in this thesis. It runs at 1.79 MHz.

The monitor program which operates the system is
embedded into 2716 EPROM which is 2Kx8 bit erasable program-
mable read only memory. The monitor program is given at
Appendix B. |

All the system variables and program data are stored
into 6116 RAM which is 2Kx8 bit static random access memory.
For the proper operation of the system some variables should
be used. In addition, the data given to the system can be
considered as program variables when the system runs. Static-
ness of the RAM doesn't necessitate any refresh operation.

” Two 8255 PPls, Programmable Peripheral Interface,
are used in the microcomputer for interfacing the periphe-
rals to the CPU. Each one of 8255 PPI has three-parallel
I/0 ports which can be used in three- modes of operation.



CLOCK
CIRCUIT

N

Z-80
C.RP.U

2716 | 6116
{—:} 2K 2K t——
EPROM RAM

<L | L2

DATA _BUS — -
| L—— = ——
ADDRESS BUS | - [APoResS
CONTROL
~ } DECODING
CONIROL _BUL : LOGIC
o o [Tod
8255 PPI 8255 PPI
£ binpley Unit Kb oan.” culpu Tor Richoe?

" Keyboard  Angle Cont.

Figure 3.1 The Block Diagram of the Microcomputer

71
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These properties of 8255 will be examined later. Ome port
is used for the digitel data from A/D converter. One port
as two halves is used to scan the keyboard. Another port .
gives 8-bit firing deley angle-data to the digitsl firing
angle control circuit. One 8-bit port and another half port
is used for display unit. Four bit BCD data is strobed into
display unit by using one bit for each digit.

Memory Map: The locations of the 2716 and 6l16 memo-
ries are shown in Figure 3.2.

ool
2K
@7FFH | EPROM
= ~
8¢@FH
2K
87FFH RAM

h)

T

Figure 3.2 The Memory Map of the Microcomputer.

The reason for this memory map is to simplify the
decoding. Decoding circuit is shown in Figure 3.3.

I1/0 Map: Each 8255 PPI consists of four registers,
as far as I/0 eddressing is considered. These are 4, B,
¢ &nd Control registers.

Pable 3.1 shows these ports, addresses for each port
end functions.

e



MEMRQ

15

16

To CS of EPROM

{§:>;———— To CS of RAM

Figure 3.3 Memory Decoding Circuit.

Functions of the Ports

Input from A/D converter.
Control signals to LE of BCD
to 7-segment display driver.
BECD data to display.

PC,, write signal to 4/D

converter to start A/D conver-

sion. PG5 is point signal for
showing seconds.

8-bit data to digitsl firing
angle control circuit.

Input for keyboard scenning.
Output for keyboard scanning.

8255 # 1 Port _ 1/0 Add. .
A o4
B 25
clower g6
Cupper 55
CONTROL g7

8255 H 2 ,
A 78
B 29 Unused
Clower DA
Cupper o
COKTROL 2B

Teble 3.1 The Addresses and Functions of 8255 PPL
Ports. ‘
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Address decoding logic for -8255 PPIs is shown in
Figure 3.4. '

I0RQ
RD
e —
RD T
easiOAl VR _ 1§,8255 >
1 CB )
A3 A, '*‘é
A3 )
)

Figure 3.4 Address Decoding Logic for 8255 FPls,

All the ports except the one connected to A/D con-
verter are brought out on the computer board.kSo, these
ports can be used for other purposes according to the
 peripheral necessity. '

3.2. Microprocessor Unit, Z-80
3.2.1. Z-80 Architecture

The Z-80 microprocessor is an 8-bit device that is
the data bus is eight bits wide and is the path for all data
transferred between external memory and I/0 devices and
CPU registers. The architecture of the Z-80 is shown in Fig- -
ure’3.2.l. The address bus is two bytes wide normally the
address bus would specify external memory address of O to
65535 (@ to 64K) since the Z-80 has full complement of I/O
instructions, no memory mapped I/0 would be required.
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In memory mapped 1/0, some portion of mémory map would be
dedicated to address of I/0 devices.,

...................................

Z-80 MICROPROCESSOR

]
[}
INTERNAL .:
DATA BUS :
DATA ! (RN
ALY BUS fe———DATA
CONTROL ' BUS
H
[]
)
cPU H
REGISTERS ¢
L]
ADDRESS : 16611
kNSTRUCT cor."xjuog N gggRESS
) REGISTER !
1
- ¥ :
SYSTEM cru ] :
SYSTEM '
CONTROL | CORTROL INTERNAL H
SIGNALS SIGRALS CONTROL 1
H
1
1]

Tlo|wi>
~lmin

- x| o]

Figure 3.2.1 The Z-80 Microprocessor Architecture

The main path for data within the CPU is an internal
data bus which connects the CPU registers , arithmetic and
logical unit, data bus, control and instruction registers.
The arithmetic and logical unit performs sdditions subtrac-
tions, logical functions of ANDing, ORing and Exclusive OR-
ing end shifting operations between two eight bit operands.
In addition, BCD operations may be performed under control
of a Decimal Adjust Accumulator inStruction.



3.2.2. Generasl Purpose Registers
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The CPU registers and status flags for the Z-80
may be illustrated in Figure 3.2.2.

Secondary
Accumasistors

X Allernate
Seconday
Accumulatons

Sgn

Zero

Aurikary Carry
Panty /Ovecfiow
Subtract

Cany

Flags

y B
sjz] Ird Prgnjc

Accuymulator

c

}"' dary Data C

Prmary Dats Counter )

A

STzl Pl PB[wc] srwras o

Ahernate Accomulstor

c
I3
v

Afermate Svcond&rv.
Dsts Counters *

Altenate Primary cha Coumer

Stach Pointer

Program Counter
Index Register

ndes Regrater

Interupt Vector Reguster

Retresh Regrater

Figure 3.2.2 CFPU Registers and Status Flags.

The accumulator is the primary source and destina-
tion for one operand and two operand instructions. All 8-bit
arithmetic and Boolean instructions take one of the operand
from the accumulator and return the result to the asccumula-
tor. An instruction must therefore load the accumulator
before the Z2-80 can perform any 8-bit arithmetic and Boolean

operation.
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The B, C, D, E, H and L registers are all secondary
registers. Data stored in any of these six registers may be
accessed with equal ease, such data can be moved to sny .other

register or can be used as the second operand in two operand
instructions, ‘

There are however some important differences in the
functions of registers B, C, D, E, H and L.

Registers H and L are the primary data pointers for
the Z-80. That is to say, these two registers are normally
used to hold the 16-bit memory address of data being acces-
sed. Data may be transferred between any register and the
memory addressed by H and L. Since HL is the primary data
pointer it often takes fewer bytes of object code and less
instruction cycles to perform operation with it.

Registers B, C, D and E provide secondary data stora-
ge. Frequently the second operand for two operand instructi-
ons is stored in one of these four registers.

There are a limited number of instructions that treat
registers B and C or D and E as 16-bit data pointers. But
these instructions move data between memory and the accumula-
tor only. '

Registers IX and IY are the index registers. They
provide a limited indexing capability. When an instruction
is executed in an indexed addressing mode one of the two
index registers is used to calculate the memory address.
The memory operand is obtained by adding the contents of
the index register and an 8-bit value contained in the dis-
placement of the instruction employing the indexed addressing
mode. Indexed operations of this kind are extremely powerful
for efficient programming.
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The slternate registers F', A', B', C', D', E', H'
and L' provide a duplicate set of general purpose registers;
one instruction exchanges AF and the alternate BC', DE', HL',
The advantage in two blocks of general purpose registers is
that a programmer may rapidly switch from one block to anot-

her. In the simplest case, this provides more registcr sto-
rage in the CPU,

There are a number of instructions that handle 16-
bit data at a time. These instructions refer to pairs of
CPU registers as follows;

F and A
B " C
D " B
H " L
JOb and A
B| " Cl
D! .oon E!
H| " L'
High Order Low Order
Byte Byte

The combinations of the accumulator and flags trea-
téd as a 16-bit unit used only for stack operations and al~
ternate register switches. Arithmetic operations access B
and C , D and E, H end L as 16-bit data units.

Second use for these register pairs is double pre-
cision arithmetic. This involves adding subtracting incre-
menting or decrementing & 16-bit value . Most arithmetic and
logical operations in the Z-80 are oriented toward 8-bit
aperations but the Z-80 allows limited operations between
 the register pairs and the stack pointer and the index
registers IX and IY, :
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Flag Register: The carry status flag holds carries
out of the most significant bit in any arithmetic operation.
The carry flag is also included in shift instructions; it is
reset by Boolean instructions. o

The subtract flag is designed for internal use du-
ring decimal adjust operations. This flag is set to 1 for

all subtract instructions and reset to zero for all add ins-
tructions.

The parity/overflow flag is a multiple use flag,
depending on the operation being performed. For arithmetic
operations, it is an overflow flag. For input, rotate and
Boolean operations, it is a parity flag with 1= even parity,
0= o0dd parity. During block transfer and search operations
it remains set until %he byte counter decremepts to zeroj
then it is reset to zero. It is also set to the current:
state of the interrupt enable flip-flop (IFF2) when LD A,I
or LD A,R instructions are executed.

The zero flag is set to 1 when any arithmetic and
Boolean operation generates a zero result. The zero status
is set to @ when such an operation generates a non-zero
result.

The sign status flag acquires the value of the most
significant bit of the result following the execution of
any arithmetic and Boolean instructions.

The suxilary carry status flag holds any carry from
bit 3 to 4 resulting from the execution of any arithmetic
operation. The purpose of this flag is to simplify Binary
Coded Decimal (BCD) operations. ’ '

A1l of the sbove status flags keep their current
value until an instruction that modifies them is executed.
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The PC register is a 16-bit register that holds the
location of the current instruction being fetched from me-

mory. Instructions in the Z-80 are one, two, three or four
bytes long. o

The CPU will automatically increment the PC by one,
two, three or four depending on the length of the instruc-.
tion being executed. The PC is available to the programmer
only in the sense that it may be loaded or stored. No arith-
metic or logicel operations on the PC are-permitted.

The 16-bit stack pointer allows to implement a
stack anywhere in addressable memory. The size of stack
is limited only by the amount of addressable memory present.
The stack should be used for accessing subroutines and pro-
cessing interrupts. ‘

The Interrupt Vector Register, I, is used to hold
the page address of an interrupt service routine. The last
special purpose régister is the 7-bit Memory Refresh Regis-
ter, R. When external memory consist of dynamic memories,
the R register allows automatic refreshing of this type of
semiconductor memory which periodically needs to have every
cell read or refreshed to retain its contents.

3.2.%. ~Interface Signals and Timing

The pinbut of the Z-80 Microprocessor is shown in
Figure 3.2.3 with the pins logically grouped according to
the function rather than the actual physical representation.

Address and Data Bus : The address bus is répresen—
ted by the signal A15 through Agf Address bus is active
high and tri-state. When I1/0 devices are addressed the lower
byte of address bus is used.
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Figure %.2.3 The Pinouts of 2-80 Microprocessor

The data bus signals D7—D¢ are also tri-state active
high signals. The data bus is bidirectional permitting data
to be transferred to CPU registers or from then,

Bus Control Signals : There are two signals related

to bus control, one is input, BUSEKQ,

and the other is BUSAK,

BUSRQ is an active low signal that is generated by an exter-.
nal dev1ce to gain control of the CPU buses. The CFU reSponds
wlth acknowledge 51gnal EUSAK,

Memory Signals @

‘with memory operation :

There -are four 51gnals associated
MEMRQ, RD , WR. and RFSH. The first

- MEMRQ, Memory Request, is a tri-state active low signal
dindicating that the address bus holds a valid memory address,
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The RD and WR signals are tri-state active low outputs to
external memory indicating whether the memory operation is
to be a read or write. The RFSH signal is not directly re-
lated to normal memory operation. It is used only when dyn-
amic memories are used as external memories.

Input/Qutput Signals : Signal IORQ is a tri-state
active low signal which indicates that the least significant
eight bits of address bus holds a valid I/0 address. Signals
RD and WR must then be used to determine whether the I/0
operation is to be an‘I/O read or I/0 write.

Other CPU Signels : The ML signal is an active low
signal indicating that the CPU is in instruction fetch cycle.
The RESET signal is en active low input signal that is used
as a master CPU reset. This signal would be brought low im-
mediately after power up, or at any time when the micro-
computer system is to be reset.

The WAILT signal is a signal associated with slow
memories or I/0 devices. As long as the WAIT signal is low
the CPU will "mark time", doing nothing while the externsal
memory br I/0 device responds to a previous memory or 1I/0
request. ' .

Interrupt Related Signals : The remaining logic sig-
nals are related to interrupt control signels. Signal NMI is
a negative edge triggered input that specifies a non-mas-
kable interrupt is to be performed. The CPU transfers con-
trol to the address ¢¢56 H,

The main interrupt signal INT is en active low input
signal that 1s supplied by external devices to cause an
interrupt. The interrupt signel will be recognized by the
CPU, if the interrupt flip-flop in CPU is set and if the

ROGATIC! TINIVERCITECE KIITITOU A HECH
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BUSRQ is not active. If these conditions are met, the CPU
accepts the interrupt and acknowledges the interrupt by

sending out an IORQ during the fetch (Ml) time of the next
"instruction. | o ' '

Z2-80 Timing : All instructions in the Z-80 may be
broken into a set .of basic cycles. There are two kinds of
cycles the most basic being a clock cycle or T cycle. The
T cycles are used to control operations within a longer cycle
called the machine cycle or M cycle. Every instruction exec-
uted within the Z2-80 consists of from one to six mechine
cycles{ u

Machine Cycles :

1. Op-code fetch cycle (Ml cycle).

2. Memory data read or write cycle.

3, I/0 read and write cycles.

4, Bus réquest and ascknowledge cycle.

5. Interrupt request/acknowledge cycle.

6. Non-maskable Interrupt request/acknoWledge cycle.
7., Exit from a HALT instruction.

3.3, Progfammable Peripheral Interface (PPI)

The function of 8255 PPI is that of a general pur-‘
pose I/0 component to interface peripheral equipment to the
microcomputer system bus. The functional configuration of
the 8255 is programmed by the system software so that nor-
melly no external logic is neceséary to interface periphe-
ral devices or structures,

Figure 3%.3.1 shows.data bus buffer and read write
control functions of 8255.
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Data_Bus Buffer : This tri-state bidirectional 8-bit
buffer is used to interface the 8255 to the systefn data bus.
Data is transmitted or received by' the buffer upon execution
of input or output instructions by the CPU,

POWER  ==—=—5V
BUFPLIES =y

[ Group
A
CONTROL

BIDR-CTIUNAL
DATA ,
Bus DATA |, N
np=0y <) s KO /)
INTERNAL ‘
DATA BUS GROUP . 1/0
| — C:}ca_p%
Lowe g ! :
READ

RD WRITE
—9 CONTROL,
WR ~——oi LOGIC

GROUP | , - \
e S I — Cﬂ GROUP :%1 /0
RESET w0 .
L

B
PORT i 7770
B

CS &

Figure 3.3.1 Read, Write and Control Logic of 8255,

Read, Write and Control Logic : The function of this
block is to manage all of the internal and external transfers
of both data and control or status word.

Group A and Group B Controls : The functional config-
uration of each port is programmed by the system software.
" In essence the CPU outputs a control word to the 8255.
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The control word contains information such as "mode",

"bit set", etec. that 1n1t1a11zes the functlonal configura-
tion of the 8255,

Each of the control blocks (Group A and Group B)
accepts commands from the read write control logic, recei-
ves "control words" from the internal data bus, and issues
the proper commands to its associated ports. The Control
Word Register can only be written into. No read operation
of the Control Word Register is allowed.

Ports A,B and C_: The 8255 contains three 8-bit
ports.: A,B and C. All can be configured in a wide variety
of functional characteristics by "the system software", but
each has its own special features or "personality" to . .
further enhance the power and flexibility of 8255,

PORT A; One 8-bit data input/output latch/buffer
‘and one 8-bit data input buffer.

PORT B: One 8-bit data input/output latch/buffer
and one 8-bit data input buffer.

‘'PORT C: One 8-bit data output letch/buffer and one
8-bit data input buffer. This port can be divided into two
4#-bit ports under the mode control. '

3,3,1. 8255 PPI Operational Description

Mode Selection : There are three basic operatlon
-mode that can be selected by the system software:

Mode £ Basic input/output
Mode 1 Strobed input/output
Mode 2 Bi-directional bus
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When 8255 PPI is resetted all ports will be set to
the input mode. |

After the reset is removed, the 8255 can be remain
in this mode with no additional initiaslization required.
During the system program any other modes may be selected
using a single output instruction. This allows a single 8255

to service a variety of peripheral devices with a simple
software maintenance routine.

The modes for port A and port B can be separately
defined, while port C is divided into two portions as requ-
‘ired by the port A and port B definitions. Modes may be com-
bined so that their functional definitions can be "tailored"
to almost any I/0 structure.

3.3.2. Operating Modes

As mentioned above, it has three operation modes.
The basic input/outpit mode (Mode @) is used in this thesis
so, only this mode will be examined in detail.

- Mode @ : This functional configuration provides
simple input and output operations for each of the three
ports no "hand shaking" is required, data is simply written
to or read from a specified port. '

Mode @ Basic Functional Definitions :

a. Two 8-bit. ports and two 4-bit ports.

b.‘ Any port can be input or output.

c. Outputs are latched.

d. Inputs are not latched.

e. 16 different Input/Output configurations are
possible in this mode.
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Table 3.1 shows mode # port definitions.

) s GROULP A GROUP B
PORTC PORTC

O | P3| Dy 0o} PORTA | ppem | = [ "ORT8 |\ owens

o 0 0 0 | OUTPUT | OUTPUT ; © | OUTPUT | OuTPRT

0 o ] 1 OUTPUT | OUTPUT 1 OUTPUT | INPUT

0 0 1 0 | OUTPUT | OuTPuUT | 2 | INPUT OuUTPUT

0 0 1 1 { outpPuT | outPuT | 3 [ INPUT INPUT

0 [ 0 | 6 | outPuT | INPUT 4 | OUTPUT | OuTPUT

© 1 0 1 | OUTPUT | INPUT § | OUTPUT | INPUT

[ 1 1 O | OUTPUT | INPUT 6 | INPUT QuTPUT

0 1 1 1 | outeut | inpuT 7 | INPUT . | 3%POT

1 0 0 .0 INPUT QUTPUT 8 OUTPUT | OUTPUT _

1 0 0 1| INPUT OUTPUT | § | DUTPUT | INPUT  _

1 0 1 0 |INPUT OUTPUT ; 10 | INPUY OUTPUT

1 0 T % 1 INPUT OUTPUT | 11 | INPUT INPUT

1 |1 0 i 0 | INPUT INPUT 12 | outeuT | outPuT

1 1 0 t | ineur INPUT 13 | outPuT | NPT :
1 1 [ 0 | INPUT INPUT 14 | ineuT OUTPUT
NN N 15 | iNeUT INPUT

Table 3.1 Mode @ Port Definitions.

3.4, A/D Conversion

Signals which may assume any value in a continuous
range are called analog signals. When analog signals must
be processed there is often a great advantage in converting
the signal to digital form so that the processing can be
done digitally.

At the input of a digitel processing system, the
overall process of converting an analog signal to a digitel
form includes a sequence of four individual processes calledj
sampling, holding, quantizing and encoding. These proces-
ses are not necessarily performed as separate operations,
Generally sempling and holding are done simultaneously in
a type of circuit referred to as a Sample and Hold circuits
‘while quantizing and encoding are done simultaneously in a
eircuit referred to as an A/D converter.
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Interfacing an A/D}converter to microcomputer bus
is shown in Figure 3.4.1.

| —

AN _ AflD P PI DATA BUS

INPUT CONYVERTOR

ADDRESS BUS

. .

CONTROL BUS

Figure 3.4.1 Interfacing en A/D Converter to Microcom-
puter Buses.

During a read cycle the address on the address bus
is decoded and if the PPI is enabled by the correct address
the data from A/D converter is presentéd to the data bus.
During the write cycle the address bus is decoded. If the
address is valid than the converter is strobed to initiate
conversion, .

The time interval between the write and read cycles
is & function of conversion time for the particular conver-
ter used. If the time peribd is short, it will probably
be acceptasble to HALT or INHIBIT further system operations
until the conversion is ¢omp1ete.'If the conversion time
is long it may be preferrable to carry out other ope:ations
while conversion is in progress and INTERRUPT when conver-
sion is complete. Most A/D converters have a busy output,
‘sometimes called EOC (End of Conversion.) which can be used
to generate interrupts. '
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Another problem that must be considered is the effect
- of analog signal changes during the conversion cycle which
can cause gross errors. This can be sdlved by using a sample
and hold amplifier to hold the signal constant during con-

version, necessitating further circutry to produce further
pulses for this device.

One solution to the sbove problem is to use speci-
fically designed analogue input peripherals, This directly
interfaces to the microprocessor bus system and contains
all components necessary to read analogue changes into a
microprocessor based éystem. '

3.4,1, ADC(0801), 8-Bit WP Compatible A/D Converter

ADC 0801 is a CMOS 8-bit successive approximation
A/D converter which use a differential potentiometric ladder
similar to the 256 products.

A Differential analog voltage input allows increasing
the common mode rejection and offsetting the analog zero
input voltage value. In addition, the voltage reference
input can be adiusted to allow encoding any smaller analogue
voltage span to the eight bits of resolution.

Specifications :

a. 8-bit resolution

b. Total error - 1/4 LSB

¢c. Conversion time 100 mSec.
d. Access time 135 nSec.

Functional Description : The ADC 0801 combines a
circuit equivalent of the 256 R network. Analog switches
are sequenced by successive approximation logic. The block
diagram of ADC 0801 is shown in Figure 3.4,2.
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Figure 3.4.2 The Block Diagram of ADC 0801

The most significant bit is tested first and after
eight comparisons a digital 8-bit binary code is transferred
to an'output‘latch and! than an interrupt is asserted. A
conversion in progress can be interrupted by issuing a second
start command. The device may be operated in the free running
mode by connecting 1NIR to the WR input with CS 0. To in-
sure start-up under all possible conditions, an external
write pulse is required during the first power up cycle.

A On the high to low transition of the WR input the
internal SAR latches and the shift register stages are reset.
As long as the CS input and WR input remain low the A/D is



34

resetted. Conversion will start from 1 to 8 clock periods

after at least one of these inputs makes a low-to-high
transition. - '

The converter is started by having CS and WR simul-
taneously low. This sets the start flip-flop (F/F) and
the resulting "1" level resets the 8-bit shift register;

resets the interrupt F/F and inputs a "1" to the D flip-
flop.

Internal clock signals then transfer this "1" to
the Q output of F/F 1. Then AND gate ,Gl, combines this
"1" output with a clock signal to provide a reset signal to
the start F/F. If the set signal is no longer present (either
WR or CS is a "1" ) the start F/F is reset and the 8-bit
shift register then can have the "1" clocked in, which
starts the conversion process. If the set signai were to
still be'present, this reset pulse would have no effect and
the 8-bit shift register would continue to be held in the
reset mode. This logic therefore allows for wide CS and
WR signals and the converter will start after at least omne
of these signals return high and the internal clocks agesin
provide a reset signal for the start F/F.

After the "1" is clocked through the .8-bit shift
register, it appears as the input to the D type latch,
LATCH 1. As soon as this "1" is output from the shift re-
gister, the AND gate G2, causes the new digital word to
transfer to fhe tri-state output latches. When LATCH 1
is subsequently ensbled, the Q output makes a high-to-low
transition which causes the interrupt flip-flop to set. An
inverting buffer then supplies the INT output signal.

This SiT control of the INTR F/F remains low for
eight of the external clock periods (as the internal clocks
runs at 1/8 of the frequency of the external clock periods).
'If the data output is continuously enabled (5§‘and ﬁﬁ both
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held low), the INTR output will still signal the end of
conversion, because the set input cen control the Q output

of the INTR F/F eventhough the-RESET input is constantly

at a "1" level in this opefating mode. This interrupt out-

- put -will therefore stay low for the duration of the SET
signal, which is eight periods of the external clock frequency
(assuming the A/D is not started in this interval).

When operating in the free running'or continuous
conversion mode, the START F/F is SET by the high-to-low
transition of the INTR signal., This resets the SHIFT

REGISTER which causes the input to the D type latch, LATCH 1
to go low. As the latch enable input is still present, the
Q output will go low which then allows the INIR F/F to be
RESET, This reduces the width of the resulting INIR output
pulse to only a few propogations delay. '

When data is to be read the combination of both CS
and RD being low will cause the INTR F/F to be reset and the
tri-state output latches will be enabled to provide the
8-bit digital outputs. '

3.5, BSemiconductor Memories

A1l digital computer systems require facilities for
storing information. The information so stored may consists
of the numbers to be used in a computation, intermediate
computational résults, instructions which will direct a com-
putation or all three. That part of a digital processor
which provide this facility is called memory.

Semicbnductor memories are used for both program
and data storage. Program storage devices hold the instruc-
tions, that direct the operation of a microprocessor based
system; data storare devices store the actual bits of
information to be manipulated. The major distinction between
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the types of memory used for these respective purposes is
that program storage devices must be non-volatile, that is
capaeble of retaining their contents without a steady power
supply, while volatile memories used for data storage lose
their contents when power is removed.

Non-volatile program storage is needed 'in microcom-
puter systems to make the program firmware. Virtually all
microprocessor based products use some type of non-volatile
read-only memory to store all basic programs. The different

types of read—only—memory dev1ces are ROMs, PROMs, EPROMs
and EEPROMs,

The monitor program storage device in this +thesis
is an EPROM, Erasable Programmable Read Only Memory. EPROMs -
can be programmed by the designer or user as often as
desired. They are programmed electrically and can be erased
for reprogramming by exposing the chip to special ultra-
violet light through a window in the EPROM package. The elec-
trical programming operation traps electrical charges\in the
bit storage cells selected by addressing word locations on
the chip. Intense ultraviolet light dissipates these charges.
Between erasures, the EFROM is non-volatile and can retaln
data for many years without being powered.

Erasable FPROMs or EPROMs add considerable flexibi-
1ity to the programming stage. The only drawback to EFROM
is that they must be removed from the equipment to be re-
programmed. Despite this inconvenience, EPROM s are today
the most popular program storage memory devices.

The EFROM used in this thesis is a 2Kx8 bit EPROM
which is named 2716. The reset vector of Z—BO.microproces¥
sor, that is to say, the address on the address bus when the
‘system is resetted, is @@PPH. Due to this fact the monitor
- program has to be exist at the beginning of memory map. The
EPROM ig located between the addresses Z@PPZH to B7FFH in
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this system,

The 2716 is a word addressable 16384 bit EPROM, It
is a silicon gate N-Channel MOS device. Some important fea- -
tures of 2716 can be stated as follows:

a. Single 10 % 5V Power Supply.

b. Autometic Power Down Mode (Standby).

¢c. Organized as 2048 Bytes of 8 bits.

d. Low power dissipation, 555 mW max. active power.
e. TIL compatible during read and progrém;

f. Maximum Access Time 450 nS.

Data storage devices on the other hand must be capab-
le of writing data into storage as well as reading it out.
This is due to the fact that stored data is constantly being
changed. Random access memories, called RAMs, are used for
this purfose due to their read/write property. However, se-
miconductor RAlMs are volatile requiring steady power supply
for keeping their contents.

RAMs can be classified into two major groups, Dyna-
mic RAls and Static RAMs. In dynamic RAMs a stored charge
switches a transistor either on or off, storing the infor-
mation. Since the charge eventually leaks off, the cell
needs to be refreshed at regular intervals hence, the
“term dynamic memory comes oﬁt, peripheral circuitry senses
the data and re-writes it into the cell. The resulting inc-
rease in density and reduction in power make dynamic RAMs
.very popular.

On the other hand Static RAMs require no refreshing
for keeping their contents. But static memory cells have
two main drawbacks : Relatively large size and high power
consumption, both critical parameters for high;density memo-~
ries. Non-requirement of additional hardware for refreshing
and suitable organizations meke ussble static RAMs for small
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microprocessor based systenms.

The RAM used in this thesis work is a 2Kx8 bit sta-
tic RAM which is called 6116.

This is a High Speed CMOS device consisting of

2048x8 bit cells. Important features of 6116-3 RAM are as
foliows:

a. Single 5V supply.
b. Access time : 150 nS.
c. Standby power dissipation : 100 miW.
Operation power dissipation : 180 mW (typical).
d. All inputs and outputs are TTL compatible.
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CHAPTER IV

INSTRUMENTATION AMPLIFIER

An instrumentation amplifier is a commited “gain\
block" that measures the difference between the voltages
existing at its two input terminals, amplifieées it by a pre-
cisely set gain and causes the result to appear)between a
pair of terminals in the output circuit. Referring to Figure
4.1 , '

Vg - V= G(V+— V'), in which VS Sense or butput
voltage, V, Reference voltage, G Gain, (vi- vO) is the
differential input voltage.
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. Lant {LOAD RETURN)
EXTERNAL GAIN SETTING RESISTOR OR .
RESISTORPAIR.

Figure 4.1 Basic Instrumentation Amplifier Functional
Diagram.

: An ideal instrumentation amplifier responds only
to the difference between the input voltages. If the input
voltages are equal (V= V = VCM, the common mode voltage),
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the output of the ideal instrumentation amplifier will be
ZEero. ’

An amplifier circuit which is optimized for perfor-
mance as an instrumentation amplifier gain block has high
input impedance, low offset and drift, low non linearity,
stable gain, low effective output impedance. It is commdnly
used for spplications which capitalize on these advantages.
Examples : Transducer amplification for thermocouples, .
strain gage bridges, current shunts and biologibal probes.

4,1, Instrumentation Amplifier Architecture

. Classic 3-OpAmp instrumentation amplifier circuit
is shown in Figure 4.l.1.

A AN e AAA BENSE
{EXTERNAL

CONNECTION)
Vour

B e e )

(Ry/My = Ry'M,°)

O REFERENCE

{EXTERNAL
CONNECTION)

Figure 4.1.1 3-Op Amp Instrumentation Amplifier .

The Op Amps are used extremely in instrumentation
smplifiers as building blocks. Al and A2 are input Op Amps,
they give high input impedance. RG is used to control ﬁhe
gain. But the galntls adjusted by the ratio of R3/R2

~ structurally.
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Hence,

3 2Ry | |
Vout= < +9 AV (4.1.1)
Ry

4.2. Instrumentation Amplifier Specifications

Gain : These specifications refer to the linear
transfer function of the device. For example, for the above
circuit from equation 4.1.1.

£ 1
A= — = 2 ( +1> (#.2.1)
. R .

is the gain of the circuitry. There are some limitatiomns
on the gain of instrumentation amplifier due to noise and
drift. '

Equation Error : This gives the deviation from the
gain eQuation when the resistors at nominal values. This can
be compensated by using trimmers for R, and R5' However,
systems using microprocessors (or computers) can be made
self calibrating to take into account lumped gain errors
of all the stages in the analog portion of the system from
transducer to A/D converter. '

Nonlinearity : Nonlinearity is defined as the de-
&iation from a sfraight line on the plot of output vs. input.
The magnitude of linearity error is the maximum deviation
from a "best straight line” with the output, swinging
“through its full scale range. Nonlinearity is usually spe-

" cified in percent of full scale output range.
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Gain Versus Temperature : These numbers give the

deviations from the gain equation as a function of temp-
erature. i

Settling Time : It is defined as that legth of time
required for the output voltage to approach and remain within
a certain () tolerance of its final value. It is usually
specified for a fast step that will drive the output through
its full scale range and it includes slew rate. Factors
contributing to the setling time are slew rate iimiting,
underdamping and thermal gradients.

Offset voltage : Offset voltage and common mode
rejection specifications are often considered the key speci-
fications of instrumentation amplifiers. While initial off-
set can be ad usted to zero, shifts in offset voltage with
time and temperature introduce errors. Systems that involves
microprocessors can correct for offset errors in the whole
measurement chain.

Offset voltage and offset drift are functions of
gain. The offset, measured at the output is equal to a con-
stant plus a term proportional to gain.

Input Bias and offset currents : Input bias currents
are those currents needed to bias the input trensistors of
a dc amplifier or to supply the function leakage of FETs,
FET input devices have lower input bias currents than those
using bipolar transistors but FiT leakage currents increase
drematically with temperature spproximately doubling every
11°C. Since bias currents can be considered as a source of
offset voltage (when multiplied by source resistance); the
change in bias currents is of more concern than the magni-
tude of bias current. Input offset current is the difference
‘between the two bias currents.
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Although instrumentation amplifiers have differen-
‘tial inputs there must be a return path for the bias
currents. If it is not provided those currents will charge
stray capacitances, causing the output to drift uncontrol-
lably or to saturate. Therefore, when amplifying outputs of
floating sources, such as transformers and thermocouples as
well as ac coupled sources, there must still be a dc return
path is impractical an isolator should be used.

Common Mode Rejection (CMR): It is a measure of the
change in output voltage when both inputs are changed by
equal smounts. CMR is usually specified for a full range
common mode voltage changé at. a given frequency and a speci-
fied imbalance of source impedance. CMR is a logarithmic ex-
pression of the common mode rejection ratio, (CMRR), CMR 20
log (CMRR), The common mode rejection ratio is defined as the
ratio of the difference signal gain to the gain of common:
mode signal. In most instrumentation amplifiers the CMR
increases with gain, because the front-end configuration
doesn't amplify common mode signals, and the amount of common
mode signal appearing at the output stays relatively con-
stant as the signal gain (G) increases. However, at higher
gains amplifier bandwidth decreases. Since defferences in
phase shift through the differential input stage will show-
up as common mode errors, CMR becomes more frequency depen-
dant at higher gains.

4,%, The Bridge and Instrumentation Amplifier Uséed in This
Thesis

Bridges are the most popular examples of balanced
networks. The concept of symmetry is inherently used in
bringing & network to a balanced form. To show this idea
let's look at the Wheatstone Bridge shown in Figure 4.3.1.
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Figure 4;3.1 ' The Wheatstone Bridge Circuit.

At balence, that is to say when no current flowing
through the meesuring device: '

1,2,z Ip2; - (4.3.1)

2: 12Z1 (4.372)

By dividing 4.3.1 by 4.3.2,

T _
=z 0 BT Rt (4.3.3)

By teking Z2_ Z,= 25: R and Zl_ RX

( - R-——-) YV | | (»4.‘3'.4)
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In this thesis a Wheatstone Bridge is used for gene-
rating a difference signal resulting from the temperature
change in the liquid tank. The bridge is so designed that
it will be in balance at 25°C The variable resistance is
an RTD , PT100 probe. It is of resistance dependant on
temperature. Its resistance versus temperature characteris
tics is given as a table in Appendix. |

In the circuit the temperature dependant resistance
prome is connected such that, the connecting wires will
contribute nothing. This connection is an industrial stand-
art connection. It provides one connection to one end and ,
two to one other end of the sensor. By this configuration
compensation is achieved for lead resistance and temperature
change in lead resistance., This is the most commonly used
configuration. |

The RTD, PT 100 : It is a temperature sensing trans-
ducer. It is made up of platinum wire and it operates on the
~principals of chénge in electrical resistance of platinum
wire as a function of temperature.

Of all usable metals, platinum meets best the requi-~
rements of thermometry. It can be highly refined. It resists
contamination and it is mechanically and electrically stable.
The relation between the temperature and resistance is quite
linear. Drift and errors with age and use are negligible,
Platinum resistance is used for temperature measurement in
the range-220 to 600°C (stendard). The maximum temperature
is determined by the type of insulation material used
to inclose the platinum winding.

The Sensing Element: The heart of the platinum res-
jstance thermometer is the sensing element, made up of high
purity platinum wire wound upon & ceramic core. Its resis-
| tance is 100.0 at 0°c.



Response times: 50% Response is the time the tem-
perature sensing element needs in order to reach 50% .of its

steady state value, in & similar manner 90% response time is
defined.

‘ Mesurement current and self heating: Tempersture
measurement is carried out almost exclusively with direct
current. The permissible measurement currents are determined
by the locaetion of the element snd the medium which is to be
measured. The self heating error for the PT100 used in this
thesis is 0.12 in °C/mW for flowihg gir, V=1 m/s and 0.20
°C/mW for still air.

The temperature measurement error, T(OC) can be cal-
culsted from, )

T=P x B . . (4-3.5)

In which, S is the measurement error for the element in %
per miliwatt. With a given value of measuring current, I,
the power can be calculated from P I°,R , where, R is the
corresponding resistance value. '

In this thesis the voltage applied to the bridge is
tried to be held as low as possible. It is 1V. Hence, the
self heating measurement error at 25°C

T=P x S ‘
1 2

1==12.R=< ' > x 109.7 = 2.27 mM
) 2x109.7

pe=2.27 m¥ at 25°C

At 899C which is the maximum temperature handled by
this system, ’
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2

1
P = ) x.134.3=2.24 uM
(109.7 134,37 | |

S is given 0,12°C/mW
P=2,25%x0.12 ==O.27°C which is an acceptable error.

The complete schematic diagram of the bridge and
instrumental amplifier is given in Figure be3.1

Figure 4.5.1 The Circuit Diagram of the Bridge and
Instrumentation Amplifier

The instrumentation amplifier consists of three
Op Amps. Two input Op Amps giVes high input impedance and
high CMRR as FED input Op Amps. System offset voltage is
adjusted by R.

Amplifier gain is,

R 2R ‘
2
A= > ( +1> - (4:3.6)
R R, \
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The meximum difference signal is obtained at 89 °C.

1 109.7
vV ={. -—
( 2 134,3  109.7

'x1= 50.4 mV

This difference signal should be S5V at the output of

instrumentstion amplifier for A/D conversion. Hence; fhe
gaein ’ '

Vout | . > :
A= = —3 = 99.2
vy . 50,4x10

This value of gain is set by R, in the circuit. The
instrumentation amplifier output is coupled to.-the A/D

converter resistively by & 1K resistor in computer board.
In this circuit ;.

R= 109.73 which equals the resistance of PT100 at
25 °c,
R = 1.5 , Rg=4.7K , Ry=47K , R)=10K



49

CHAPTER V

DIGITAL FIRING ANGLE CONTROL

5.1. Circuit Operation

This circuit is used for supplying a triac by firing
pulses synchronised with the mains. The firing angle is
determined by an 8-bit control input.

A phase cohefent‘control waveform is generated inter-
nally by a voltage controlled oscillator which is preciéely
synchronized with a multiple of thq line frequency by a
- phase locked loop. Therefore the operation of the trigger
- circuit is free from waveform distortion and transients, usu-
ally.found on industrial supply lines. The phase locked loop
can be designed to have é'fast response in order to minimize
disturbances during supply frequency transients at start up.

5.2. Basic Phase Locked Loop Operation

Figure 5.2.1 shows the basic blocks of a phase lock-

ed loop. The input signal e; is a sinusoidal of arbitrary

frequency, while the voltage controlled oscillator signal s

is an sinusoidal of the same frequency as the input, but of
arbitrary phase. If,

e; = \[2 ;. Sin<W°t+ el(t)> (5.2.1)

e, = \2 E,. Sin@'otvr eg(t)> - (5.2.2)

The output of the multiplier (phase detector) is,
e, = egeey = 2E.Eg Sin (8(8) - 8y(8))

4 Sin <2wot+ 6,(t) + 6,(8)) (5.2.3)
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e: ed
—3——1 PHASE > FILTER
DEDECTOR F(s)
,eo : er

V.C.0

Figure 5.2.1 Basic Blocks of PLL

The amount of phase error resulting from a given
fre ency shift can be found by knowing the "dc" loop gain

of the system . Considering the phase detector to have a
transfer function,

E, = K (6, —6,) (5.2.4)

and the voltage controlled oscillstor to have a transfer
function,

62 : ’ KO' ef (5-2.5)

By teking Laplace transform of 5.2.5.,
K .es ‘

S

_ (5.2.6)
62'(8) = ,

The phase of the ViC.0 output will be proportinal
'to the integral of the contrcl voltage Combining these
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equations,
6,(8) K K F(S) |
8, (8) ) S+ K K F(S) | (5.2.7)

Now lets consider the ac performance which is gover-
ned by the components of the loof filter placed between
the phase detector and the V.C.O0. In fact, it is this loop
filter that mekes the phase locked loop so powerful. Only
a resistor and capacitor are all that is needed to prqduce
an arbitrarily narrow bandwidth at any selected center
frequency. One of the simpleét filters is an RC network.

er | 1l
— = ‘ ‘ (5.2.8)
e3 1+ SRlcl
62(8) ' KO.KDﬁzl
T2 (5.2.9)
61(5) | S + S/z1-+ KOKD/'zl
tl = Rlcl

in which Rland C1 are the components of the filter.

In terms of servo theory, the damping factor and
‘natural frequencies arej

(5.2.10)

(5.2.11)
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The demping factor is ;

ot 1 KOKD wn‘zé
- Z-+ ‘ = el e
j 2<2 KK> (521?)

o'kp NG+ 0Ts 2
Phase : _—
e. Dedect.} e - —L 3
i d C
A VY1
°o T

V.C.0

Figure 5.2.2 RC Filter with Damping Resistor.

5.3, Description of the Circuit

The block diagram of the circuit is shown in Fig-
ure 5.3.1. The principal waveforms are shown in Figure
5.%.2. A transformer and & comparator are used for shaping
the sinusoidal line waveform. The comparator converts the
ac input voltage to & square wave which is used to synch-
ronize the phase locked loop frequency synthesizer. This
consists of CMOS phase locked loop element 4046 with its
own voltage controlled oscillator and a nine bit counter.

“Thé loop filter is selected in order to obtain a typé 2
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PLL which produces a phase coherent output relative to the
input. The square wave of the second input of the phase de- -
tector has the same frequencyhas the synchronizing signal

at the output of the comparator and the two signais are
phase coherent.

w3 Do et —

"To Amplifier

8-BIT
£0n?R0L  1uUuT

To Amplifier

Figure 5.3.2 The Block Diagram of Digital Angle
Control System.

AC

Input
cltage |

Comperator 4

Output I
“Content af 255 255 ,
8-Bit
Counter | .. /], -----
0 .

Digital 1

Coelerator|
Qutput . I I l I

Figure 5.3.3 The Principal WVaveforms

‘The content of the nine-bit counter is effectively
a llnear digital ramp synchronlzed in phase and frequency
with the ac input voltage. At the beginning of each cycle
(0°), the counter content is zero and it is ipcremgpted by
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the 25.6 kHz. Signal from the V.C.0 is divided by 9-hit
counter to attain 511 at the end of the cycle (360°).

The desired deley angle is provided by the digital
comparator which detects coincedence of the 8-bit counters
content with the digital control input. Hence, the delay
angle is directly proportional to the control input and
can be varied from 0° to 180° by steps ofk1800/256 0.7°.

The comparator output is fed to the pulse distribu-
ting circuit which transmits triggering pulses from an
oscillator to appropriate pulses.

" 5.4, Trigger Pulse Shaping

So far we have obtained the comparator output
AlDed with pulses generated by a pulse generator. A triac
has four operation modes :

It 3 A2(+) , G(+), positive voltage and positive gate
current.

I- 5 A2(+),,.GC—), positive voltage and negative gate
current.

IIIY A2(-) , G(+), négative voltage and positive gate
current.

IIT A2(-) » G(-), negative voltage and negative gate

-e

current.

Present'triacs are most sensitive in modes I and
III . Slightly less so in mode I , and much less sensitive
in mode III . Therefore III mode is not recommended to be

nsed.

Due -to this fact, in this Qircuit, comparator output
pulses for negative and positive cycles are taken apart and

' shaped independently.
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Figure 5.3.3 shows the generation sequence of firing‘
pulses to the triac. As it is mentioned above the comparator
output is ANDed with a pulse generator which haa a higher
frequency than the comparator output. The ANDed comparator
signal is then ANDed once with a 50 Hz square wave synchroni-
zed with the mains and once with inverted 50 Hz. So, the fi-
ring pulses for positive and negative half cycles are genera-
ted separately.

These firing pulses must be applied to the same

- point, the gate of the triac. So, they have to be combined
before applied to the gate. Before summing these signals,
polarity invertion must be done for negative half cycles.
This is accomplished by ﬁsing a 741 Op Amp as an inverter.
Another 741 is used as a buffer. Combination of these
signals are achieved by a summer circuit. The complete
circuit diagram of Digital Firing Angle Control System is
in Figure 5.3.4.

Summed firing pulses can be coupled to the gate of
the triac by some means, by pulse transformers, by opto-
couplers etc. For safety operation high voltage circuit and
the main control circuit has to be isolated from each other.



Pulse Generator
Output

Comperator
Output

50 Hz Main
Synchron Pulse

Pulses for
Positive cycile
Triggering

50 Hz Main
Synchron Pulse
(Inverted)

~Pulses for
Negative cycle
Triggering

Summer Amplifier
Output

Figure .

|

A

I

I
Ao

AL

! O

i [

A

R

>

[1]]

il

I

5.3.3, Genaratien Squence ef Firing Pulses.
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Figure 4,3.4 The Circuit Diagram of the Firing Angle
Control System
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CHAPTER VI

DISCUSSION

The realised system operated satisfactorily, but
some limitations which stemmed from the fact that the system
~ uses 8-bit data for all the computations and control from
A/D converter to Digitel Firing Angle Control. The maximum
decimal data that can be represented by a byte is 255. This
limits the temperature range and power control. Of course,
this range could be widened by extra hardware and software
- but this was unnecessary for this system.

The temperature control range is from 259C to 89°C.
This limitation comes from the above fact. The difference
between limits is 64°C. Hence the temperature is controlled
with 0.25°C steps.

The maximuﬁ and minimum slopes of temperature versus
time diagram are also limited due to 8-bit operation. The
lower limit is 5.8x10°2 °C/min and the upper limit is

15°C/min.

Of course, these limits also depend on the power of
the heater in the tank. In the system realized only one
heater of 600 W power was used. If this heater is divided
into two 300 W heaters, then power control range would be

extended.

Due to the dynamics of water in the tank, the samp-
ling period should be as 200 mS as long. As it decreases the
éontrol applied to the system approaches to on-off control..
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In this thesis a hardware based display unit is
used. This could be a software based one which is scanned
at some frequency, but this would be lessen the control

capability of the microcomputer. Due to this reason the
former way is adopted.

[}
PR

Tor the microcomputer system a double sided PCB
was designed which caused some difficulty in its menufac-
ture at the university workshop. However, the complexity

of the circuit necessitate this, a single sided YCB could
not be used.
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CHAPTER VII

CONCLUSION

The complete hardware and firmware of a microcom—
puter based system controlling ac power is realised in the
work described in this thesis., The microcomputer is designed
such that it is very easy to adapt it to‘any other indus. -
trial process control. The instrumentation amplifier and
digital phase angle control circuits can also be used
freely in other applications.

The..question whether the approach used in this
thesis is an optimum one or not might be raised. If only
a coarse control of power is required, then the system
described is too sophisticated and expensive. There are
many simpler and less expensive approaches. However, if a
precise control is required for delicate processes a system
like the one described is necessary. Considering the control
accuracy that it provides, its cost (which is not forbide -
dingly high) is justified.



Ohm
1041
10.81
11.20
11.60
11.99
12.39
12.78
132.18
13.57
13.97
14.36
14.78
15.19
15.61
16.03
16.45
16.86
17.28
17.70
18.11
18.53
18.96
19.38
19.81
20.23
20.66
21.08
21.51
21.93
22.36
22.78
23.21
23.63
24.06
24.49
2492

25.34,

25.77
26.20
26.62
27.05
27.47
27.90
28.32
28.74
29.17
29.59
30.01
30.43
30.86
31.28
31.70
3212
32.54
32,96
33.38
33.80
34.22
34.64
35.06

Diff.

0.40
0.39
0.40
0.39
0.40
0.39
0.40
0.39
0.40
0.39
0.42
0.41
0.42
0.42
0.42
0.41
0.42
0.42
041
0.42
0.43
0.42
0.43
0.42
0.43
0.42
043
0.42
0.43
0.42
0.43
0.42
0.43
0.43

043

0.42
0.43
0.43
0.42
0.43
0.42
0.43
0.42
0.42
0.43
0.42
0.42
0.42
0.43
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42
0.42

TEMPERATURE VERSUS RESISTANCE TABLE OF PT. 100

°c
=160
159
158
157
156
155
154
153
152
151
150
149
148
147
146
145
144
143
142
141
140
139
138
137
136
135
134
133
132
131
130
129
128
127
126
125
124
123
122
121
120
119
118
17
116
115
114
13
112
m
110
109
108
107
106
105
104
103
102

101

Ohm
35.48
35.90
36.31
36.73
37.15
37.57
37.98
38.40
38.82
39.23
39.65
40.07
40.48
40.90
41.31
41.73
42.14
42.56
4297
43.39
43.80
44.21
44,63
45.04
45.45
45.87
46.28
46.69
47.10
47.52
47.93
48.34
48.75
49.16
49,57
49,99
50.40
50.81
51.22
51.63
52.04
52.45
52.86
53.27
53.68
54.09
54.49
54.90
55.31
55.72
56.13
56.54
56.94
57.35
57.76
58.17
58.57
58.98
58.39
59.79

Diff,
0.42
0.42
0.41
0.42
0.42
042
0.41
0.42
0.42
0.41
0.42
0.42
0.41
0.42
0.41
0.42
0.41
0.42
0.41
0.42
0.41
041
0.42
0.41
041
0.42
0.41
0.41
041’
0.42
0.41
0.41
0.41
041
0.41
0.42
0.41
0.41
0417
0.41
0.41
0.41
0.41
0.41
0.41
0.41
0.40
0.41
041
0.41
0.41
0.41
0.40
0.41
0.41
0.41
0.40
0.41
0.41
0.40

APPENDIX A,

Ohm
60.20
60.61
61.01
61.42
61.82
62.23
62.63
63.04
63.44
63.85
64.25
64.65
65.06

165.46

65.86

"166.27

66.67
67.07
67.47
67.88
68.28
68.68
69.08
69.48
69.88
70.29
70.69
71.09
71.49
71.88
72.29
72.69
73.09
73.49
73.89
74.29

174.68

75.08
75.48
75.88
76.28
76.68
77.07
7747
71.87
78.27

78.66

79.06
79.46
79.85
80.25
80.65
81.04
81.44
81.83
8223
8263
83.02
83.42
8381

Diff.
0.41
0.41
0.40
0.41
0.40
0.41
0.40
0.41
0.40

041"

0.40
0.40
0.41

0.40
0.40

041
0.40
0.40
0.40
0.41
0.40
0.40
0.40
0.40
0.40

041

0.40
0.40

040 .

0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.39
0.40
0.40
0.40
0.40
0.40
0.39
0.40
0.40
0.40
0.39

040

0.40
0.39
0.40

040 -

0.39
0.40
0.39
0.40
0.40
0.39
0.40
0.39

°C
40
39
38
37
36
35
34
33
32
31
30
29
28
217
26
25
24
23
22
21
20
19
18
17
16
15
14
13
12
1
10

9

= NWHUO~N®

Ohm
84.21
84.61
85.00
85.40
85.79
86.19
86.59
86.98
87.38
87.77
88.17
88.57
88.96
89.356
89.75
90.15
890.55
90.94
91.34
91.73
92.13
92.52
92.92
93.31
93.71
94.10
94.49
94.89
95.28
95.68
96.07
96.46
96.86
97.25
97.64
98.04
98.43
98.82
99.21
99.61

Diff.
0.40
0.40
0.39
0.40
0.3¢
0.40
0.40
0.39
0.40
0.39
0.40
0.40
0.39
0.40
0.39
0.40
0.40

0.39.

0.40
0.39
0.40
0.3
0.40
0.39
0.40
0.39
0.39
0.40
0.39
0.40
0.39
0.39
0.40

0.39

0.39
0.40
0.39
0.39
0.39
0.40

°C
=0
+1

—-—t
CWdUNOWNMDWN

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
343

36
37
38
39
40
41
42
43

45
46
47
48
49
50
51
52
53
54
55

57
58

59

Ohm
100.00
100.39
100.78
101.17
101.56
101.95
102.34
102.73
103.12
103.51

103.90

104.29
104.68

105.07

105.46
105.85

106.23
106.62

107.01

107.40
107.79
108.18
108.57
108.95
109.34
109.73
11012
110.51

110.89
111.28
111.67

112.06
112.44
112.83
113.22
11361

113.99
114.38
114.77
115.15
115.54
115.93
116.31
116.70
117.08
117.47
117.86
118.24
11863
119.01
119.40
119.78
120.17
12055
120.94
121.32
121.70
122.09
122.47
122.86

Diff.

0.39

0.39
0.39

0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.39
0.38
0.39
0.39
0.3%
0.39
0.39
0.39
0.38
0.39
0.39
0.39
0.3%
0.38
0.39
0.39
0.39
0.38
0.39
0.39
0.39
0.38
0.39
0.39
0.38
0.39
0.39
0.38
0.39
0.38
0.39
0.39
0.38
0.39
0.38
0.39

038

0.39
0.38
0.39
0.38
0.38
0.39
0.38

039

Chm
123.24
123.62
124.01
124.39.
124.77
125.16
125.54
125.92
126.30
126.69
127.07
127.45
127.83
128.22
128.60
128.98
129.36
129.74
130.13
130.51
130.89
131.27
131.65
132.03
132.41
132.80
133.18
133.56
133.94
134.32
134.70
135.08
135.46
135.84
136.22
136.60
136.98
137.36
137.74
138.12
138.50
138.88
139.26
139.63
140.01
140.39
140.77
141.15
141.52

114190

142.28
142.66
143.04
143.41
143.79

114417

144.55
144,93
145.30

145.68

61

Diff.

0.38

0.38

0.39

Q.38

0.38

0.39

0.38

0.38

0.38

0.39

0.38

0.38

0.38

0.39

0.38
0.38
0.38
0.38

0.39
0.38
0.38
0.38
0.38
0.38
0.38
0.39
038
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.37
0.38
0.38
038
0.38
0.37
0.38
0.38
.038
0.38
0.37
0.38
0.38
0.38

0.37
038

0.38 |



APPENDIX B, .
THE MONITOR PROGRAM OF THE SYBTEM,

Sg}@ ORG  SEGEH

329 . “This program is prepar

g?§§ fleWch for Prograim is prepare
k‘Jk_:l he thesis naicd §

5_59 ER LUNTRUL" n PRECIS
364 "ON TIME 8X1S cealise

S.EEFLI VAPRAKCTY - AlS realised b
Wity “Srart up routine”

BEEG START- 1N P foutine

3039 : "Interrupt Giode is set b

650 bl

0bod LD &F,S7?FFH

wioe “$tack pointer is initia

Lized~

B11g LD /. 96H

6126 OUT (73,4

B136 *Configuration of &25581

wida LD  #, OFFH

B15a OuUT (5.4

Vitd LD A, &iH

U175 OUT (QBH).A

61se Lunrxguratxon of 82E&#2

9158 LD HL.RUHCT

BIog CaLL ZERPO

G210 LD HL.ZEROD

8220 CALL ZERFO

B3 LG HL.LTSDT )

8240 CAalL ZERPD

(U AL th: eystem variable

g areg lnxtde1>Vd_

wzes TIMAL EQU  SBa2

0270 TEMAD EQU  SO04H

0250 NUNDT EQU  SuadH

0230 NUDP  EQU 2007

@330 FLAGS EQU  S¢@sH

V319 LTSLT EQU  GewgH

@Zze LTSTE EQU  SEOCH

v33e LTSTI EQU  SOOFH

V4G ZERD © EQU- SGI2H

G350 SSEND EQU SQISH

vioe SENDS EGU EUIEH

8370 MINTS EQU  S@17

v35e HRS EGU &uibd

G34s MIDGT EQU  S@19H

B40w HRGGT EQU S@1BH

@410 FESEC EQU  §010H

©420 POINT EQU  GOLEH

@439 MUNCD EQU SO1FH

0440 MULER EQU  BU20H

@450 RESUL EQU  §021H

9460 DIUND EQU  §o23A

w470 DISR EQU  SB2SH

@45y @UOT Eol SoeeH

G493 REMA  EQU §9§?H

G500 FITE EQU  SGEH

¢Sig DIF EQU  SBa29H



8520 RETEM EqU
U530 ANGLE EGU
BL4d RETE EQU
6550 RETDG EQU
G5en
variables”
7

VSTY CALL &CCON

ves3e . “Convertion start pulse
for A/D converter”

Boo9e LG HL,6830H

BEOY LG (TINACD L HL

ec1e L0 HL.S136H

BL20 Lo (TEMADI,HL

go*‘ : “TEMP & TIME add are set
BE4e Of  2oH

OESG JE Al

QeSS NOP

BE7G JP TIn

BESY B QUT  (E).4

GES0 CAKYS CalLL KEYSC

700 JR CAKYS .
w7l . “Subrouting keyscang”
872g “Therg is MO initial con -
dition~

wr3e . "Final condition: The nu
iiber Of key ie in C*

g?fg H "Regicsters used:d.6.C.0,
V7S0 KEVSC L0 C.26

v ] CALL DELAY

By 76 SUB

B7s0e OUT  (BAH) .4

9799 L0 E.oFH

B30y In A. 165H)

o31e AND E

8BS Ck E

BE3o RET 2

v549 CALL DEBNC

Usse LD C.GFFH

BIEQ - o L.4

BS7e Lb E.4

By LD  D.GEFH

Bide GROW LD A0

I Te] QUT  (BAH) . &

Gs1e IN A, (GAH)

0u20 aNd E

Ba50 ¢k E

ws4Q JR  NE.KEYLC

(1A ] RLC D

BIEG b  A.C

@370 a0 L

GISQ Lt ¢.a

GIsy LINZ BROW

10060 KEYVLC ING C

1816 RRfA

1620 Jr C.KEYLC

1030 ¢ - "Ked 8 is in C*

164G KCONT IN A, (vaH)

150 ank E

1060 cr E_ .

1670 JR  NZ,KCONT

1650 CALL DEEBNC

1036 ‘ “SUBROUTINE SJUMTB*
1100 “This subroutine identif
y the key”

1118 ¢

_ih reg C”

€0 Qe CO Clo
[ ol o o o)
30X
=X

U RO IO

“Locations Of the susten

“InFut @ The # of key is
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1129 SJUMT LD
1130 cp
1148 -]
1185 LD
116G LD
1176 SUE
1180 #00
1160 LG
1209 LD
1210 0D
1220 LD
1239 INC
1240 LG
1250 EX
1260 JP
1278 JUNTE DEFM
1286 DEFM
12390 PEFK
1300 DEFNW
151p DEFK
1320 DEFK
1330 STOP JF
1340 .

135@

unber i in reg.
lutU M

H ]

NC WM
HL, JUMTE
fi. BFH

“NuREric key routing
Inxtx:l condition: Thu n

f'_c

Fxﬁal Condi 1ion numnber

is 1€PLa9:d cﬁd saved”

“Used registers: ALL the

ot
T THL)

pu o
[ad]

=y

LTSBT+HL
L N

INAC?GNNUHI?*

L
v

73

DY

oo m
s m
n

[

(0E) . A
HL. FLAGS
£, {HL)

LS
NZ. 22222

ZERLE
LOTRI

13!U a
registers”
1250 NUMEY LD
1590 LD
1400 LD
1410 TNC
1420 CP
14309 RET
1440 B A ]
145¢ LD
1459 . LG
1476 L
1450 LG
149 INC
1500 LG
1510 LG
1% LODR
1qu LG
15 LD
155U BIT
15806 JR
1570 CALL
1550 22222 CALL
1590 - RET
1660
1610
1626
O ke
163G . )
nois ;n b reg”
1640 SENDT LO
1€50 LD
1650 LD
1670 ouT
1686 SECUN LD
1650 OR
1700 ouUT
1710 ouT
1729 NOF
1730 Lo

“bisplay
“Initial
“The add.

. displaged ig in HL”

routine”
Conditions
of first data t

“The first digitl LOCatio

E.S

E. GFFH
.S
(c).E
A. LHL)
OFBH .
(€).h
)b

#. OFFH

64



65

17409 ouT {C1.4

1750 RLC D :

1768 INC  HL

13?9 DJNZ SECON

1759 LG D.OFFH

17396 OuUT  (Ci.D

18600 RET

1819 : Dc\ag routine ~

1620 . “Initial condition:”

1630 nmuunt of delay as mili

seconds is in C reg, *
18646 DELAY LD E.€8H
1850 DLYCN NOP

&g DINZ DLYCN

1§70 DEC

1880 JE  NZ.DELAY

1629 RET

1960 DEBNC PUSH BC

1910 L .10

1920 CALL DELAY

1930 POP  EC

1949 RET :

1956 . “Clear routine”
1989 “It clears the Lacst ene
red data . ¢

970 CLEAR LD HL LTSDT

19@@ CALL ZERPO

1G99 Chll ZERRI

2060 SUE A

2010 LD (NUMDT).&

2020 RET

2630 : * Change routine”

2049 . “ It changes the desired

tump tine data pair”
2058 DESIS CALL BUDEI

2uE0 AND A

2078 b E.&

28se L0 D.O |
2029 LD HL.S1GGH

21608 AT HL.DE

2118 LD CTEMAD) L HL

2120 Lo HL,E830H

2130 AbDC HL.DE

2140 Le  (TIMAD) .HL |
2150 LD HL,LTSDT

2160 CALL ZERFD ,

217¢ RET .

21808 © “Temp routine

2169 . “It takes last entered d

2209 TEMF LD HL.FLAGS

2218 EIT 4.(HL) : .
v RET NZ

CALL BCDBI

LG HL,lTEHaD)

Lb  (HL),

HL «
LC éTEHﬁD),HL
lNUM[‘T) A

I €O re

BB G i 146 €0 ) G
PP AR P AR LB A

ot Coa € Cur G L GO T T P T e P o,

o2 PO R PO O PR RO DO A PO N O

LDIR : _ !
LD HL.LTEDT } |



2570 CALL
255y CALL
2399 LD
24 SET
2419 BIT
242y JR
243 RES
2440 .RE=
2450 LG
24c0 LG
2479 CALL
2459 TEMEN RET
2436 BCDBI ANG
2508 LD
251y Lo
2520 LD
2530 LG
2549 DEC
2550 Al
J5ER LD
2570 L0
2550 LD
2590 cp
26006 JR
2610 LD -
2520 CALL
2630 LG
25408 CALL
2050 LD
2680 CALL
2670 DEC
2650 DEC
2690 SMSID LD
2708 cp
2710 JR
el LG
27230 CaLL
2749 Lo
2750 CALL
2766 GEC
770 DEC
2780 LSDIS LD
2790 ADbD
2500 JR
25109 RET
2520 CALC LD
2538 CONTS ADD
2840 JR
2850 CEC
256 JR
2570 ADD:
2559 JE
23590 Lo
2500 RET
2910
a9y
ata and ¢ it
2450 TIHE Lb
2849 EIT
2350 RET
2950 CALL
2570 b
2380 LG
294 INC
Rl LD
3010 CaLL
5020 SUE

ZERPD
ZERLE"
HL.FLAGS
4, (HL)
S. (HLY
Z.TEMEN
4. (HL)
£. (HL)
HL LTSTI
b, GF7H
SENDT

. .
DE. NUMDT
fi. (DE)

B.f
HL.LTSOT

[ ] 0 o

-

w

Sit

[

OVOVODVDZOMOIr T
(]

Xrs Jos I M

CoCarmes

w©
oFE
Lol

™~

Z.LEDIG

I
[l g
L B ]

[l

('JOJ’IWC"O('.‘::’ZU‘\I’
—
o o
T
~

. BINUM

)

> BINUM
. CONTS

C.BINUM
C-A

“Time routing”
It takes Last entered d

HL., FLAGS
£, (HL)

NE

BCDE]

AL, (TIMAD)
(HL) . &

HL
(TIMAD)  HL
LDTLE

n

3

ll

("):_C’("I“J’ .

66



=] QN I (o

Lol ol ek mall L AL AY NP AN A
[T XY AL X E N o Y R Y e~ o

0 GO € G G0 G0 o G €O € O Lo Y L
Fo L0 T = Gueds €O

€

iy
cn
(=]

3 G0 G300 Lo L L0 G € 0 G €4 €0 L0 €0 Gl G €08 €0 Qo o L3 L Qo €0
PR A E TAY AT AT A SCTATAVE (W (3 ¥ (K3 (N8 KF {KY (e 7K} (WH ]
G CO 3 CT N o Car s i Ee g0 CO ) CTe (T (e T e €
QOO LRMEQOORECOCECECE &

%
9 4
(AN
&e

Caf

o
2%

Lo Lo (U

I
Cot e & N
[ o)

LG X XY Y Y N ST O K A AP A A AR ALY AT

€0 L0 COCO LO LI P LO LI

9
O X CRENCN CRONCN N CRCH v S £
v C (0 =

€0 =3l U0 Joa (0 Troawes (50 (L0 00 ~J Cilh) §a

Co LU LI CHeo Lo Loty Lo

0 G T CTe T

Lo (NUMDT).A
LD HL.LTSDT

L0 DE.LTSTI

LD BC,oou3H

LCIR

CALL ZERRI
LD

HL.LTSOT
. CALL ZERPO
LD HL.FLAGS
SET 5. (HL)
BIT 4. {HL)

JR  Z.TIMEN
HES 4. (HL)
RES S, (HL)
LD HL.LTSTE
LD  Db.OFEH
CALL SEMDT
TINEN RET
LOTLE LD HL.LTSOT
SELE LD D, OF7H
- CALL SENDT

LOTRI LD HL,LTSDT
SERI LD  D.GOFEH
CALL SENDT

R 5
ZERLE LD HL,ZERQ
CALL SELE

ZERRI LD  HL.ZERD
CALL SERI

RET

ZERFO SUB A
Lo B.3

ZEPOC L0 (HL).A
INC  HL
OJNZ ZEPOC
RET

BINUM CALL ZERRI

. SUE A
LD HL.NUNMDT
L0 (HL).A

LD HL.LTSOT
CALL ZERFU

RET :
i E RN “Tigg intarrupt routine”

; “It shows the r=al tine
r RUN*~ ’
TIM - EXX .

EX AF.A'F°

LD HL. SSEND

INC  (HL)

Lo A. (HL)

CP &9

JR  NZ,TIEND

PUSH HL

LG HL, (RESED)

NG (HL)

PGP HL

SUE A

Lo (HLJ. A

ING HU

INC  (HL)

PUIH HL .

LD A, (POINT)

XOR 20

20H
LD (FUINT).A




10
L
¥

2 G GO €O LI 0 (O (I LT GO G G €D T Gl

CCOCO = COng =g ~J=dg Iy ~J~J T

Fa QorTrie o Srgle CO~g O CR o o == (10 &l O ~J CTe O e Cur T Sr e

n
é:v QECQE QAR QG G EuL E S E i A G Cr G G E

Saa

BpDbf Gl G W IO G Lty (O
&

0 G S O (0 0 (O e e e e Lo U0 €0 Cée G Cor CO GO

TN D Corfiors

&
[y}
e & G 6 1 s ot

g
CrE S
Cx
[

<3

e
L Co~d
[ > ]

4108
411@

-

413¢ TIEMD
4149
4159

Ix]
T NG,

(E3.h
HL.RETE
fi. (HL)
HU

HL
EIBCD

HL

(HL) . OFFH

HL

D.GFEH

SENDT :
“Real teiperature is dis
KEVEC

HL

A, (HL)

2]

NZ. TIEND

ﬁ .

{HL) . A

HL

(HL)
A, (HL)

aF

HL . MIDGT
HL

BIBCD

HL

b. 6F7H
SENDT

&F

tQ

NZ. TIEND
HL . MINTS

f1
(HL) . A

HL
(HL) .
DE. HRDGT

HL
E1BCD
HL

b GF?H
SENDT
aF.AF°

“Binary 16 BCD comwertio
“Initial conditions:”

*Binard Jdata ig in ACC.H

o
LElD

E.0

1
C.Lel
i .
]
1

CONT1
(HLT . &

HL ,
{HL) B
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azie “Multiplicat
JNchamuLer=ResyL” ipLication routine
320 Initial conditions:*
434U ; ”NUthPL:Cdﬁd and aultip

Lier are in related Loc.

4340 Flﬁd' condition: Resu
is i RESUL variable v Result
SS@ MUTIF LD - HL, MUNCD
4 c LC  E.{HL)
37 Le  [.6
48 ING HL
4590 L0 A. (HL)
4403 L HL.G
441g L B.&
4428 MULT &DD HL,HL
443509 RLA
4440 NC, CHONT
4459 ADD HL.DE
4460 CHONT DJNZ MULT
4479 LG (RESUL) . HL
4450 RET
4438 ;. “RUN i the main control-
roUtine”
4500 RUN EI -
4518 | “Intcrrupt is enabled”
4529 LD HL.SSEND
4559 CAHLL ZERPU
4540 LD  HL,HRS
4559 CALL ZERPUO
4560 LD  HL.HRDGT
45? CALL ZERPO
4530 . “ALL tine data is initia
Lized”
4530 LD HL, ANGLE
4500 Lo A.188
48109 L tHL).A
4838 at first half of the f
uLL angLe is set”
CALL ZERLE -
4c4U : “Timne display shows G"
455 COSTP CALL DITE
4ctl ChaLL TIDIF
4678 LP  DE. (RESUL)
AES0 LG (CIVND).OE
4550 L0 & (BIF)
4700 Lo (DISR). &
47iv ChLL DIUL
4?20 . “The tine difference req
vired for one sStefp inc™
4730 L0  HL.FITE
4749 - LG - DE.RETEM
4758 Lb1 .
760 BEBBE LD  DE.RESEC
4770 L A, (BES
750 LG HL,QUOT
790 P (HL) -
4508 JR NZ.CONTR
4s1e o - “Is one step completed”
4320 SUE A
4358 LD (CE).A
454g LD HL.RETEM
duuU INC (HL)
4369 . “Real temp 1S incremente
d one step”
4570 DEC HL
4550 DEC  (HL)
A58

"StEP nUmter i& decrenen




wd b
43y

P}
!
—
&

Culyr

(o0

AL LLD &P

aen gl

e enenen
B 2 G &G G & & Er D iCaDDn SO
0ol O Y Ex G T v G (L1 €0 ~J CT O o

EEEOCEERCCECE

COr T = (O Eef

araaoa;
et b et = a

(4]
v
N

fna

-

1L
g

*OTT a0 O =2 G e CO = Ch
IGEEOEREERCRCE S o Cr &

2ELSE

L Gt G g QU G QU G Lt TO T PO P PO Y PO IO PO v s 12 0e

QeI N B (g 2 S CO-J

AL A RE AL AT A XY AE AT K]

I
&

M A UM AU N aTenn e Cen Cnan gt

B~
—C
[:=

du one”

ERNOCH

~

TCL .

NTR

i
Ce

RRRRR

‘e

3 HING

A

(HL)

NZ.BEBBE .
“is the sector completed

HL REWA
(HL)

. ENDCH
DE. QUOT

HL
(HL).A
HL,DIF
{HL)
BEBES
QL.NUDP

(HL)
NZ, COSTP ;
“Isthe control Coinpleted

START
“Control functicon is cof

COSTR
é. (d)

aF
BC. (@udT)
EC

HL. QUOT
iHL).G

C.RRRRF
HL. DIUND
(HL) . &
HL

HL

(HL) .4

pIvL

A, (QUOT)

25

HL.RETE

HL) . &

“Real tenperature 1S sav

BC
(3uU0T) . BC
AF

HL, RETEM
(HL)

AF

HL, ANGLE
Z.0TaNG

f

(HL)

T MING

~“Ie the analg wuinuiumn”
(HL).

AL
. L, 0TANG

fi-cod

{HL)

Z MANG

~1s the angle maxinumn”
HL)

70



FANG
OTaNE

INC
LE

ouT -

R

(HL)

1, (HL)

1.k

BEBEE

Caloulation of the diff

grence of tenp datum®

Soee DITE ChLL COSTR
ST IN A (4)
SE8 L6 (FITE).A
5590 b 0.6
S60a LD HL.NUDP
Stiw LD . (HL)
629 LD HL. (TEMAD)
SE30 SUE A
5540 SBC HL.DE
Sese . "First teiperature data
gddress is caloulated”
SHeR Lb &, (HL)
SE70 SUE 2§
SE50 LD HL. MUNCD
5590 b (HL).A
£700 INC HL
5719 L>  (HL).4
720 CALL MUTIP
5759 LD A, (RESUL)
5748 Lb  HL.FITE
5756 SUB  (HL)
5769 LG (DIF).A
£770 RET
$7869 TIDIF LD HL NUDP
£790 LD E.(HL)
£50. L0 b.@
55109 SUE A
E320 LD HL. (TIMAD)
E530 SBC HL.DE
5540 LD &, (HL)
£S50 LD (MUNCD).A
5560 LD  A.E0
5&70 LG (MULER).A
5350 ALl MUTIP
6890 LD HL.NUDP
S900 DEC (HL)
£41g RET ;
Saz9 . "Givision routing DIVNG/
DISR=QUOT"
ga3g “Initial conditions:”
5940 “Dividend and divizor ar
e in related variables” .
€950 . “Final condition:Result

J i Ce

oG S LAY AL Y SE ALY XYY o]
—

1]

b T G ot 1 €t G2 51 A DAL (Y e R U A

G C S O N (o T Gy CC

OO OO @A = (e
[ (F Y o N ]

n GUOT variable®
. “Remainder is in REMA va
e~
DIVl SUE &
Lo C.A
Lb  CE. (DISR)
LD D/F\ L
L0 HL, (DIVND)
CIVCO LI A.H
GND &
JR  NZI.CCOMP
L AL
SUE E
JR  C.RMAIN
CCOMP AND A
SBC HL.DE
ING C

71
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6110 JR  DIVUCD
€128 RMAIN LD DE.GQUOT
E130 b A.C
6140 L - (DE).A
6159 INC E
€1ce L &L
6172 Lo (CE} . A
€idu RET .
6130 “This eoutine sends corv
. Start pulse tO A/D con”
€282 ACCON LD A, IPOINT)
6210 AND  GEFH
6220 ouUT  (61.A
€239 PUSH &F
6249 Lt ¢.2
€250 CALL DELAY
€260 POP AF
6276 ADCI Ok tGH
6250 ouUT (&) .6
6299 RET
€550 COSTR CAlLL ADCON
6310 LD .
€320 CALL DELAY
6333 RET
6349 END

02
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The PCB Layout of Digital Firi

Circuit.

ng Angle Control
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APPENDIX D
OPERATING INSTRUCTIORS

TIME: The time data is entered by this instruction.
It is given as minutes, This data is given relatively to the
end of preceding sector. That is, the beginning‘of the given
data is the end of the former sector. The maximum time data
can be entered is 255 minutes.

TEMP: The temperature data is[given by this instruc-
tion. It is given in °C . The maximum time data can be enter-
ed is 88 °C.

CLEAR: It is used for clearing the wrong data before
being entered. '

CHANGE: It is used for changing the data pair before
RUNning the system:. The data pair number which will be changed
is entered fgrst, then the CHANGE key is pressed. The data -
pair given this time will be changed by the old one.

RUN: This jnstruction is used for running the system.

STOP: Thisﬁis used to. stop the running system.
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