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ABSTRACT

In this thesis it, is attempted to design an Impedance dis-

play device capable of providing a visual display, oD an os-

cilloscope screen, the trajectories of the 60-Hz transient

impedance seen at a relaying point during a power system

swing. À digital approach is adopted using the Motorola

Inc. MC6802 microprocessor. The design is built and tested

on a simuLated one machine versus infinite bus power System.
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Chapter I

I NTRODUCTI ON

Sínce many protective relays work on the principle of

sensing the current and voltage at a relaying point and cal-

culating the 60-Hz impedance seen in a particular direction,

it is usefuL to plot system apparent impedance as seen by

the relay on an impedance plane. A visual display of this

instantaneous impedance trajectory on an oscilloscope

screen, along wíth relay characteristics, gives a better

understanding of system performance. From these trajecto-

ries the difference between normal, fauIt, and swing condi-

tions can be detected.

When a power system 'swings", the apparent impedance seen

by a distance relay can be mis-interpretted as a fault con-

dition and cause an undesired trip. A distance relay should

be capable of discriminaÈing between fauLt and power swing

conditions. It is necessary too t,hat the relay is set for

the maximum expected steady-state Ioading. À power system

apparent impedance along with an ohmic type of protective

relay characteristic Aives a complete picture of system be-

haviour under swing conditions.

The impedance diagram in Figure 1.1 shovrs tvro generators

at the ends of a transmission line swinging with respect to

I
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each other. The locus of the apparent impedance as Seen by

a relay at point A is shown in dotted line. Point L on this

locus represent the normal steady-state loading of the sys-

tem. As instability develops and one generator ( À ) swings

ahead of the other generator ( D ), this point will drift

along a trajectory defined by the ratio of generators volt-

ages, Sây EO/E'= 1.1. A distance relay located at A may in-

terpret the swing as a fault' and to avoid this, out-of-step

blocking can be employed. Conversely, a relay may be used

to detect an unstable condition. This is called an out-of-

step t:nipping relay shown in Fig. 1.I.
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ChaPter I I

POWER SWINGS AND PROTECTIVE RELÀYING

2.r
INTRODUCTTON TO POWER SYSTEM STÀBILITY:

Instability of a power system comes about as a result of

attempting to transfer power from one location to another in

excess of the system capability. This system capability is

known as stability limit and is dependent on the source

voltage leveIs, the impedance between the sources and sine

of the electrical angle between these voltages assuming a1I

resistances and saliency can be ignored. The steady-state

Iimit can be expressed in mathematical form for a two ma-

chine system as:

E Ers Watt .....2.IP
max. x

where the symbols have the following meanings:

P---- is the maximum power transf ered
max.

E is the sending end generator internal voltage
S

(Iine to line volts)

E is the receiving end generator internal
r

voltage ( I ine to I ine volt's )

X is the total reactance between the

generators internal voltages in ohms per

phase

4



Equation 2.! gives the maximum power

system shown in Figure 2.I and this

where the angle between sending a.nd

is ninety degrees. This equation can

the system power transfer capability
EE 1 '')

P
r sin (ô)

x

where 6 is the angle of separation between E, and E" .

Plotting this power versus the angle of separation gives

uS a very useful power-angle curve as shown in Figure 2.2.

It is often used in preliminary power system stability stud-

ies.

Stability studies are usual).y classified into three types

depending upon the magnitude and nature of disturbances.

These three types are transient, dynamic, and steady-state

stability studies.

Transient stability studies are aimed at determining if

the system will remain in synchronism and survive a rnajor

disturbance. Major disturbances can be cJassified as trans-

mission syst,em faults, line switching, loss of generating

units, or sudden load changes.

Dynamic and steady-state stability studies are aimed at

the stability of the locus of essentialty steady-state oper

ating points of the system. The distinction between these

three types comes in the degree of detail used to model the

system machines. Dynarnic and steady-state stabilities are

5

transfer for the basic

is for the condition

receiving end voltages

be generalised to give
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essentially the same. Steady state problems use a simple

generator model which treats the generator as a constant

voltage source. But in dynamic stability problems the tur-

bine-governing system and the excitation system along with a

synchronous machine model which provides for variation in

flux- linkages in machine air-gap is used. The nonlinear

differential algebraic equations for the system can be re-

placed by a set. of linear equations which are then solved to

determine whether the set of machines will remain in Syn-

chronísm following small disturbances from the operating

point.

Transient stability studies are undertaken more often re-

flecting their greater importance in practice. They in-

vo1ve, in detail, large disturbances which do not permit the

linearization of system non-linear differential and algebra-

ic equations which must be solved by a step-by-step proce-

dure or direct methods. Transient stability problems can be

categorized into two categories:

l. First-swing category which is based on a simple ma-

chine model r¡ithout representation of control sys-

tens. The time period under study is usually the

first few seconds following system faults'

2. MuIti-swing category which takes into account a rep-

resentation of machine control systems and more com-

plex machine nodels to reflect its proper behaviour "

The time perlod under study extends usually to a

Ionger period than that for the ot'her two types'
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Às was stated before, to show' whether a set

wiIl remain in synchronizm after a disturbance

solution of the di fferential equations has to be

ed.

The fundamental equation which governs the rotational dy-

namics of these synchronous machines in stability studies,

called the swing equation, is of second order and can be

written in the form 9

I
of machines

or not, a

investigat-

2.3

2.4

2H ¿2ô

dt 2

symbols have the following

= stored kinetic energy in

speed divided by machine

t¿t 2J-s

J is the

aem
PPP

ûJI
where the

H

H

,S

S
m

ô

Pn

P
e

masses

is the

radians

mean 1 n9s :

megajoules at sync.

rat ing in I'f\rA

S
m

total moment of inertia of the rotor

in Kg-m

machine synchronous speed in mechanical

per second

P

is machine three Phase rating MVÀ

is the rotor angular displacement in units

consistent with ,0s , ê.9. radians.

is the mechanical input power to the machine

shaft Iess rotational Iosses.

is the electrical power crossing machine air-gap

i s the accelerat ing pol{er , that i s , the unbalance
a
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between electrical and mechanical power.

The aforementioned second-order differential eguation can

be written as two first order differential equations

2H dc¡--æ- 2.5
UJ

s

dô
û) 2.6

When the swing eguation is solved we obtain the expres-

sion for ô as a function of time . À graph of this solution

is called the swing curve of the machine. Inspection of

these swing curves for all machines in the system will yield

whether the machines wiII remain in synchronism after a dis-

lurbance or not. À typical swing curve is shown in Figure

2.3

2.1.1 Power System Relavinq on R-x Diaqram:

Practical system economics and reliability demands that

more and more dependance be placed on system relaying. Be-

cause of this increased dependence on relay performance, Eê-

lays using multiple operating quantities were developed.

These operating quantities are voltâ9ê, current and phase

angle. One advantage of these three operating guantities is

that relay characteristics as well as power system condi-

tions can be plotted on the same R-X diagram from which sys-

tem and relay behaviour can be predicted and analyzed.

P
em

s
û)-i.t-

P



10

These relays are known as ohmic relays. In order to under-

stand the operating characteristics of these relays we must

Iook ínto the torque-producing components, namely:

1. Current component: Torque is proportional to square

of current.

2. Voltage component: Torque is proportional to square

of voltage.

3. Voltage and current product component: Torgue is
proportional to current-voltage product times a func-

tion of the angle between them.

4. Control spring torque.

The general torque equation for an ohmic relay can be writ-
ten in the form?

Torque (T) IK 12t Kz Ks.E.rf(Y,0)l K4 a1

The conventions adopted for this equation are

1. Positive torque for contact closing.

2. Constants Kl. ß.2, KS and KO are independent relay con-

stant s,

3. Spring torque, K4, is assumed to be constant.

4. operating quantities voltage (E), current (I) and 0

the phase angle between them, are supplied to the reJ.ay.

with proper choice of relay constants and associated

signs, different types of relay elements can be developed.

Some of these are tabulated in Table 2,I

,t2t
1
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Table 2.1 Ohnic relay elements and their torque equations

Relay Type

Directional
element

Reactance
relay

Impedance
element

Directional
element
with volt.
rest ra i nt

Choice of Constants

Kl=K2=
f (v,o) =

K 0
4

s in (90+'¡ -0 )

K, = KO = 0, K, positJve
f (y,0) = sin 0

K, ne8ative

K-
J

K¿ 0 Kr)O; KZr}

K2=K

f (v,o )

4 =0; Kf)O; K3t0

= sin(90+y-0 )

Torque Equation

T = K3.E.I. sin(90+y-0)

2 2
f= Kz I + K-. I

J
X

J= Kz .12 -KI V?

T=K
3

. E. I . sin (90+y-0 )
_. ^2-or't

The characteristics of these relays .1" shown on the R-X

diagram in Figure 2.4. It should be noted that the direc-

tional element is not an ohmic element in the usual sense,

although its characteristics may be conveniently shown on an

R-X diagram. one advantage of the R-x diagram is that it
displays the same characteristics inspite of voltage varia-

tions due to different system faults or for the same fault
under different system conditions.

The last item in table 2.I, the directional element with

voltage restraint, uses the torque equation

T Kg.E. I. sin(90+y-0) - Kf .E
2

Where y is the angle of naxir.un torque

2.8



Positive torque wiIl be developed 1.e

under the condition

Kg.E.I.sin(90+¡ 0) > Kt

If we set the equality condition,

condition, wê get

Ks .E. I . sin (90+ y- 0) *,' .u'

I2

relay operation,

2.8a

i.e. operate-restraint

2.8b

2.8c

.82

K I
I . sin (90+ y- 0) E

Using the fact that the impedance between a fault location

and the relaying point as seen by the relay is
E

z

z

I
K-

--+- sin (90+Y- 0)

^l
2.8d

Inspecting this last equation vte see that a positive contact

closing torgue will be realized whenever the term on the

right hand side is greater than the left hand side. This

eguation, when plotted on an R-X diagram, is shown in Figure

2.4ó. This simple plot does not depend on any parameters cf

operating quantities but defines the operating characteris-

tics for alL values of E, I and phase angle 0.
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2.2 POWER SWING LOCUS ON R-X DTÀGRAM:

An analysis of the characteristics of different types of

relay elements has been explained on the R-X diagram. À

better understanding of the whole power system and relaying

system will be accomplished if both systems are plotted on

one diagram. From this plot the locus of the ohmic value

seen by a distance relay during power swings will give an

accurate insight into the performance of the reì-aying sys-

tem. To show the swing locus on the R-X diagram the two ma-

chine system and transmission line representation shown in

Figure 2.5 will be used.

For power flow from point À to point D, the voltage at

point A will lead the voltage at point D. The total current

wil-I 1ag n by the angle of the total impedance between- "AD

these two points. For a fixed torque angle ô (ttre angle be-

tween equivalent source voltages),the ' apparent impedance

seen from point À will fall on a circle ¡¡hich is defined

by this given torque angle. A particular impedance point

on this circle is entirly dependent on the ratio of voltage

magnitudes at points À and D. Figure 2.5b shows the swing

locus for the system and can be determined geometrically as

shown in reference 3 Àppendix III. The centre of this cir-
cle is the vector ÀO with magnitude

AD
zffi-ð-

and

¡õ 2.9
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2.r0

where

is the phase angle between E q I

is the torque angle

AL

, which represents the load

the magnitude and angle as

to be:

ÃD-. sin p 2.ttsinô

and

nre (AL) 0+ô+p - 180 2.r2

where u is given by

cos:f.l ED/EA

sin u sin ô

Equation 2.I3 shows us how point L on the circle diagram

wilI behave for different source voltage ratios. Àssuming

that torque angle remains constant, the left hand term in

equation 2.I3 wiII increase for increasing En/EO ratio and,

therefore, the angle wilI be decreasing which results in
point L moving clockwise along the Swing CircIe.

To show how the apparent impedance moves on the R-X dia-

gram due to line switching, the system shown in figure 2.5a

wiIl be used, Assume this system was initially running at

synchronous speed with Eo,/ Eo = 1.1, P = Psand 6 = 30 de-

, grees. From the P - 6 curve of Figure 2.6b the maximum

0

ô

The vector ffi
point À, has

torque angle,

ohms as seen from

a function of the

2.r3cos ô
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steady-state power transfer before switching Iine ,"( t¿0 )

is eoual to P' maxo

At the first instant of switching, the impedance between

points A and D has increased to AD*. This means that the

power transfer capability is reduced and is shown ês. Ps+ .

The dif ference in pot{err po+ - pU , is the accelerating povl-

er which accelerates the rotor and the rotor angle advances

to say 6 . For the machine to stay in synchronism, area's
x

a1 and a 2 have to be equal according to the equal are cri-
terion:

ô

0

ôo

where P .- P is the accelerating power.m:e
I f the equal'area crit,erion cannot be satisf ied, this

means that ô goes beyond about 120 ( typically ) and the
x

machine goes unstable. AS is Seen on the R-X diagram' the

original operating condition is the point L corresponding'to

t=o or ( Power = P0 ). After line switching the new operat-

ing point is L* which corresponds to the same voltage ratio
(1.1) and torque angle (30 degrees), but the electrical
power output is P0* . As the torque angle advances towards

Q*, point L* moves along the circle t/t' = 1.1 as shown by

the arrolfs on Figure 2.6a. If the system goes unstable,

this point crosses the approximate transient stability Iimit

circle, then it continues advancing tiIl it crosses the sys-

tem impedance line ât ô¡ = 180 degrees where machine A wiII

be I80 degrees out of phase with machine D.

frl* - o",uu
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In a general case, if the angular separation of the two

machines is maintained constant while varying the voltage

ratio, the apparent impedance wilI foIlow a circle which

passes through both points À and D with their centers on the

perpendicular bisector of the system impedance line with ra-

dii and offsets determined by the various values of this

voltage ratio. This family of circles is shown in dashed

lines in Figure 2.7. Ànother set of circles can be con-

structed by holding the voltage ratio constant while varying

the angular separation. Thís new family of circles is all
centred on the system impedance line with radii and offsets

determined by the voltage ratio and shown in solid line in

Figure 2.7. It should be noted that these two farnilies of

curves are orthogonal. For fuI1 details and mathematical

derivation of these curves, the reader is advised to See

reference 4. Note too an interesting Circle which is cen-

tred at the system impedance centre and passes through both

points A and D. For any value of voltage ratio, the appar-

ent impedance of the system must pass through this circle as

the separation angle reaches and passes 90 degrees which is

the approximate steady-state stability Limit.
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2.3 COMBINED SYSTEM AND RELÀY CHÀRÀCTERISTICS ON R-X¡

In order Èo use the R-X diagram effectively and for bet-

ter understanding of total system behavior, both relay char-

acteristics and how the system apparent impedance wiII vary

as system conditions vary, i.e. as system machines 90 out of

step, must be shOwn on the same diagram. In order to accom-

p).ish this, Figure 2,8 wilI be used. On this figure, only

the approximate steady-state stability Limit circle, i.e. 90

degree separation circle and the approximate transient sta-

bílity 1imit, i.e. 120 degree separation circle, and the

swing line for the special case where voltage ratio EO,/E 
O=t

are shown. On the same figure I a portion of the system

impedance line between stations I and 2 is to be protected.

First zone instantaneous trip protection for 80 per cent of

the line is provided by a mho element.

We have seen that the system apparent' impedance follows a

definite curve during an out-of-step condition or power

swing. This particular curve is dependent on the voltage

ratio and intersects the system impedance line at 180 de-

grees. Let us consider at one instant the system was carry-

ing an interchange of loading equivallent to point L shown

on Figure 2.8, À fautt on the line portion L-2 will result

in a change of impedance from point L to point F on the line

in practically zeto time. On the other hand, during the

first few swing cycles for an out- of-step condition, the

apparent impedance drif t,s along the curve EA/ED = 1
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relatively slowly as compared to the fault case. If the

offset nho element was set up to block the first and second

zones of the mho relay, these elements would not trip as

long as the out-of- step condition progressed from the ini-
tial separation condition to a 90 degree to J-20 degree sepa-

ration to any point inside the blocking element in a time

which exceeds a predetermined minimum time. This shows that

the blocking element has to pick up before the first and

second zone trip element with a sufficient time for the aux-

iliary relays to operate" But if this time is not enough or

if both the blocking and tripping elements pick up at the

same time, blocking will not be realized. This time delay

has to be sufficiently large to allow for the fastest swings

anticipated and yet be practical to avoid unnecessary trip-
ping.

Since practical system operation and .system conditions do

occasionally force the system to go out-of-step, tFipping

relays must deLect the out-of-step condition and take the

necessary measures. The basic distinction of an out-of-step

condition can be realized by the fact that the apparent

impedance, as seen from any one point in the system, changes

from a point to the right of the system impedance line to a

point on this line to a point to the left of the system

impedance line. This sequence applies for power transfer

from point À to point D as the machine at point À advances

ahead of machine D. Another characteristic of an out-of-
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step condition is that the aforementioned apparent impedance

change takes place over a finite period of time which is

Iong as compared to impedance change associated with a fault

condition. Àn ohmic relay which will recognize these dis'
tinctive characteristics can be a relay with two reactance

elements. Each element has an angle of maximum torque per-

pendicular to the system impedance line, and an operating

characteristic parallel to the system impedance line with an

adjustable offset for pick-up setting selection. The first
requirement for t,hese settings is that the relay should op-

erate for the fastest stip cycle expected. To know this

maximum slip would involve various system parameters and

should be based on a transient stability study of the system

under consideration. À second requirement for these set-

tings is that the relay characteristics should cover the

system impedance ptot on the R-X diagram. This means that

any fault on the system should faIl between the relay char-

acteristics.



ChaPter III

TRANSIENT IMPEDANCE DISPLÀY UN]T DESIGN

3.1 DISPLAY UNI T HÀRDWARE DESI GN :

Thetransientimpedancedisptayunitisamicroprocessor
based device whích is capabre of carcuLating the apparent

impedanceseenatarelayingpointusingreadilyavailable
input signals. These signals are a voltage signal propor-

tional to the line voltage and a SecOnd voltage proportional

to the current in that phase. The apparent impedance is

outputed in the form of a vortage signal proportional to

lineresistanceandanothervoltagesignalproportionalto
the Iine reactance. Applying the resistance equivalent

voltage to the horizontal channel of an oscilloscope and

the reactance equivalent voltage signal to the vertical

channelrtheapparentimpedanceseenattherelayingpoint
can be displayed on the oscilloscope screen

The central processing unit is t,he l¡lotorola Inc ' type

Mc6g02 microprocessor. Most of the other supporting chips

such as the peripheral interfacing adapters ,decoder' digi-

tal to analog and analog to digital converters are either

manufactured by Motorola or NatiOnaI semiconductors Inc' The

main reason behind this choice is t'he availability of the

supporting equipment and facilities such as a main comput'er

25
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system crossassembler and a diagnostic emulator used for

system software development and system debugging.

Fig. 3.1 shows the device hardware function flow chart.

It shows two almost identical circuitry used for both volt-
age and current input signal channels with differences in

the design of signal conditioning circuits. The voltage

signal is derived from the BICEPS machine Iine voltage

through a poÈential transformer that provides a 5.3 V

secondary voltage. The current signal is derived from the

same phase through a 33 ohms resistor connected across the

secondary terminals of a current transformer wired to the

same Line at the same point.

3 .1 .1 I nput,/Ou tout SiqnaI Conditioninq Circuits:
The analog to digital converter chosen in this design is

the ÀDC0804 manufactured by National Semiconductor Inc. The

electrical specifications state that for a +5v DC power sup-

ply to this chip, the input range wiII be 0V to +5v. This

comes about as a result of two on-chip diodes which are tied

to each analog input terminalrvtn(+) and vin(-) . For a

zero dif ferential input signal at vin (-) and {r, (*) the out-

put code will be

t0000 00001
and for diferential input =V..digital output code wiII be

[1111 11111
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To achieve this 0V to +5V analog input range the input sig-

nal conditioning circuit shown in figure 3.2a is designed.

Às was mentioned earlier, the available signal from the

BICEPS line potential transformer is 6.3 Vrms or -8.9V to
+8.9v peak-to-peak. For the output of the operational am-

plifier (op'amp) to be 0v to +5v, the feedback resistance

to the input resistance ratio will be

R) 5
o 3.1

t7 .82
1n

or

0.28 R 3.2

V

R V
1

Rz
1

and to bias the signal

Rg =2.0 R,

Selecting the input resistance R1

Rt = 5'6 K o

.....3.3

wilÌ yield

Rz = 1.57 KCI

Rs = 3.14 KCI

Simitar arguments apply to the current signal derived from

the current transformer
R V

5o
-tE-V

1n

Rz 0.625 Rl . o o......3.4

and setting
R 2Rz

3

to be equal to

2

Rt

Selecting the input resistance to be
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R 5.6 ka
1

yields

1 = 3.5 kn

= 7.0 k0
-)

3.r.2 Memorv Mao

The Decoder,/Demultiplexer chosen for system decoding is

Texas Instrument type SN74S138. This decoder chip is shown

in Figure 3.3 and provides partial address decoding using

only three of the high order address lines À13, 414, and

ALs. The decoder accepts these three binary inputs, which

are wired to chip select terminals A, B, and C. When en-

abled by proper signals on the input enable terminals, it
provides one of eight rnutually exclusive active low outputs

(yO-yZ) dependent on the conditons at the three select in-

puts as shown in TabÍe 3.1. The chip'enable terminals are

connected as follows: Terminal Gl is always high (+5 V),

GzB terminal is connected to ground and terminal GZA is

wired to the processor Vl,lA and E terminals through a NÀND

gate type DMT4LSOON. Às a result of this partial decoding

seheme, table 3,2 and memory map Table 3.3 are conStructed

to show all on board chips and the address to which each one

wiII respond.

R

R

Svstem Decodinq and
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Table 3.1 Partial decoding function table

G2 =G2A+G2B

H = high level
L = low level

Table 3.2 On board chiPs addresses

Inputs
0utputs

*
Gl G2 CBA YO Yl Y2 Y3 Y4 Y5 Y6 Y7

H

H

H

H

H

H

H

H

L

L

L

L

L

L

t
L

LLL

L

L

L

H

H

H

H

LH

H

H

L

L

H

H

L

H

L

H

L

H

HHH

H

H

L

H

H

H

H

H

H

H

H

L

H

H

H

H

H

H

H

H

L

H

H

H

H

H

H

H

H

L

H

H

H

H

H

H

H

H

L

L

H

H

H

H

H

H

H

LH

H

H

H

H

H

H

L

H

H

H

H

H

Chip Name Chip Address

PIA #1

PTA #2

EPROM #1

EPROM #2

RA}4

$ DOo0-Ð003

$ Eooo-Eoo3

$ r'ooo-_PzPP

$ psoo-rnPP

$ cooo-c7FF
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Table 3.3 Memory map for transient impedance display unit

Memory Location

Reset Vector

EPROM #1

EPROM 2

PIA *2

PIA #T

RAM

Not used

$FFFF, $FFFE

$F000 - SFTFF

$F800 - SFFFF

$8000

$D000 -
$8003

sDo03

$c000 - $c7rr

AIl others

3.1.3 MC6802 MicroÞrocessor and Peripheral Connection:

The MC6802 is an eight bit microprocessor. À detailed

block diagram, programming model of thé processing unit and

pin assignnent diagrams are given by the (rnanufacturer Moto-

rola Inc.) in the appropriate data manual. Some of the fea-

tures in this microprocessor chip are:

1. an on-chip internal clock oscillator and driver,

2. a 128x8 on-ehip RAM located at hex addresses $0000 to

S007F with the top 32 bytes having memory retention

capability by utilizing the standby power suppJ-y,

3. sixteen Iines unidirectional address bus, and

4. an eight line bidirectional data bus.
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The programming model for this processor shows that the

MPU has three 8-bit registerS, two accumulators, one condi-

tion code register, and three 15-bit registers ealled 1) in-

dex register, 2) programme counter, and 3) stack pointer.

AII are vailable for use by the programmer. The two $-bit

accumulators are used to hold operands and the results of

the arithmetic logic unit, ÀLU. The condition code register

contains eight bits of information and only the two highest

order bits are not used and set to ones, the other six bits

are used as testable condition codes for the condit'ionaI

branch instructions. Þit number four is the interrupt mask

in this condition code register.
The 16-bit index register stores sixteen bits of memory

address for the index mode of memory addressing. The pro-

gramme counter is a 2-byte (eight bit each) register that

points to the current program instructiön. The stack point-

er is a 2-byte (eight bit each) register that contains the

address of the next available location in the stack for use.

Figure 3.3 shows the pin connection and wiring diagram of

this microprocessor interfaced to two peripheral devices and

a deeoder. This figure shovrs that the ffillr line is not used

and, t,herefore, set in the high state for the interrupÈs to

be serviced. Memory ready is also set high indicating that

the clock seen at the ENÀBLE terminal E operates in the nor-

mal condition or unstretched. À 4MHz crystal is connected

to pins 38 and 39 and because of the divide-by-four circui-
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try inside the chip, gives an operating clock frequency of

lMHz. The Îf0 input is wired to terminals 37 and 38 on both

PIAs. A low le.¡el on this input reguests that an interrupt

sequence be generated in the chip. The processor wiIl first
complete the current instruction before it responds to the

interrupt request. At this time,if the interrupt mask bit
is not set, the processor wiII start the interrupt seguence.

The ffi terminal is wired to the ñ-nsEr terminal on each

PIA. gühen this line is low, the MPU is inactive and the in-

formation in all the registers wiII be lost. When this Èer-

minal goes high, the MPU begins the restart seguence by exe-

cuting a routine to initiate the processor from its reset

state. For the restart, the last two memory locations (hex

addresses $FFFE and $FF'FF) will be used to load the program

Èhat is addressed by the program counter. During the res-

tart routine, the interrupt mask bit is set and must be re-

set for the MPU to be interrupted by IRQ line.
Two peripheral interfacing adapters manufactured by Mo-

torola Inc" type MC6821 are shown in fi9.3.3. These adap-

ters will appear to the microprocessor as memory ]ocations.

The processor wiII read a digital word from the input regis-

ter and write a digital word into the output register under

program control. The input digital word is equivalent to

the anal.og input into the A/O converter and the output digi-
tal word is equivalent to the analog output from the D/e

converter. For a complete'discussion of this PIA diagram,
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the reader isinitializaÈion and control Iines discription,
advised to see reference I pages 2I2-23I.

3.1 .4 ¡,/D and D/A Characteristics and Wirinq

Figure 3.4 shows the wiring diagram for the ÀDC0804 cho-

sen for this application. This A/D can appear like a memory

location or an I/0 port to the microprocessor and no inter-
facing logic is needed other than the chip select -S termi-

naI. Block diagram .and electrical specif ications with the

maximum ratings are given by the manufacturer (see reference

6).

This converter works on the successíve approximation

principle. It accepts an analog input signal, Vi' at the

input terminal and provides a corresponding digital output

signal according to the equation

where Vref is the reference voltage applied to Yr"f/Z ter-
rninal. The brackets indicate that M is the closest approxi-

mation to within the resoLution of M. In binary approxima-

tion form

l
This equation shows that the output signal M is a binary

aproximation of the voltage ratio

M

M1

FF]

vi' fu'* - fr z-r * a r2-2 * -n......+a ¿
n
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The A/D dat.a bus ( ogo-ogz ) is wired to the PrÀ, port À,

data bus. Because the PIA is already memory mapped by the

processor and the data lines are connected to the processor

data bus under program control, both terminals G and lõ are

connected to ground.

The A/p Converter is clocked using the clock in the

MC6802 microporcessor by connecting the CLK IN terminal

directly to the E terminal on the processor. By virtue of

this connection the CLKR terminaL is left floating since the

internal circuiÈry will generate the required clock by using

the built-in clock oscillator. Terminal ffñl is connected to

INTR terminal. This connection withG connected to ground

makes the A/D run in the free-running mode. To insure

start- up under all possible conditions an external ffi write

pulse is required during the first power-up cycle. This

starting process is accomplished by having ß and Ïiñ termi-

nals simmultanously low which gives the internal clock sig-

naI combined with the internal starting flip-fJ.op cir-
cuit,START F/F, the responsibility of the start-up process.

The digital-to-analog converter used is the Motorola

D4C1408. Figure 3.5 shows the wiring diagram for this con-

verter. The input is an 8-bit digital word via the (lf-e8)

input lines connected to the PIA port B data bus. This di-
gital word is t,he result of the CPU mathematical calcula-

tions representing the resistance and reactance seen by the

impedance display device. Specifications and
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characteristics issued by the manufacturer, !êference 6,

state that the reference amplifier input current must always

flow into V _ (+) regardless of the reference voltage po-
ref

larity. This terminal,14, is therefore tied to the refer-

ence voltage +5V DC. The reference terminaÌ, V refl-), is

tied t,o ground through 2.2k O resistor.
OuÈput voltage is obtained by connecting the output ter-

minal pin 4, which provides a current signal going into the

converter, to the output signal conditioning circuit shown

in Figure 3.2b. This circuit uses an operational amplifier

with a feedback resistor R+ . This configuration keeps the

output of the MCl408 at ground potential and the operational

amplifier can generate a positive voltage Iimited only by

its power supply. The magnitude of the output voltage is

dependent on the digital input and given by the equation:

Vret voltsR4.
o

V
Rt¿

where ¡

I er A2 ... À8 ] is the digital input

Vref is the reference voltage at Pin 14

Rt¿ is the resistance connectedd to Pin 14

R¿ is the feedback resistor accross

the op'amp.

A det,ailed analysis of the output signal and the converter

accuracy is given in ChaPter 4.
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3.2 DISPLÀY UNIT SOFTWARE DES TGN

The analog input to the Arlo converter is a voltage signa1

0v to +5v. This e/p converter puts out a digital word $00

to $FF. The zero-crossing of the input signal to the signal

conditioning circuit is the same as the +2.5V value of the

input signal to the A/O converter which is equivalent to di-
gital word $80 at the output of A/O converter. À software

program lras developed to calculate the resistance, reactance

and their locations on the R-X diagram. This programme is

stored in a two ( 2X-byte each ) epRO¡,f memory chips wired

and decoded as shown in fig. 3.6

3.2.1 Peak-Pickins and Phase Shift Calculation Subroutine:

Figure 3.7 is the flow chart for this subroutine. It
starts with initializing the peripheral interphace adapters

at the starting address $F000. Port A in each PIÀ is ini-
tialized as an input regist,er and port B as an output regis-

ter. The input register contains the instantaneous digital
word equivalent to the anal-og input signal. Whenever the

I/
processor detects a change from Vin <

wilI be interpretted as zero-crossing and continue to check

for current signal zero-crossing by detecting the change in

I,- ( *.ßO to I=- 2, $ go During the time of looking for a cur-
1n r-n

rent-zero, a counter is incremented by 1 for each t,ime the

processor branches back to check for current'zeto. The num-

ber in this counter, N, is a gex number equat to the phase

F."i+@'ddÆ

'*-#,a-,r'¿féd

r*{Âf'{UT{+ÐÅ$F

V
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shift in number of laps. Àfter the current-zero is detected

the phase shift is stored and then the processor waits for

4167 U seconds (equivalent to 90 degrees) by multiple loop-

ing in a specified loop then samples and stores the PIA #2

input register to give the current peak.

The processor then follows similar steps to find the volt-
age signal peak. The phase shift measurment is then multi-
plied by a constant to give the equivaÌent value in degrees.

À list of important addresses used by this subroutine fol-
lows:

PIA
PIA
PIA
PIA
phas
volt
curren

#1
#1
#2
#2
e
ag

input register
output register
input register
output register

shift in degrees
e peak value
t peak value

$D000
$D002
$8000
$8002
$cAo2, $cÀ03
$cA10
$cÀ09

After the processor calculates the three variables (current,

voltage,and phase shift) it executes the sine-cosine calcu-

lation subroutine.

3.2.2 Sine-cosine the Phase Shift Àngle Subroutine

The algorithms of these subroutines are shown in Figures

3.8 and 3.9. The main idea behind the sine-cosine routine

is that the processor keeps subtracting 90 degrees from the

phase shift angle and continousJ-y checking for carry bit
set. tlhen the carry bit set is detected it branches to
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execute the table search routine where it calculates the

sine and cosine of the phase ang1e. The sígns are identi-

fied by setting the first bit in the corresponding flag reg-

isters as shown below:

Sign of Sine,/cosine

cosine negative

cosine negative

sine negative

sine negative

Angle location

second quad.

third quad.

third quad.

fourth quad.

R-XFlag
$cA3B

$cA3C

$cA3Ð

$cA3E

3.2.3 Res istance-Reactance Calculation Routine

Figure 3.10 Ís a flow chart for the impedance calculation

RfN. The program starts by reading the current tn and im-

posing a rninimum value of $20, then multiply this Ip by 4 
"

The processor then reads the voltage Vn . If 5 is equal to

zero, the resistance and reactance valUes are forced to $00

and outputed in PIA #1 and PIÀ #2 output registers otherwise

it tests R-X flag to do either resistance or reactance cal-
V cos0

culat i ons : R
p

I
vp

.4

. sin )0

X
p
I4

The sign of the R and X is determined by the subroutÍne

shown in figure 3.11. The processor starts by putting a

limit on maximum R and maximum X to be equal S7F. Then it

checks the sign of sine,/cosine and implements the logic Aiv-

en in the following table.



Logic table

Ist quad.

yes

Where R and X

x+, R-, x- are

yes

the previously

adjusÈed values
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four qudrants

4th quad logic
R+=$80+R
x+=$90+x
R_=$90_R
x+=$90+x
R_=$90_R
x-=sgo_x

yes R+=S80+R
X_=$90_X

calculated values and R+,

with corresponding signs.

for

2nd

sign of

quad.

R&

3rd

Xin
quad

yes

are

the



Start

Put I =20p

Itlultiply Ix4

v -<0p

flag
st

Calc V cos 0Calc. V sinap*R=0

Ca1c, XCalc. RX=0

Store R Store X

49

Yes

No

Yes No

Ffg. 3.10 ftnpedance calaulatlori routlne flow chart
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Yes

Yes

Ye No

Fig.S.11 R - X sign determination

No No

Start

R

Byte
=0?

R

>7
Lo Byt

Put R

=7FLow

Byte
?

No
Yes

>.7F?

Put X

LOw Byte =7F

Quad

= 980 +R
+

R
+

R $80+Rp-=gB0-RR $80-R

¡-=gB0-x ¡*=g8o*x1*=680*x ¡-=980-x

Yes

End



Chapter Iv

COMPUTATION TECHNIOUE ÀND ERROR ÀNALYSIS

The device is designed to work on a 60 Hz system, with no

harmonic content or dc offset, by accepting two voltage sig-

nals with the following ranges:

V, - (v) = -$.9v to +8.9v
1n-

1n
(í) -4v to +4v

As was mentioned before, these signals are conditioned to

have the ranges

V

V
1n

1n

(v)

(i )

0v to +5v

0v to +5vV

The BICEPS (rhe Basic instrumental

Power system) machine rating is;
FuIL load Iine current = 0.33

Line voltage = L20

FuII load Power = 40

From these ratings we get

Impedance at full load = 3540

controllable ELectrical

Àmps

VoIts

Watt,/phase

For a maximum short circuit current = 5 If.1.

Ztir, = 72 Q

under light load condition I = + Ir.r.

51



Z =L454 Q
max

The impedance range is

tance and reactance are

Z cos

52

7.<mln nax

calculated.

0R

X Z sin0

Sources of errors can be classified into two categories.

The first category is component errors, ßôinly A/D and D/A

converter errors. The second category is computational er-

rors as a result of multiplication and division routines,

sine table approximations and phase shift calculat,ions.

4.1 A/D AND D,/À CONVERTER ERRORS

Since the A/D terminal v.rr(+) is grounded and the refer-

ence terminal is floating, the zero digital code will need

no adjustment and witl be eguivalent to zeto analog input.

AIso the futl digital code,$FF, vrill'be equivalent to +5V

analog input and no adjustment is needed. Manufacturers

specification gives a full scale error of É1 lsg at a clock

frequency of lMHz.

Quantization errors. are inherent in aIl digitization
technigues. For A,/p converters the minimum quantization er-

ror is the smallest increment of analog voltage to which the

output signal can be approximated. This quantization error

is given by

AV
q

V=æ nr
where
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V is the analog inPut voltage,

r is the radix (r=2 for binary system), and

n is the number of digits (n=8 bits).
This will give the LSB bit a weight of

LsB = av = 5I = 19.5J mv-'q 
28

Ànother type of error is the sampling error. This arises

from the fact that an A/Ð converter will look at the input

signal for a short interval and leave it for a much longer

time. In a general case, tO minirnize sampling errgr, a sin-

soidal analog input is restricted in its maximum frequency

by the relation
AVf-(

ATV
p

where:

v- is the peak inPut signal,
p

^T 
is the aperture time of tl"

AV is the resolution voltage.

Since the processor has a clock period of
0

converter, and

u
8

1 sec, the time

istaken by this converter to count from 2 to 2

conversion time To 1¡-rsec x 2
8

g

The conversion rate is
I-

c

ther fore
1--t

c

= 3906 conversions per second.

input the conversion rate is thusFor a 60 Hz analog
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f" = 65 conversions,/cYcIe.

From this conversion rate we can say that the sampling er-

ror for the A/D converter is negligible.

The D/A converter output is a current signal

Amps

I =KxA Anps.
0

where:

K
V]let
Rt¿

À1 is Ïhe most significant bit MSB

Às is the least significanL bit LSB

À is either I or 0

R is the resistance connected to the converter at
t4

pin 14

In this design, these components were choosen to have val-

ues

Rto = 1K

Vnz+5vret

Ar Ãz AsIo=K(+.+*f*.
Â'.8- 

-ì

256 )

K = smAnp

The output current and voltage conversion

by the output signal conditioning circuit
3.2.

Vo = (.A.Rt¿ volts

is accomplished

shown in Figure

The output currenÈ for a digital word (00) is = Q A and for

a digital word (Fr) is approximately 2 mÀ.



I--T-o
I 0. 005 (1.\2

and Rs on f igure 3.2b are

give a scaled output voltage

) Amps

used for f inal ad-

to be

+ +
I1
8 256
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converÈer

degrees C

Trim pots q
justment to

nigital word (unx) Output voltage (DecimaI)

00
7F
FF

The accuracy test done by the

showed that the accuracy is
at fuI1 scale output current.

-2.5 Volt
0 Volt

+2.5 Volt

manu fac t ure r

within * ì LsB-2

on this
at 25

4.2 COMPUTÀTIONAL ERRORS:

Computational errors can be classified into the following

three different types;

1) Errors in the phase angle calculation process where the

phase angle in number of clock cycles has to be converted

into degrees in hexadecimal number

2) Errors due to the sine/cosine of the phase angle calcu-

lation. À]1 entries in the look-up table are approximated

to one byte long hexadecimal number. This approximation has

an appreciable effect for angles between 84 to 90 degrees.

3) Errors resulted from the two-byte by two-byte divide

rout ine.



Dividend ( 2 bytes)
Divisor (2 bytes) Quotient (2 byte) + Remainder (2 byte)
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)ro

0.666 and retain the quo-

calculated by knowing the

signal which is equal to

)ro

Divide subroutine contributes Iargely to the total accumu-

Iated error in resistance and reactance calculation. This

contribution is a function of the dividend and the divisor
magnitudes. The quotient part of the division result is

outputed to the O/¡ converter only and the remainder is dis-
carded. The effect of discarding the remainder can be shown

in an example. Assu:¡e that the input voltage is f ixed at a

value $7F and in phase with the input current signal for il-
lustrative purposes. For a current signal magnitude equal

to $30, the calculated impedance wiIl be,

$zP r28
l8--R

R
max

(
$30 )ro

$zP \-$.2õ-- rro

(

( 2.66 )rc
0

The divide routine wiIl discard

tient 2. The maximum R can be

minimum allowed value of current

$20,

R

X

( (
I28

-î-

R
max

( a )ro
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va 1-This value represents the maximum scale. The discarded

uê, 0.656, in the previous calculation gives an error of

- 0.66
f- ì\ 4 i10eo of f ul1 scale 16 .65 e"

By taking different magnitudeS of the divisor, L, table 4.1

is constructed to show Lhe percentage error in R calcula-
tions. It shows too that the maximum error occurs at mini-
mum vaLue of divisor and is equal to 21.9"a, The ef f ect of

this error can be reduced by multi-precision division cal-
culat ion.

Table 4.1 Error in impedance due to division calculation
Subroutine

Input I
Hex value

I mpedance

Quotient Remain¿eJ

% error of

ful1 scale

$20
$21
ç22
s23
s24
$2s
$25
ç27
$28
ç29
s30
$3s
$40
$50
$60
$70
$80

$4
$3
$3
$3
$3
$3
$3
$3
$3
$3
$2
s2
$2
s1
$1
$1
$1

0.0
0.878
0.765
0.657
0.555
0.459
0.368
0.?82
0.20
0.122
0.666
0.415
0 .462
0.60
0.333
0. r43
0.0

2I.9 eo

19.1 %

16.4 %

13.9 eo

lL.5 eo

9,2 eo

7 ,0 eo

5.1 90

5.1 %

16 .66%
I0 .37 u"

11.50e,
15.0 eo

8.3 90

3.5 %

0.0 eo

t Note: Renainder is listed in base 10
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4.3 PHÀSE ANGIE, PEÀK VOLTAGE/CURRENT CONSTANTS :

To calculate the peak values of both current and voltage

signals, a voltage zeÊo is detected first then the processor

looks for a current zero by looping in a specified loop.

During this looping process the processor keeps incrementing

a counter by one count for each lap tiJ.I a current zeto is

detected. The number stored in the counter, N, is the meas-

ure of the phase shift . The processor then waits for a

period of 90 degrees by looping in a timing loop for 346

times. This constant is calculaLed by knowing the number of

instructions, the time needed to execute each instruction in

the loop and the processor clock period. The processor then

wiIl read the PIA #2 input register which wiII contain the

peak value of the current signal. To calculate the voltage

peak, the processor will look for the next voltage zero-

crossing and waiLs a time equivalent to'90 degrees as it did

for the current signal except that the constant wilI be 231.

Since the processor is running at lMHz frequency, the

clock period is 1 sec, and for a 60 Hz system the count

(N) in number of laps can be changed into degrees as fol-
lows:

H constant x l{

To complete one lap (one increment in

20 seconds: calculated by knowing

tions in this loop and the number of

execute each instruction.
Since

N) the processor needs

the number of instruc-

clock cycles rfeeded to
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46.3 U sec/ degree
@ 2.3r

the phase angle = Q.4319 x N, in degrees

In hexadecimal form,

( 0.43t9 )r0 = ( 0.6890)16

The re f ore

( e )rO = ( 0.6890 )rO N

Àfter the phase angle is calculated, the sine and cosine are

found out by the table look-up method.

A sine table for the phase angle vras constructed and

written into memory for angles beteen (0)10 to (9010 de-

grees, (00)ru to (Se)ru , in 1 degree increments which makes

the table length equal to (54) entries. This table is 1o-

cated at address SF100 to F15À. The sine of any angle can

be obtained by going to that location. To calculate the co-

síne of the same angle the processor calculates

cos 0 sin(90-0)

by using the same table. Às was stated in Chapter 3, the

sign of sine/cosine is indicated by setting a corresponding
I' R-x flag " register for each quadrant.
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4.4 ERROR ÀVERÀGING TECHNIQUE:

Each of the sources of computational errors discussed

earlier contributes to the totaL error in the output signal.

This total error was founcl to be an unacceptable percentage

of the total output signal. Therefore, âh output signal av-

eraging subroutine v¡as developed. This routine performs the

duty of filtering the errors resulting from the computation

process before outputing the resisLance and reactance values

to t,he peripheral device. This duty is accomplished by av-

eraging 8 samples of calculation. During the device start-
ing process and after a reset signal a stack of 16 consecu-

tive values, I for average resistance calculation and I for

average reactance calculation, is cleared and the first sam-

ple of R and x is divided by I using the logic shift-right
insÈruction three times. This first sample is stored in the

stack and the PIA output register. The'processor then loops

back to calculate the second sample. Àfter I samples have

been added, the processor outputs the stack sum to the PIA

to give the average value of I calculations.

After the processor obtaíns the first sample in the next

cycle, it subtracts the oldest one from the total sum of the

stack and adds the nevr one to both the stack and the stack

sum for outputing.



Chapter V

DEVICE TESTING ÀND CALTBRATION PROCEDURE

To determine the

two different types

test the device $tas

in the second test,

accuracy and performance of this device

of tests were performed. In the first
subjected to steady state-conditions and

to transient conditions.

5.1 DEVICE TESTING AND RESULTS:

In the f irst test two steady-state signal.s where applied at

the input terminals V and I with amplitudes +8"9 un-n at

60-Hz and 3,4 Un_n at 60-Hz respectivety. l'lhen the device

was reset and running, the output resiStance and reactance

where observed on a two channel oscilloScope aS a function

of time and shown in figures 5.la and 5.1b. These figures

show that when the device is reset ,t=0, the output R and X

are zero and start increasing in eight steps to their full
values. This is the result of the 8-samples averaging rou-

tine mentioned in Chapter 4. The }ength of each step is the

time taken by the program to detect the V and I zero cross-

ing and performing the calculation cycle. This time (t, ) is

equal to

= 0.2 x 0.2 sec,/div

= 0.04 seconds

t
s

61
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,),

Fig.5.1a

Fig. s. tb
t-0
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Figure 5.2a shows a plot of R versus x for 60-Hz input

voltage signal and a 60.A-Hz input current signal. This

difference in frequency is to simulate continuously variable

phase shift. The amplitude of both signals is constant.

The pLot in figure 5,2b is an n-sided po1ygon. The reason

for not being a circle is that the phase shift does not vary

fast enough for the program to calculate new values for R

and X and keep on outputing the same values t,iI} a new set

of calculations are made. Another reason is the number sat-

uration due to the multiplication and division subroutines.

The effect of these sources of errors appears in fig.5.2d

where the flat sides in the outermost distorted circle are

due to number saturation and the Iimitation imposed on the

minimum current signal to be $20. Figure 5,2c shows R and X

versus time plot were flat peaks are due to the same rea-

sons.

I n the second test , the device riras connected to the

BICEPS machine as shown in figure 5.3. The current and

voltage transformers are connected to phase 2. Line switch-

ing transients were created by switching the Iine length

from 1.Spu to 2.75pu. This is accomplished by using a

switch, not shown in the figure, to change line length to

one of four different pre-set line lengths. As was explained

in chaptet 2, the power transfer capability of the system

wilt decrease by switching off one of the lines in fig.
2.5a.
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Flg. 5.2a

Fig. s.2b
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RËX

tine

Fig. 5 .2c

Fíg 5.2d
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BICEPS

Machine

Transnission Line

SWITCH

Phase #1

c.r. ¡

Phase ?

Phase #

Fig. 5.3: Transient test connection on the BICEPS nachine

Manítoba Hydro

CB

CB

CB

R

v

33n
P. T.

Z - Display
Unit

Scope
Screen
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FoIlowing the same argumenL, the generator was loaded to

0.65pu at a line length of 1.5pu. The corresponding system

operating point on the impedance plane is shown in figure

5.4a at point t=0. After Ìine switching to 2,75pu, the op-

erat,ing point was oscillating along the dotted curve as

shown and finally stabilized at t=+- . Each dot on this

curve corresponds to one R and X calculation. Generator

loading vras increased to 0.68pu at Iine length of 1.Spu.

After switching to 2.75pu, the system was stable with the

operating point oscillating along the dotted Ìocus as shown

in Figure 5.4b.

To obtain an unstable transient, the generator was loaded

to 0.75pu at line length =1.Spu. By switching to 2.75pu line

length, the impedance locus was displayed on the scope

screen as shown in Figure 5.5b in dotted line. The area

shown by the 'unstable' sign indicateS that the impedance

display device could not generate the proper impedance lo-

cus. A smooth curve as Shown on Figure 2.6a is the desired

target. Àn 8-sample averaging routine was developed, to

filter out the accumulated calculation error, and the device

was tested one more time. One effect of this routine is to

slow down the device response, a penalty for obtaining

smooth curves under steady-state tests as shown in Figures

5.2c and 5.3a.
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Iig. 5.4a Stable traneienti ( p .65 pu )

t=0

stable

t=0

t=t

R

6Epu)F.ig. 5.4b Stable transient ( p
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t=0

:r

Fig 5.5a

Ì t=0

R

stab 1

Fig. 5 . 5b t'nstab le ¡rower swing



70

5.2 DEVTCE CALIBRÀTION PROCEDURE:

To calibrate the device, apply input sinusoidaL voltages

at the specified terminals anatoi input (v) and analog input
(l) in Fig. 5.6. The analog input voltage range is -8.9 < V

<+4 volts. The input signaL conditioning circuits adjust

these signals to the range accepted by the A/Ð converters

0<v <

Trim pots TR3 and TR7 are used for signal biasing. Trim

pots TR2 and TR6 are used to adjust operational amplifier

9a1ns.

The following sLeps are recommended for troubleshooting

and device calibration:
1. This device runs on 5V DC and 12V DC. Test power

suppLy circuit in Figure 5.lb for noise and rip-
p1e_f ree povrer supply

2. Àpp1y a fuIl scale 60 Hz analog voltage signal (-8.9v

to +8.9v) to terminal Ànalog input (v) in figure

5.1a. A biased signal, (Ov to +5v) should appear on

terminal #6 on the A/D converter #1. If not, check

the input signal conditioning circuit #1.

3. Àpply a full scale 60 Hz analog current signal (-¿v

to +4v) to terminal Ànalog input (i). A biased sig-

nal (0v to +5v) should appear at terminal #6 on the

A,/D converter #2. If not, check the input signal

conditioning circuit #2.
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4. The microprocessor runs at a lMHz frequency. This can

be checked from terminal E by using an oscilloscope.

The same clock signaÌ shoul appear at pin 25 on PIAs

#f and *2, if not, check the crystal circuit.
5. For Chip selection and sofLware changes, the Diagnos-

tic Emulator should be used as follows:

a) Connect the emulator Probe into the microproces-

sor socket.

b) Switch Emulator ON. RESET and CLK indicators

should be off; otherwise check the RESET or Crystal

circuit as required.

c) with the RAMoVERLAY switches in the oFF position

the Emulator display should read $F000 otherwise

check decoder circuit.
d) When all above points are properly checked and

corrected as required, decoding of the peripheral

devices #1 and #2 should be tested as follows:

First: initialize both PIÀs as shown in the software

program. Call memory locations $8000 and SD000 on

the address display. Pressing the Emulator EXÀM key

the DATA readout should give the digital word for

each analog input. I f not, check PIAs and À,/D con-

verters.
Second: call memory locations $8002 and #D002 and

push $Ff in each. À scope at Ànalog output (n) and

analog output (x) on Fig. 5.6a should read +2,5 volt,
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if not, check PIÀs and the output signal conditioning

circuits for adjustments.

Third: Into the same memory locations, $8000 and

$D000, push S7F, adjust trim pots TR4 and TRB to ob-

tain a zero volt outpuÈ on the scope.

6, Apply the analog input signals (l) and (V) to the de-

vice then press Èhe Emulator RUN k"y, the device

should run giving the calculated resistance and reac-

tance. If the device does not run repeat steps I
through 6.



Chaptet' VI

CONCLUSI ONS

1. This device is capabJ.e of computing and displaying, in

real time, the impedance seen at a point in a povrer system.

2. Tests under'steady-state conditions wíth simulated phase

shift indicate that the device is able to generate a smooth

impedance ]ocus in spite of the errors accumuLated during

r-he R and X calculation process (mainly in the divide rou-

tine where Èhe remainder of the division is discarded).

3. Stable transient tests on a model power system resulted

in an acceptable swing locus, but the error was appreciable

during an unstable transient test. Filtering out this error

by an 8-sample averaging routine was effective in smoothing

out the impedance locus but resulted in degraded dynamic re-

sponse.

In light of these results, the author would like to re-

comend the foÌlowing to enhance the device performance and

dut ies:

1) Develope a software algorithm to plot the actual relay

characteristics on the oscilloscope screen possibly by us-

ing the existing hardware.

2) Optimize the device perfcrmance by implementing mul-

tiprecision divide and multiply calculations.

- 74



3) Design a digital read-out using the

algoriLhm as an enhancement to the BICEPS

75

existing software

teaching tool.
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$bj ect Programme

¡¡H
orG

ttafrlcx
¡fooo

ttÀx ttcxtt6 roult¡t I rr{^3t 
^¡gtt 

catguLAltox

¡¡Gtr
l¡a2vt

CIEAR

tþ¡
tlr
tDx
¡tr
tDx
tlr
ID¡
¡l¡
tDx
ct¡
Êt R

l¡¡
I l¡c
L DÂÂ
CI'PÂ
¡Hl
tD3
IDI
I DAÂ
cHp Â
¡x,
lrÂ
I OAÀ
CiP A¡:r
Ita
I ÞAl
ctÞ I
IH:
lx¡
I RÂ
iDÂI
cxÞ I
IPL
¡¡À
IRA
sl¡
LDT
¡0P
toP
oÊ r
DEX
trt

r¡or
¡oooo
a¡770a
¡ooo2
,too¡
tl ooo
r¡F?or
¡EOO2
l¡Ât0
¡cl¡t
ox

tlrtl, ¡¡¡2 ¡¡ruY rl6tatlrS
LOAD ttD l¿G WtlX HEX. af¡O.
lrrl. t¡a2 0ulPul tÊËtsltrs
t0aD trD. t:Gt31t¡ sttË xtx. ¡00r
¡rt1. ttÂr lrrul rÈGl¡llts
loaÞ ¡¡Dtr rtG¡srtr w¡Tå l¡Fo.
tìlf . r¡ar oufrul tcGlsltrs
!0ÀD ¡r wtla 3rarlttc aDD¡Eas { 3gtaÂ
ct!Àr aYÌt c0uì1
cL?a¡ rocallor t¡otcÀ1tD tY tx

¡cl I I
3Ctll
r¡ r t
CIIAß
¡¡ao2
¡¡aoo
3DOOO
¡¡a0t
tta2vi
tIA2Vl
¡DOOO
t¡aor
?larlt
tta2vff
¡!ooo
tfaol
Plaitt

! ¡ctEHfxl couttt t
toaD Àcc.¡ rtlH c0uxl vÀru¡

¡rarcH 10 Êrgår l¡sr o7 lalLl
¡ßtrtaLtSE ¡YAcx t0tìÍl¡ I ¡cF¡F )
cLlÂ¡ ¡¡oEr tlGlSftR
!OAD ACC.A W¡IH ¡¡S1. YALUI O¡ Y

coxPÀRl 
^cc 

. a *t 1H ËEx . ¡¡o
ItaicH lF lrlìu¡
lta¡gx alwaYs
LOAD ACC . A T¡ 1H I X5I YÀLUI OF Y

c0¡PAr? Àcc. À wl lr Hlx 3ro
¡RÀXCh 10 CX!CX ¡ YÀLUl
¡taicH ¡acx lo¡ v cracx
!0Â0 lcc.! tY ¡tsf .varul 0t ¡

COHPÂ¡E YÂLUË OF ¡ W¡ I¡ HIT. 
'¡O¡¡axcH Ii rlllus

ItcREHlXt !roÊx tt0talcn
IIAiEfl AIWAY3
t0aD acc.l w)1H ttst. YALUE oF I
ÊOHPATI tT3] YAIUE OF ¡ WI1ts 3tO
¡RA¡CH 10 StO¡E YArUt Or lr)
tICRIHEìI t ì¡1.1
ItÂrcts atwaYs
6lORE VA!UE Of (ì)
LOAO :¡D IEG IY ¡OIT¡

DtcRlxt¡f tllDCr. llg¡stlR
DICRSHIPf IXÞ ¡EGISIIR
¡taxcH t0 0EcrlxExT ! r 100Þ

llÂ2v¡

rtar¡

ttÀl¡ts

Srx I

tl x r

t¡atlL
¡looo
3tÀo¿
stl r

P¡ÀIIH
¡cao2
¡¡ÀoÊ

olx 1

l0rl
31Al

:¡A2VI LDAA
ctt Â

lHt
¡tÀ

,!A2V2 IDÀÂ
CHPÂ
tPl
arÂ

LDX' ID¡
0tx2 ¡0Þ

Dlx
Dll
O!r
ttt
I DAÂ
S lal
I DA!
3IAå
lÞal
¡l¡l
lÞÀÂ
¡lla
lDll
tlal
Ja I
L DAA
¡1la
L OAI
3ral
¡'XP

o¡G
truL2tr¡ lHt

o¡c
¡ t ta3tt rHl

Ê¡D

SCOOO
¡cÂoe
¡0000
¡?aoc
lla2v2
tla2vr
3Þooo
¡¡aot
lDx 1

?l^2v2
t¡aoa

LOAD ACC.t WlrN ',t', XÂX
SfoRl tÀx. YALUE o¡ I
!0ÀD acc.Â wlTH ttst YAtuÈ of
coxPAtt trsf vÂLut o¡ v wllH
ItaxcH 1D crfcx Y)¡10
¡¡arcx atwaYs
!0aD acg.Â wtlå t¡sr. vatu¡ 0f
c0HPARE trSt. YALUE Of Y WlfA
t¡aÈcH t7 v ) tto
.¡A¡CH ATWAYS
t0a0 ¡¡Dt¡ ttctSrl¡ wtfH toE?
¡0 0rctar t o¡
DCCtlHEt l trOEr tlGtSrEt
DÈCÀÈTEBI TTDII RIEtSfER
DEC¡CliEil trOEr rEgtsrtR

Dlx2
TDOOO
SCAOI
rt6E
¡CCo I

rt9 0
¡cco?
¡cao2
¡cco!
¡cao3
lcço.
xuL 2t1)r
¡cco6
¡caol
tccoE
¡cao2
3l¡9rå

t¡o

¡¡o

LOAD ACC . ¡ Wl lB V HAX
sro¡t HAr vÀtuE or v
toaD acc,ô wtlB Â c0Nslarl 3cE

l¡tlrart3t rul2n1fi

JUHr 10 3tllCO3 SUtTOUItXE

t7000
1

ttaoo
I
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Êlt
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clr
ELt
cl¡

SUI'O LDAÂ
3I AA
LÞÂI
¡ra!
JSt
lc3
l0Àa
cÉla
!lo
I ra

ta R0 I DAI
CHP I
atq
¡¡a

À¡6to ctlÂ
3lÂÂ
coxa
31AA
.,H P

¡trrc alaÂ
I DÀI
31At
¡ lAl
¡ta

3U¡rrD t0aÀ
JHP

3Ut 1 tO J¡R

l¡ao2
3¡AOD
¡cao¡
¡caol
lca I I
lÈalc
¡CAID
lcatt
tcarl
¡c42.
¡catÂ
tcalt
tcalc
¡c430
3CÀlt
¡cÂlr
¡car2
¡cao2
¡cÀol
tC¡OI
¡cÀoc
tu!22
au¡lrD
¡ca I r

¡7AOO
ll¡0
¡t ! to
lcar2
¡Feoo
ATG'O
t¡ r to

ol
o¡

C0¡¡rÊ tLao

ltlllArt¡t Slacx lol¡1lR

¡Do ( l.to OICRI!3) TIIED DÀ1Â

0
o
o
o
0
t

o¡
EA
:A
IA
IA
EA
CA
IA
lÂ
lÂ

Hfrolv toc¡1 I
;ÍxoRY LOCAtI
HÍHORY IOCAT t
xtxoRY I ocat I
HEËOtY IOCAÏ I
HlH0tY tocÂft
3 t ¡l - Eos ¡ ìÈ L
¡!g¡31ArCE .
3IC . EUADRA¡'

x
ß
I
x
OP ¡LAg
CAClAXCE IIAE

3EAIE

IOAD ACC.Â W¡rff ( r HtGr lYrE I
tl0tt txa3! 3x¡7f lx¡gH ¡Y1l) lr 3ul¡lr
t0aÞ acÊ.t wtrH I ll !ow rYll )
3tort tåa3¡ ¡Htfl f Low !YlE l l¡ 3ulr1r
JUXP 10 tUll¡ACr ¡U¡t0U1lIt
¡RAxCX t¡ A¡GLl t3 < tO OEGRtlS

3roR¡ EOSt¡l ro D!GtcEs

3lo¡r stxr ro Þ¡o¡àr3
JUHP IO 

'TPIÞÀTCE 
RÍ¡

tE-txtr¡aLtsE sulfRAcr t0ultrE
lt. t¡¡f ¡aLt3E 3ulrracl loul¡ìE
3AVÊ A¡GIÊ YALUE 7OR ¡UlURC USE
¡raxcN 10 3ulÌac1 ¡o DIG¡EÊs
t0a0 aÊc . À wt rH rxasl rr6rc I )r I

3CA r ?
¡lsoo
¡caol
lca r 2
¡caoc
3CAAA
3Ulrto
¡ceos
^xGrl¡u122 JU;' ?0 SUlrRÂCr r0uf trE

¡¡6rto

JUHP

¡t2?o

3Ul2?O

tt¡02

A¡92?O

¡cal?

¡cÀ r ¡

!CAIE
!catl
¡7tôo
ICAAÂ
r¡ÉÂ

3CÀ!!
À¡GII
¡caol
tca r 2
tcaoc
ICAAI
¡u¡2to

¡u¡¡2
ttÂ62

'EA 
I I

¡FAOO
tct02
att¡0
¡Êa r 2
t¡aoo
À¡G2tO
¡RICO

tcs
L0ÂÂ
CXPA
tt0
! RÂ
L 9Ât
CHPI
¡Ee
,IA
cLtl
3 r^t
coHl
314!
I ¡C
., xP
IDAI
I OÀÂ
3lÂ
¡xc
JHP
¡ 1AÄ
LÞAI
¡lal
3lal
¡ta
taoP
r0t
LoP
J3R
a gs
L ÞÂÂ
CI'PÂ
¡to
¡la
LDAI
cÍr I
¡ta
¡¡Â
crtÀ
¡1AÂ
c 0xa
ß 1AA
I rc
.t;Þ
¡lAA
LDAI
¡rÀl
¡l¡¡
.rlt
¡Êt
l0Âa
Cl'lt A

JUII
¡ca t I
af aoo
Itlo l
¡R2?O
lca I ?
¡7AOO
¡tE I ¡O
lR2?O

f LA6 70t co3¡¡t ¡¡ ¡cGÀ1lY¡

tt- t¡tÌ¡atttt 3u¡1laÊ1 l0u1¡lrE

JËP l0 ttarlDAlrcl l1ì
tHAsE A¡G. ( tO < ¡¡ÊtE ( l!o )

t!- txtltaLt3t ¡u¡ltacl r0ultrE
¡aY! atBLt valul lon 7ulutl u3E
¡RÀtcfl ro Sull¡¡c1 to olGtË!g

2?O < l¡ELl

3ttt 2?o 0c¡cl9 l3 lllcallYE

rt- trtl¡att¡l tulllacl t0ult¡E
tt - trtltaLlSE tull¡ac1 loull¡l
3ÂYt Â¡Gtl vÂLuc ¡ol ¡ututl u3Ê
rrur? 10 tu¡?rlcl toull¡l

Itl¡o

tcar?
¡EAIO
tr loo
¡C¡O!
¡ca r 2
¡caoc
.CAAC
¡uaa2
?ta6l
¡car r
¡¡aoo

¡rGtl 3 l3o
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llr0l

^¡6lao

l!^G2

?Lt63

xlwcY L

alo
¡ta
t0Àl
Cr? ¡
¡lo
Ita
c!tl
3rÀt
c 0Lt
¡1At

¡rÂ
t ¡c
I ¡C
t Þat
3lat
JÍ?
tlrc
Itc
LDAI
IDAA
tt¡
¡'AA

ctea
IA?
CL¡
I DAA
¡ lÂÂ
LDÀI
Sral

crc
IDAA
LDAI
sulÂ
s!ct
¡IAA
arÂl
tls
¡oP
¡oÞ
¡oP
LOAI
LD¡
L ÞAâ
CXPA
a¡E
IDT
5lr
¡ls
ÈHP I

¡l¡0!
lltwc Y L

¡ca r 2
tTaoo
lrGtao
¡lwc Y L

¡CAt?

¡ca r ¡
t7¡oo
¡EWC Y L
¡cÀrÞ
¡catc
¡CAAI
¡car2
¡ucIt2
¡catt
¡ÊÀlr
¡cÀÂc
r¡6Â

IrÂtcH 10 ¡?l cvcLt
ltr 7LÂG, 3t¡ l5 tcGAttY¿
tll ?LAG, C03 l¡ XEGAT¡Yt

¡r0 ouaotaxl
t¡0 quÀD¡a¡l

rto ( lH¡¡t 3Ë¡Ff ( 2ro

3tt
3tl

g. 3lr I3 l.lGÀ'llvc, alx ouaotaxt
G HÀY ¡I 1'OI ¡I¡DSD '

fu¡H YAtUt t
lllctÊi.ttÈr 3 ¡

x
I

rcc.Â trlÒ c
CO3 FIAG

A
A

¡cÀl?
AXGL:2

3U122

atrrl2

tca2a
¡ca r 2
tcaol
¡ca r r

¡cÂo2
surro
SCAoC
I CAOI
¡cao¡
¡CAOE
tcar2
!ca l r

JUHI IO STARI Â
Êtlar carrY ttr
t0aD acc.a *t1r
r0aD acc.¡ r¡1x

¡lr cYctl

tElu¡¡ TtoH 3uttoutlr¡

tcaar coxlattS 3!tt txE a¡6LE

DAIÂ tr 3caoc
0ara tì ¡7aolacc.Â . ¡cÀoF

SUlrRACf Wl1ff CA¡Rv. ACC.t SCAOE

¡¡Èlt!

¡ ¡ tf I r

r3DO
¡FÂO¡
acaat
oo.x
alrll2
rtFF. Ì
SCAaO

t0aD Âcc.t w¡tH t¡D of tat!E
t0ao lr wtrH 3tr-cos 1ÀlLE 3TÂRrtxG À00t!as
IOAD AÀC.A WIlX DI3¡TED YAIUE OF AìGLÊ

ato
ltr
*Ât
I rc
lrc
LDÀI
LOAA
3la
3'AÂ
L ÞAÂ
31AA
Jl ¡
t¡1
l¡E
L OAI
31A !
I DA¡
tUåÀ
31A A
trc
rJ3t
g'l x
LOAI
tlal
JHP

ott
t;t

txD

¡ttrl!r
3 t tll I

lxctÊHtxt t¡Þfr r¡cl31tR

ratl

¡¡c¡tx¡xT 3tr-g0s FtÀc

toÂÞ acc.a rllÉ ?HÀsE
¡ca.t Eoxtarr¡ þEst¡c0 vÀLut
JUHP ¡OI SIT.fAIIC 3EÂRCH
1!S1 t; ¡CA2a COXTAtIS ¿tRO
!RAfCH t0 ¡ÌORE COSttat AIctC
r0ÂÞ ôcE.â !Y at¡c rHA3E A¡Et¡
SIORI SINE PHASE ÂI'G!E Iß HUI IRlI

lrcrltltrr ¡ca2a
JUXP ?0 alr ra¡rl toult¡l
arorE c03 I ¡E rHAsc À¡6Ll
toÂ0 lcc.l wtrH c0strE Þ)tÀ3t atGlc
StoRt ?xÀ3: 

^tGLEJullt 10 lratÊ04ÈCf ¡1tl

3 t r1l:
FIA6I

A¡ô!I2
AIGIf

g0¡agL

tt¡slt

3CAIB
3CÂ2.
¡ÊAAÂ
rt5À

¡car2
tca r 2
¡caat
3!rllr
¡Êa2.
cotagL
SCAa r

¡g¡ r ?
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!c42.
StLtat
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SCArt
¡¡ !oo

¡¡aoo
I
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¡^H
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lritlD2
37loo

I Xtto t0Âa
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CHPÀ
tHt
IOAA
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s 1Àa
Jt ¡
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LDAI
slal
t3r
¡to
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L þÀI
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.J3 R

I DAI
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¡CAE2
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¡gÂ17
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lruL tllt
3CàOl
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SCAOÅ
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¡clot
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JUXP T
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^¡gtE
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t3t
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ta l0
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¡FAO8
T
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roaD !¡ao8 lY
!OAD ACC . A ïI I
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31ÀCt I r Ow! Yrt )
3lACr( lH¡GH lYlg)

o I rf tR
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,ot
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D I YI
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ÞM
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D t YA
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tolalt Mxl

D t YI

0 t Yc

O I YD
D I YE

3AYT coulrl

0tYt¡0R t00 tår6E

ctlÀr ErllY

3CI B¡ItY
Dtvt

¡DJUa? Ol Vl¡Ot
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