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ABSTRACT

A system is designed for calculating on-line digital impedance of
a transmission line using a Microprocessor (Intel 8085) and a Fast
Multiplier (TRW TDC 1003J). The approach taken is to use a digital filter
to extract the fundamental component of voltage V and current I, then
the impedance is given by V/I. The filter is of the sliding or running
spectral measurement Fybe. The ‘total time taken for impedance calculation
is 1.033 msec for 16 samples in a cycle, at the power line frequency of 60

Hz. The maximum absolute error is #1.52% of the largest possible impedance

value.
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CHAPTER 1

INTRODUCTION

.

The use of a digital computer for distance protection of trans-
mission line was first suggested about é decade ago [1]. This concept re-
qui;gs thafli?gita1 samp]és of line voltages and currents be obtained and
" analysed by a dfgita] compuyér, using a program (algorithm) that calculate
the'series impedance of the 1ine.;'Advances have since been made [2,3,4,
5,6,7] for calculating impedance, off line. The need for a suitable
algorithm is complicated by the nature of line voltages and currents dﬁr-
ing immediaté po@er frequency post-fault cycles of these signals, in that
the post-fault waveforms contain a power frequency fundamental component,
a transient DC offset component, and transient high frequency components.

There are two approaches for calculating the series line imped-
ance. One uses a differential approach and other a steady state abproach.
The basic difference lies in their implicit assumptions.

With the advent of economical microprocessors it is now possible
to consider a microprocessor based digital distance protection system.
The microprocessor based instrument has a number of advantages: It is'
cheap, small in size and consumes little power. But until very recently
the microprocessor has been hampered by slow multiplication and division.

This report describes a system for digital calculation of on-
1ine impedance of the line using a microprocessor and a fast multiplier.

The approach taken here is to use a digital spectral analyser, which is



]

equivalent to an finite impulse response [FIR] filter, to extract the
fundamental component of voltage (V) and current (I), and then the im-
pedance (Z) is calculated by taking the ratio of V/I.

The spectral analyser used is of the sliding or running spectral
measurement type. The system is built using an Intel SDK85 single board
computer and a TRW TDC 1003J, a 12 bit x 12 bit.fast multiplier-accumula~
tor. Both the microprocessor and the fast multiplier are used for digital
filtering of input waveforms as well ag for division. ‘

Chapter 11 describes the different techniques used for digital
impedance calculation, together with the method that was implemented.
Chapter III describes the system hardware. Chapter IV details the digital
filter and impedance a]gorithm and Chapter V discusses the test results,

together with suggestions for further improvement.
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CHAPTER 11

DIFFERENT TECHNIQUES OF DIGITAL IMPEDANCE CALCULATION

2.1 Introduction

'The impact of modern development in d1gita1.fechno1ogy has been
felt in many dfscip11nes of power enginéering. In recent years, strong
interest ih &pp]ying digital methods to protective relaying has been in-
dicated by the appearance of numerous technical articles on the subject.

~ The basic idea js to investigate the feasibility of uéilizing
digital techniques for the protection of transmission 1ines. The criter-
jon for such a protection system is to equal or surpass the performance of
existing relaying systems. Explicit points of interest are: operating

speed, accuracy and dependability.

2.2 Fundamental Considerations

For the protection of transmission lines, a well known parameter,

S
to determine the character of a fault, is the impedance looking into the

Tine. A small number of current and voltage samples are used*ts\gglsglifg,,,_\\

the impedance.

r

For digital relaying, two possibilities exist for calculating the
1ine impedance. One uses a differential approach, and the other a steady

t

state approach.



2.3 Differential Equation Approach

For most applications, a power transmission line can be represent-
ed as a series resistive and inductive branch. From circuit theory the
fundamental description of such a branch is the differential equation

- di
V=Ri+ L It 2.1

This relationship holds under short circuit conditions for both steady state

and transient comditions and form the basis for the digital algorithm, It is
necessary to'note that, transmission lines deviate from the series R, L approxi-
mation due to the shunt capacitive effect. The inductances high frequency trans-
jents, but they are often short lived and die out fast. The effect can be
minimized by filtering.‘ With the differential equation approach a Tow

pass Fi]te; is sufficient as opposed to the narrow-bandpass filter requir-

ed for the impedance approach.

—

-

* J '
2.3.1 Digital.Aldgorithm For the Calculation of Circujt Parameters R,L

For a circuit, the parameter values of R and L are calculated

~

using numerical methods. The samples are taken at a fixed rate at times

Id
)

say tO’ t1 and t2. Thus "there are two sample periods, the first.from tO
to t, labelled as A, and the second from t] EP tss labelled as B. The

average va]ups of current and voltage during these periods are as follows:

iy i ‘ i, + 1
. _ 0 1 . R 2
W=—7— > g = ——— 2.2
!
V = VO ¥ V] . V = -\-l-l:_.\i 2,3
A 2 ? B 2 )

taking the derivatives of Eq. 2.2 and Eq. 2.3,



d1A N 1] + 10 i diB i} 12 + i]
dt ty -t dt ty -t
The differential equations of the line for these two periods are
o g
Vy = R1A * g ' 2.4
. dip -
Vg = Rig + L I 2.5

Thus by taking the samples io, i], 12 and VO’ V; and V2, Eq. 2.4 and Eq.
2.5 can be solved for the two unknowns R and L. Eq. 2.4 and Eq. 2.5 can
be programmed to determine R and L from the sampled values of current
and voltage. )

The charactaeristic for relay tripping is programmed as a general-
ized quadrilateral depending on number of zones to be protected, their
distance and transmission line characteristic. A typical characteristic
used by Breihgan, Chen and Gallen [2] for a two-zone stepped distance
scheme is shown in Fig. 2.1.

With three successive samples of current and voltage, the circuit
parametérs R and L are calculated /and checked if they 1lie within the
.characteristic shown in Fig. 2.1. Norma}]y if four values of R and L lie
within the characteristic, a trip signal is sent to circuit breakers.

In this approach of solving the differential equations, the fund-
amental algorithm for the calculation of R and L along with the relaying
requirements imposes numerous restrictions affecting the computer program.
The calculation of R and L itself requires many multiplications and
divisions which are time consuming‘operat1ons. So in this type of approach
the parameters are normally not calculated in steady state condition, and

once fault is detected either by monitoring a voltage or current lines,
<
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the parameters R and L are determined to give a trip signal. Breingan,
Chen and Gallen [2] implemented this approach on a minicomputer and achiev-

ed a trippina time of 6.12 to 7.4 msec.

2.4 Steady State Approach

In this approach a line impedance is calculated from peak current
L 3
and peak voltage. *Different methods are suggested by different authors

and we will consider each method briefly.

2.4.17 Digital Impedance Calculation Using a Predictive Method

In the early stages of digital methodrsL2 Ménn and Morrison [3]
suggested calculation of the line impedance which involves predictive
calculation of peak current and peak voltage, the impedance being deter-
mined by the division of peak voltage and peak current.

A digital computer, sampling a sinusoidal waveform, can determine
the peak values as they occur. However if the peak values can be predict-

[y

ed before their occurrence, a faster fault-detection is achieved.

2.4.2 Basic Theory of Predictive Calculation of Impedance

Consider a sinusoidal waveform, 1i.e.
v = Vpk sinwt ' 2.6

where Vpk is the unknown quantity and v is a typical sampfé value., If
the -sampling is not synchronized then sinwt is also unknown,

By differentiating Eq. 2.6 we get



v = mvpk coswt 2.7

If v' can be determined, then the peak value of the sinusoid is determined

from Eq. 2.6 and 2.7 as

2 .2, rv'e2
(P R bre 2.8

using Eq. 2.6 to Eq. 2.8 for the transmission line currents and voltages,

the modulus of line impedance can be determined, given by
2

v K 1/2

-5 2.9
ka R

where ka is a peak value of current given by

|z|

2 _ g2, ri'y2
ka i f [UJ ]

where i is the current sample value and i', derivative of it. Furthermore
the phase difference between the voltage and current waveforms can be

determined from,
¢ = arctan[(wi)/i'] - arctan[{wv)/v'] 2.10

enabling complete impedance determination.

This method has serious drawbacks: It assumes that the waveforms
are pure sinusoids before and after the fault. It does not take into
account the transients (including the exponentially decaying DC transients)
on current and voltage waveforms. So some kind of analog filter has to
be used before processjng the‘voltage and current samples. '

The method also requires the derivatives of current and voltage
samples which are calculated numerically using digital algorithms, which
restrict the accuracy of calculations. Mann and Morrison used three

successive samples to calculate the derivatives giving an accuracy of about



+10% in impedance value. : — .

2.4.3 Digital Impedance Relaying Using Fourier Analysis

Ramamoorty [4] was the first to propose the use of Fourier analy--
sis rather than the pred{ctive method of Mann and Morrison. The ensemble
of samples over a period of one cycle is assumed to repeat periodically and
a Fourier analysis is performed on the ensemble of samplégf The amplitude

and phase angle of the fundaméntal ¢ omponent are obtained as follows

2_(f2_+ f.cosx + f,co0s2x + f_ cos(m-1)x+ -} 2.1
= (= ! 5 e 1508 5 .

4

b] %.(flsinx + fzsin2x e fm_1sin(m—1)x) 2.12

where fO,f],fZ,...,fm are sampled values of input signal over a period of

one cycle and x = 2r/m is the sampling interval. The factors césx,sinx,
..,cosmx,sin(m-1)x are constants and can be calculated and stored in the

computer a priori, as weighting functions on the sample values. The funda-

mental.quantity g(t) is given by

g(t) = /@% + b% sinfwt + arctan(b1/a])] 2.13

If this computétion is made for both voltage and current, the magnitude of

impedance and phase angle can be calculated. ,
Ramamoorty clajms betteriresu]ts t han Mann and Morrison's method

for faults on a model line in the laboratory. Sampling the waveform at

20 points per cycle he calculates the impedance on an IBM/7 system in

4.6 msec. Since .the sampling interfal is 0.8 msec for 20 points per cycle

and the impedance should be calculated within this interval, this method

cannot be used for real time operation. Most of the time is consumed in



multiplication, square-rooting and division in order to get impedance |Z]

as
" (/a% + b%) voltage
Zl =
(/a% + b%) current

2.4.4 Digital Impedance Relaying Using Walsh Functions

J. W. Horton (5) suggested the use of Walsh functions to extract
the fundamental 60 Hz component of current and voltages. ?ﬁ?s method does\
not assume any sinusoidal conditions, before and after the fau]t:

The time consuming multiplications and even the squaring and
square-rooting operations, in the Fourier analysis algorithm used by
Ramamoorty can be almost entirely eliminated if the function g(t) is analy-
sed into its Walsh functions Wal(k,t). This is possible because Wal(k,t)
has only two values, *1 and so Walsh analysis can be performed by the
operationé of additions and subtractions.

The first 1§ of these Walsh functions are shown in fig. 2.2.

" They resemble “squaring-up" sine and cosine functions and form a complete
orthonormal set. Walsh functions are undefined at the points at which
they change from +1 to +1, but as these points are a set of measure zero,
this is of no consequence.

Llet t' = %-and lét the Fourier expansion of g(t) in the interval

(0,T) be defined as:

g(t) = Fo + /2 Fy sin §¥§_+ v/ Fy cos 2%3

and the Walsh function is defined as

g(t) = [ W, Wal(k,t/T)
. k=0
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Wal(0,t') + + + + + 4+ + + + + + + -+ + + +
Wal(1,t') + + + + 4+ + 4+ + — — — — = —
Wal(2,t') + + + + — — — — — — — — _ -+ 4+ +
Wal(3,t') + + + 4+ — — — —+ + + + — — — —
Wal(4,t') 4+ + — — — — 4 + + i
Wal(5,t') + + — — — — + 4+ — — 4 1+ +o—
Wal(6,t') + 4+ — — 4+ + — — — — & 4 — — 4 4
Wal(7,t') + + — — 4+ + — — + + — — 4+ + — —
Wal(8,t') + — — 4+ + — — + + — — + + — — 4
Wal(9,t') + — — + 4—.—— -+ =+ + — = + -
Mal(10,t') + — — + — + 4+ — — 4 — 4 — — 4
Wal(11,¢') + — —+ — + + — 4+ — — + — + + —
Wal(12,8') 4+ — 4+ — — 4+ — + + — 4 — — 4 — 4
Wal(13,t') + — + — — + — 4+ — + — —#'w; -
Wal(14,t') + — 4 — =+ = 4 — — 4 — } = p o
Wal(15,t') + — + — 4+ — + — + — + — + — + =

Fig. 2.2. The first sixteen Walsh function of integr51~‘

index k. e

s
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then,
1 T
Fo=1 [ 9(t)dt 2.14
_ /2 ! . 2t
Fi =5 é g(t) sin = dt 2.15
F=—”Z} (t) cos 2T dt 2.16
27T ¢ gl cos == ' :
and 1 1
o= = [ g(t) Wal(k,t')dt 2.17
k T’O

The set of components Fk form a vector in Hilbert space and so does the

set wk. The two vectors are related by fhe orthogonal matrix A. Thus,
W= AF

Since
A'] = A

where A' is the transpose of A, we also have
F= AW 2.18

The matrix A;.in part is given by,

- .
- - - .

1 0" -0 0.0 0 0 0 0
“ole a0 w0 oo 00 0 o

0 0 .s0 0 .. 0 -.300 79 0

A= |0 070 90 0Tteg .0 0 o

0 0 0.0 .90 o o 0" 0

0 -373 0 0" 0- 724 0 . 0 0

o o .3 0 o o % "o o

© o o0 0 0 0 0 0.9 0

0 0 L0 0 0 0 0 0 0.90]

9x9



13

Now let g(t) be a given function. Then using Walsh functions,
we first find Walsh coefficients wk from Eq. 2.17. In actual computapion
the waveform is sampled (m+1) times in interval (0,t). From Eq. 2.17
we must perform the numerical integration which closely approximate the
integral. Once Walsh coefficients Nk are known, then using Eq. 2.18, the
Fourier coefficients F1 and F2 are calculated. The amplitude of a
sinusoid is given by /F? + Fg. Thus finding out the Fourier coefficients
F] and F2 for both voltage and current waveforms, the impedance can be
calculated. The impedance calculation requires four muitiplications, one
division and one square rooting. To avoid multiplications, Horton has
suggested an amplitude and phase theorem [6] which gives the empirical
formula for impedance |Z] as

- (1.0822( 1 | + [Myl) + 0,818 (1Wy] = 1471} 01 1a0e -

{same}

current’
and he has calculated impedance using Eg. 2.19 for 17 samples per cycle in
1 msec, with an accuracy of +8%.

Most of the digital impedance algorithms cited before, were deve-
loped prior to the advent of microprocessors and envisaged the use of
dedicated minicomputers or larger computers for the implementation of
digital distance ﬁrotection of transmission lines. These implementations
generally include programmed logic to first determine the most probable
type of fault that exis %;nd then calculate the apparent impedance of the

faulty phase or phases off-l1ine. This was done in order to avoid large

~
amount of calculations. /

It 1s now possible to consider a microprocessor blﬁed system,

which would retain the essential parallelism of existing electromechanical

-

-»
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and solid state, phase and ground distance relays. The main problem in
usingAMicroprocessov§’is slow multiplication and division. Advances in
integrated circuit fechnology have provided fast array multipliers.

Using a fast multiplier and other digital hardware, any of the
earlier-mentioned steady-state techniques can be used for impedance calcul-
ation. One can use Walsh analysis or Fourier analysis to get Fourier
coefficients F1 and F2 and then a fast multiplier together with addition-

al digital circuit can be used to implement the impedance calculation

12].

2.4.4 Digital Impedance Calculation Using Digital Spectral Analyser

The method of the present work is to use a digital spectral
analyser to extract the fundamental component of voltage and current.
The basic principle of digital filtering is explained in the following

sections.

2.4.5 Digital Filtering of Fundamental Component [7]

Spectral analysis can be considered as a problem of evaluting
the z transform of a modified version of signal over a region of the z

p1ane:

z transform of a given signal

Given a sequence X(n) defined for all n, its z transform is
defined as, <T

«Q

X(z) = § Xx(n)z" 2.20

n:.-.-m
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ad st

where z is a complex variable.

The z transform of a sequence may be viewed as a unique repre-
sentation of that sequence in the complex z plane. Eq. 2.20 indicates
that if the z transform is evaluated on a circle of unit radius, i.e.

Z = er then

X(z) = x(ed¥) = 5 X(n) e~Ju"
z=ejm nz-w

which is the Fourier transform of the sequence X(n).

The Discrete Fourier Transform

Consider a case where the sequence to be represented is periodic;
then the sequence can be represented in a discrete Fourier series. For

a periodic sequence Xp(n) with a period of N samples,

w -j2mnk/N
X (n) = T X.[(k)e l 2.2
p K=o P
where the only possible frequencies of which xp(n) can be composed of
are

Since w, are the only frequencies whose periods are integrally
related to N. The quantity Xp(k) in Eq: 2.21 represents the amplitude of the
sinusoid at frequency W - Because of the periodicity of the function:

gJ2mnk/N gJ2mn(k + mN)/N . Qem<w ;

5o Eq. 2.21 reduces to
) N-1

Xp(n) = kZO Xp(k

) J2mk/N

In a more familiar representation, Xp(n) is expressed as,

\
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N-1 .
1 2mnk/N
Xo(n) = N-kzo X (k) 32" / 2.22
Taking the inverse transform
N-1 .
X (k) = § X (n) e démk/N 2.23
p nsg P

Eq. 2.23 is called the Discrete Fourier transform and Xp(k) represents
the amplitude of the sinusoid at frequency W -
Eq. 2.22 and Eq. 2.23, show that both the sequences Xp(n) and

X (k) are periodic with period of N samples and X (k) may be determined

P : P
exactly from one period of Xp(n). ‘\
Retation between z transform and DFT iﬁi

Let X(n) be a finite duration sequence defined as
X (n) H 0 <n <N-1

0 ; all other n

%Egre Xp(n) is periodic with a period of N samples. The z transform of
X(n) 1s

.

n=0

J2mk/N 5 o at a point on the unit circle

Evaluation of X(z) at point z = e
with aﬁgle Eﬁi gives

= [ X(n) e7dimkn/No 2.24)

Since

Xp(n) = X(n) ; 0<n<N-T ~
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Eq. 2.23 and Eq. 2.24 give .

X (k) = X2/

Thus the DFT coefficients of a finite duration sequence are they

" values of the z transform of that same sequence at N evenly-spaced points

-

around the unit circle.

2¢5 S1iding or Running Spectral Measurement

To find the amplitude X_ (k) of fundamental frequency Wy from

p
eq. 2.23, we see that

N-1 .
X,(1).= I x(n) g=JZm/N 2.25
. n=0

One complete period is"required to obtain the amplitude. For a sliding

type of measurement, each time a current sample n and its previous N

samples are used for the computation. Thus at any point n, the spectrum is

a function of (n-2) samples where 0 < 2 < N-1 and N is number of samples

in one period. The spectrum for the fundamental component sn(z]) can be

written as
N-1 -j2me/N
Sn(z]) = 7 X(n-2)e 2.26
2=0
Let n-% = m, then Eq. 2.26 becomes
n-fN+1 .
Sp(zq) = T X(m) e jen(n-m)/N
. m=n
or (
s (z1) = E X(m) z; ("™ 2.27
n Z] - m Z-l .
. m=n-N+]

eq. 2.27 can be ekpanded into
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-(N-1)

+ ...X(n~N+1)z] 2.28

To measure Sn(z]) for successive va]pes of n, i.e. So(z]),
51(21)... etc, a window, of duration N sample$, is moved one sample ahead
and the measurement is repeated. This type o% measurement is called a
sliding or running spectral measurement. Eq.l2.28 shows fhat a sliding
spectral measurement at a single value of z 1+e. at z = Z4 is equivalent

to an finite impulse response filter [FIR]. Eq. 2.28 can be written as,

S,(z7) = h(0)X(n) + h(1)X(n-1)+ N 1)X(n-N+1) 2.29
where h(n) is the impulse response of a fi]ter given by

h{n) = z{" s 0<n <N-l — 2.30
Fig. 2.3 shows the direct convolution realization of the spectral measure-
ment of Eq. 2.27.

Considering two successive spectral measurements S _1(z;) and

Sn(z]), a recursive relation is obtained of the form

-1 -N

Sn(z]) = z4 Sn_](z]) + X(n) - 24 X(n-N) 2.31

Eq. 2.31 is implemented as shown in Fig. 2.4.2V and 277 in Eq. 2.31
represents the delay of N samples and one saﬁple respectively and z]'s

are complex coefficient multipliers.

Extraction of fundamental component

To extract the fundamental frequency from a periodic waveform
Eq. 2.31 is used in which z is given by

7, = ej21r/N
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Z](N-Z) é)‘z‘](N—l) )

> Sn(Z1)

Fig. 2.3. FIR implementation of spectrum analysis.

i Sp(Zy)

Z"‘N

— 7
X(n-N) Spe1(21]

Fig. 2.4. Recursive implementation of spectrum analysis.
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.\\
For sixteen samples in one peggod (N = 16),

2 = eJ21/16

a + jb
where 'a' and 'b' are constants given by

cos22.5°

0.92388 and

[~
It

b = sin22.5°

0.38268

So Eq. 2.31 can be written as
Splz7) = (a = §b)S,_4(z;) + X(n) ~X(n-N)

since

a - jb

™~
pa
1]

and ]
-N _ e-J(Zn/N)-N =
Sn-] is a filtered output of previous sample and is a complex quantity.
let
A Pn-T ¥ an-]

Eq. 2.31 becomes

S,(zy) = (P, _y *+ 0,1 = 3b) * X(n) - X(n-N)
=a Py +bQ _y*X(n) - X(n-N) + jaQ _; - bP, 4] c.3
= P, + §Q,
where . .
P, = aP,_y +bQ _y + X(n) - X(n-N) and

)
=)
1l

= aQn—l - an_]
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The magnitude of S, is obtained from its real and imaginary part
by

) 2
ISn| - “Pn * Qn

Thus to extract a fundamental component, Eq. 2.32 is imp]emeqted using
digital hardware. X(n-N) is a delayed sample and is obtained by using a
microprocessor in which N successive samples are stored and at each dis-
crete time the current sample value X(n) and the delayed sample value
X(n-N) are taken out from the memory. A fast multiplier TDC 1003J is

used for multiplication. The system block diagram and circuit details are

discussed in Chapter III.
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'CHAPTER 111

SYSTEM HARDWARE

A block diagram for the impedance calculation of a transmission
r

line is shown in Fig. 3.1.

3.1 Data Acquisition

Voltage and current waveforms on a transmission line are fed to a
preprocessor, which scales the signals to a range suitable for the
analog to digital converter used. Preprocessed voltage and current wave-
forms are multiplexed in an analog multiplexer and then sampled and digi-
tized in an analog to digital converter. The digitized samples of voltage
and current are then stored into the read/write memory of the microcom-

puter, for further analysis. 7”\\\

3.1.1 Analog Multiplexing

Since the A/D converter is an expensive component, multiplexing

analog inputs to A/D is an economical approach. The ana]oé multiplexer time-

shares an A/D converter among two analog channels, one for voltage and
one for current. The multiplexer used is DG172BK, the pin diagram for
which is shown in F}g. 3.2.

. Preprocessed voltage and current waveforms are fed to the two

inputs of the analog multiplexer. Channel select signals are derived from

the sampling pulses from a circuit shown in Fig. 3.3. Sixteen samples are

22
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I/P33
I/P4
o/p
NC

DD
CH44
CH33

Pin No.

1,2,13,14
3.
4
5
6,7,8,9
10,11
12

24

— ] 14— 1/P2
— 13— I/P1
—3 12— VRer
—4 a2k [ Ve
—16 9}— CH1
_7 8}—— CH2
Destination Description of Function
I/P3,I/P4,1/P1,1/P2 Analog inputs
o/P Multiplexed output
NC Not connected
Voo Negative supply (-15V)
CH4,CH3,CH2 ,CHT Channel select signals
Vee Positive supply (+5V)
Veer Reference voltage (+10V)

Fig. 3.2. Analog multiplexer.
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taken in one cycle. So the sampling period TS is 1.042 msecs, for a
power line frequency of 60 Hz. The pulse duration T1 of the first mono-
stable M1 in Fig. 3.4 is decided by the time taken for A/D conversion and
for storing the digitized sample into the microcomputer memory. The
pulse duration of the second monostable M2 is 5 usec. The output of M2
and the sampling pulses are fed to an OR gate, the output of which is
used as a convert command for the A/D conversion.

Q1 and QT'outputs of Ml are used as channel select signals for
the analog multiplexer such that during time T], the voltage waveform
is present and during T2, the current waveform is present on the multi-

plexed output of the ana]ogjnu]tip1exer.

3.1.2 Analog to Digital Conversion

The selection of the A/D cqnverter is based on accuracy, speed
and cost. For calculating on-line impedance, it is essential to have a
fast A/D conversion. The converter used is a Burr-Brown ADC85KG. This
is a 12 bit converter with a conversion time of 10 usec. CTC (Complement
Two's Complement) logic is used. The pin connections and specifications
are given in Appendix A.

The multiplexed output from the analog multiplexer is fed to
the analog input of the A/D converter. The convert command is derived
from the sampling pulses as shown in Fig. 3.3. The A/D converter gives
a status word output which is "HIGH", during conversion and goes "LOW" when
the conversion is complete. Fig. 3.5 shows the A/D converter waveforms.

TC is the conversion time.
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>  Channel select 1

» Channel select 2

ng;])h'ng N . Qi Q1 - Q2 pF—>—| OR | Zgneégter
uises MONOSTABLE M MONOSTABLE M2 GATE [convert command]

Fig. 3.3. Block diagram for channel select .

b~ T -
s
Sampling —] _]
Pulses =7,
Q1 —

Fig. 3.4. Waveforms for channel select.
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Fig. 3.5.

&
h¥

Waveforms for A/D converter,

D16

> D15
D14
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D12
D11

d
bt

D10

Y J

DO9

D08

¥

D07

> D06

-~ D05

o

> D03

— D02

F‘"“ ubrn g'\x;ﬂns

> D01

Fig. 3.6.

12-bit to 16-bit conversion.
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When the conversion 1s complete a pulse of duration TI 15
derived. This 1s used to i1nterrupt the microprocessor to indicate that
a digitized sample is ready to be stored 1n the memory and i1nitiates the

data-storage routine.

3.1.3 Storing the Data Into Memory

The Intel 8085 is a 3 bit microprocessor and the 12 bit digitiz-
ed sample must be stored in two successive words. A 12 b1t to 16 byt con-
version is done using “AND" gates and is shown in Fi1g. 3.6. This 16
bit word 1s then stored in memory using a software program called data-
storage subroutine stored in the R0M of microcomputer. The subroutine 1s

discussed in detail 1n Chapter IV

3.2 Selection of the Microcomputer

The microcomputer system used i1s an Intel SOK85. One of the
major factors in selecting this system 15 1ts relatively faster speed,
availabi1lity and on-board peripheral devices which include J.5K RAM,
2K ROM, 1/0 ports, keyboard and display. There 1s also an area for ex-
pansion. Because of the keyboard and the display, together witnh monitor
routines 1n ROM, it 1s easy to edit and debug programs. Two 1nterrupts
are available for the user. The 8085 has an instruction cycle t1me‘of 1.3
usec. The instruction set 1s very broad and includes some 16
bit instructions.

The schematic diagram faor the SDK85 system 1s given 1n Fig. 3.7.

The instruction set for the 8085 microprocessor is given 1n Appendix B.
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3.3 Digital Filtering

The digital filter to be used is described in section 2.5. Thid
is a time based design and its implementation requires several compon-
ents including multipliers, adders and registers. These registers are
used to hold the present and past values of samples fed to the filter and
the previous output of the filter itself. Even though the cost of adders
and registers had dropped rapidly during past few years, the multipler is
still considered to be an expensive component. Therefore in any kind of
direct implementation, with cost as one of the significant factors, the
objective is to keep the number of expensive components to a minimum, and

a design with a single multiplier iS/éfi;sctive.

3.4 Choice of the Multiplier

Since the digitized voltage and current samples are 12 bit with
dual polarity, a 12 bit x 12 bit fast multiplier is required capable of
2's complement multiplication. For the digital filter implementation of
Eq. 2.31, many additions and subtractions are required during filter opera-
tion and it is advantageous to have an accumulator included in the mul ti-
plier.

TRW TDC1003J, a 12 bit x 12 bit multiplier-accumulator, with a
typical multiply and accumulate time of 175 nsec is used. A data sheet

for the device is given in Appendix C. <:3



31

kY
3.5 Hardware"Implementation of the Digital Filter

The filter equation to be implemented is discussed in Section

2.5, and is given by
Sp = (Pn—l + an-l)(a - jb) + X(n) = X(n-N) 3.1
where P, is the real part of the previous filtered output Sp-1

Qn-] is the imaginary part of the previous filtered output Sn-]

a = cos(2m/N) = 0.92388

i

b = sin{2nN) = 0.38268

X(n) is a current sample and X(n-N) is.the nth previous sample.

Sixteen samples are stored in designated memory locations of the
microprocessor. After receiving voltage and current sample values for
each sampling pulse, [X(n) - X(n-N)] for both voltage and current are
.calculated and sent to output ports. Separating the real and imaginary

parts of Eq. 3.1 we get

Sy = aP_p+ bQ 1 + X(n) < X(n-N) + J[aQ ; - bP, ;]
=P, + iq, 3.2
where P, =aP , + an_] +;X(n) - X(n-N) and
Qn N aQn-'l"'PPn-]

Implementation of Eq. 3.2 is achieved using the circuit shown in Fig.
3.8. MI and M2 are two 4:1 multiplexers [SN74157], to multiplex various
inputs required for the sequential muyltiplications. The output registers

R1 through R10 are used to store previous values (P _;,Q,_y), and the
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present values (Pn’Qn) of real and imaginary part of the filtered out-
put of voltage and current, and to store filtered V¢ and 12 quantities.

R, through Rg are Hex D type shift registers with clear [74L5174]
and R} through R10 are tristate D type shift registers [74173]. The
tristate registers are used so that the same output bus can be used for
voltage and current filtering. While voltage samples are filtered, the
output registers for current [Rg,R]O] are disabled offering a high imed-
ance to the bus. Similarly when current samples are filtered, the vol tage
output registers [R7,R8] are disabled. )

The multiplier requires certain clock signals for its operation.
CekX and CRkY are rquired to take the data present at inputs X and Y.
C2kP clocks out the multiplication on a bus. ACC and SUB are two clocks,
which decide whether addition or subtraction is to be done.

Prior to multiplication, valid data has to be present at the
inputs X and Y, before C2kX and C2kY occur. Dafa at the input of the
multiplier is selected by selecting appropriate control signals A, B, A'
~and B' for multipiexers M] and M, respectively. Table 3.1 gives the truth
table for the multiplexers My and M,.

ATl of these control clocks for the multiplier as well as for
the multiplexers are derived from the microprocessor. Two output ports
[port 29 and port 2A] of 8 bits each are used as control ports, and are
shown in Fig. 3.9. Clock pulses are sent out in required sequence usihQ
OUTPUT [PORT] instructions.

The output of the multiplier is a bus which is connected to the
registers R] to R6‘ The multiplier output is stored in one register at

a time, depending on which one of them is clocked, These clock pulses
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Bit: 7 6 5 4 3 2 1 o PORT 29
1 I P o P
,ACC ‘czkﬂ Cekg SUB[ B! ] A } B ! A J

.. i — - -*'r>. o

] AAAI 7 l Control signak for multiplexer M

Control signals for multiplexer M2
for multipiier

e S —  Output clock of multiplier

T e mmem e e Input clock for inputs X & Y of

ST T s B multiplier multiplier

Bit: 7 6 5 4 3 2 1 0

Sy e ﬁ/ ’ PORT 2A
C46| CP [Clear C5[ 745 |Ced | Cr2 |Cal
. Dot MR ’[""l” Clock for RI1
J —--- Clock for R2
e == Clock for R4

—--  Enable signal for R7 to R10,clock
for R3

B ———— Clock for R5

. - —-- Initial clear
e -~ (lock for successive approximation

- — e Clock for R6 register
Fig. 3.9, Control ports.
Table 3.1 Control Signafs for Multiplexers
i ]

B A output B A output

6 0 Q. 0o /T b

0 1 a 0 1 Pn-]

1 0 Pn—] 1 0 Qn_]

1 1 12 o 1 A
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C21 to Cz6 are also microprocessor controlled. Control port 2A is used

for these clocks as shown in Fig. 3.9.

which clears all the output registers from R7 to R]O'

used for division and is discussed in Section 3.7.

Bit 5 of port 2A is a "CLR" bit

Bit 6 of port 2A is a clock for successive approximation register

Bit 3, which is Ceq is also used as an enable signal M for

tristate registers R7 through R]O'

3.6

Sequence of the Filter QOperation

Initially output registers R7 through R]0 are cleared [which makes

So = 0 + joJl.
Filter Operation

Enable voTtage registers.

Disable current registers.

Input 'b', ' h_1’ to multiplier.

Multiply and store in the accumulator.

Input 'a‘, 'Qn_]' to multiplier.
Multiply, subtract the previous product

from it and output to the register R1.

Input 'a', 'Pn_]' to multiplier. Multiply

and store in the accumulator.

Input 'b', 'Q,_;' to multiplier. Multiply.

Add previous product to it and output to

register R,.

Derived Expression

b-P

b+ Q

n-1

aPn_] +thn-1
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Add "X(n) - X(n-N)" for voltage from micropro- apn_1 * bOn_]

cessor to contents of register R, in adder. The
2 + -
[X(n) X(n-N)]v
contents of R] to R7. Move contents of

) adder to RS'
Input 'Qy_1'> 'Qn-1' to multiplier. Multiply Qﬁ_]
and store in accumulator. Ve
Input ”Pn-1"’ "Pn-1" to multiplier. Multiply. Pi-l
Add previous product to it and output
to regiéter Ro. (Pﬁ_] + Qg_])v
D{sable voltage registers and enable current
register ie. R4 to R6‘
Input 'b1|’ ‘Pn_]' to multiplier. Multiply and b - Pn-]
store in the accumulator. '
Input 'a','Qn_]"to muttiplier. Multiply. a - Qn_1
Subtract previous product from the accumulator '
and output the result to register R4: aQn_] - an_]
Input 'a', "Pn_l" to multiplier. Multiply a - Pn_]
and store' in the accumulator.
Input 'b', 'Qn_]', to multiplier. Multiply. b Qn-l
Add previous product to it and output to
register R5. » aP._q * an_]

Add "Xy - X(n-N)" for current from the micro- &P,_7 * bQ, ;4

processor to the contents of register R5
P * D) = X(pew)?
in adder. Move contents of R4 to R9.
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Move contents of R5 to R]O'

9. Imput 'Q__;', "0, ;" to multiplier. Multiply 0
and store in the accumlator.
Input |pn—1l’ ‘Pn_]' to multiplier. Multiply. P
Add the previous product to it and output the
. 2 2
result to register Rg. (Pho1 * Q)

After this sequence, the filtered outputs of voltage and current
are available in registers R3 and R6 respectively.

The operation after filtering is the division of peak amplitude
of square of voltage (vz) by peak amplitude of square of current (IZ).
The division is implemented using a sucggssiVe approximation register

. -

-

and the fast multiplier.

3.7 Implementation of Division

The block diagram for implementing the division is given in
Fig. 3.10.
The successive approximation register used is a 12 bit DM2504.

The data sheet and truth table are given in Appendix D.

3.7.1  Principle of QOperation

Initially when § goes from 'Low' to 'High', Qyq bit is set to
'Tow' and all other outputs.go 'high'. This state is equivalent to
0111,1111,1111 in binary. This output A of successive approximation

register (SAR) is fed to the multiplier input. Other input to multiplier
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IIZ v
. ° i
1%a
MULTIPLIER ——>————| COMPARATOR
A 72
SUCCESSIVE APPROX|
< REGISTER —
A
-
Fig. 3.10. Block diagram for division.
72
22 ' D
> MULTIPLIER > COMPARATOR >
z

[

SUCCESSIVE APPROX.

REGISTER

Fig. 3.11. 'élock dTagram for square root.

1

1; if V2 > 1%
05 if V& < I%p

1; if 22 > A2
0; if 22 < A?
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is, 12, The product AI2 is compared with V2 in an magnitude comparator
[7483]. If Ve s greater than AIZ, then 'D' (App?ndﬁx D) is set to '1'.
If Vz‘is less than AI® or equal to AI2 then 'D' is set to '0'.

At the next clock pulse Cp, the output of SAR is D011,1111,1111.
This is mu]tip]ied‘by 12 and AI? is compared with V2 and so on. The
total number of clock pulses required for complete division is n+2
where n is number of bits. For 12 bit SAR the total number of clock puls-
es required is 14. After thét, the output of SAR gives the resu]t‘of
division. For a 12 bit SAR, the maximum number that can be handled is
4095,

The same principle of division can be used for square rooting.

2

The result of division gives z®. The block diagram for square rooting is

shown in Fig. 3.11.

3.7.2 Sequence of Operation for the Division

Operatidgf Output of SAR

1. Initially "s" is set "LOW". : XXXX, XXXX , XXXX

2. Cleck (SRA/ Set "s" "HIGH".
D

z
ogk again. : 011,111,111

3. Input "A", and ”IZ" to multiplier.
Multiply, output the result on the
multiplier bus.

Compare A12 and VZ: Set D appropriately
to Di’
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Repeat steps 2 to 4 eleven times.

C e 2
division, z .

et oy

40

D;011,1111,11N1

Y

The output of SRA gives the result of



CHAPTER [V

SOFTWARE

4.1 Introduction

The operations required for on-line digital impedance calculation
such as data-acquisition, calculating [X(n) - X(n-N)] values for filter-
ing, filtering of voltage and current sample and division are al!l
governed by a software program which‘is stored in the 4K EPROM. A flow
chart for the process is shown in Fig. 4.1. A brief description of major
steps involved in the digital impedance calculation process is given

below.

4.2 Initialization

The first block in the flow chart corresponds to initialization.
At the beginning of a program, the ports of the SDK85 are assigned as
Input or Qutput. Table 4.1 lists the assignment of different oorts used
and their functions.

The next operation is to clear ou tput registers R, to R]O
shown in Fig. 3.8. The pointers are then set, which indicate the start-
ing addresses for memory locations in whichjdata is to be stored, the
total number of samples to be stored, and the locations in which calculat-
ed impedance values are to be stored. Memory locations 2070 to 2087 of
a 512 byte RAM are used for storing digitized samples of voltage and

current. The interrupt is enabled. The microprocessor-then executes a

41
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Table 4.1
PORT ASSIGN DESCRIPTION
00/01 Output To output [X(n) - X(n-N)] for filter.
29/2&  Output Used as control ports.
21/22 Input To nput data X(n) from A/D converter.
09 Input To take 1n 1mpedance value z from SAR.
02/03 Control status registers for ports 00/01.
20/28 Contro] status registers for ports 29/2A.

wait loop until an interrupt occurs.

4.3 Interrupt

The SDK85 system has five interrupt inputs: INTR, RST5.5,
RST6.5, RST7.5 and Trap. The three restart interrupts have programmable
masks and thege interrupts cause the internal execution of RST, saving ~
the program counter in the stack and branching to the restart address.
INTR and RST6.5 are the two interrupts available for users and R§T6.S is
used in the implementation of tﬁe present system. This interrupt is high
level sensitive,’and points the control to monitor-reserved RAM location
20C8. 5o when the interrupt occurs, the instruction stored 1n location
20C8 isséxecuted. Serving of this interrupt disables all future interr-
upts until the EI instruction is executed.

As discuséed in Section 3.1.2, the interrupt signal is issued

after every A/D conversion. Once the interrupt occurs, control passes to
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location 20C8 where a 'JUMP' instruction 1s stored: This takes the
control to a subroutine called DATAIN, which stores the data sequentially

in memory locations 2070 to 208B7.

4.4  Subroutine DATAIN

This subroutine takes in the data present on port 21 and port
22 and stores 1t in memory locations addressed by a pointer. Since the
data is a 16 bit word and is in complemented form because of CTC logic
used for A/D conversion, it is complemented before storing in two

successive locations.

4.5 Calculating [X(n) - X(n-N)]

For calculating [X(n) - X(n-N)] for voltage and current, 17
samples are stored 1n particular patteﬁn. The memory map for data storage
is given in Table 4.2. The first sample for voltage and current is stored
-in locations 2070 to 2073 as well as in locations 20B4 to 2087 for easy
;ubtraction. ‘~

Thus the expression [X(n) - X(n-N)] for voltage is obtained by
subtracting the contents of the next two memory locations for the voltage
sample from the present two memory 1ocat{ons. The same applies for
current samples. This operation is shown in Table 4.3, for sambles
seventeen, eighteen and nineteen.

& : .

4.6 Filter Algorithm

)

- The sequence of operation for the filter is exp]ained in Section
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Table 4.2

Memory
Location
2070/71
2072/73
2074775
2076/77
2078/79

.

20AC/AD
20AE/AF
2080/81
2082/83
2084/85
2086/87

16 bit Word
(2 bytes); cycle 1

X]V(MSB)/X]V(L$B)
X]I(MSB)/X]I(LSB)
XZV(MSB)/XZV(LSB)
X

2]
X3V(MSB)/X3V(LSB)

MSB)/X, . (LSB)

X16v(MSB)/ X

X1 1(MSB) /X4 (LSB)

X17,(MSB)/X, 7, (LSB)
)

X]7I(MSB /X}7I(LSB)

]V(MSB)/X]V(LSB)
X]I(MSB)/X]I(LSB)

(MSB) /%, (L3B) '

(2 b;ieggg 23£?e 2
X1 gy (M5B /X (L5B)
X, g (SB) /X, g (LSB)
Xy, (MSB) /X, g, (LSB)
*191(MSB) /X1 (LSB)
ZOV(MSB)/XZOV(LSB)

>

.

X33V(MSB)/X33V(LSB) '

K33 1(HSB)/ X 57(LSB)
Kaq,(MSB)/ X5y, (LSB)
X34 1(MSB)/ X34 1
gy (158) 4y, (LSE)
]8I(MSB)/X]81(LSB)

(LsB)

16 Bit Word

(2 bytes); dycle 3 . .

X35v(MSB)/x35v(LéB)
Xy (M5B} /X o5 (LSB)
X3, (MSB) /X 55, (LSB)
Xg1(MSB) /%6 {LSB)

X 37, (MSB) /X o (LSB)

37v 37v

X MSB)/X LSB)

s0v0 50vt

501(MSB)/4gq(LSB)
S]V(MSB)/XS] (LsB)
Xg7 1(MSB) /X5 (LSB)
X5, (HSB) /%55, (LSB)
Xq5 (MSB)/X 35 ,(L5B)

g —

=
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" g et e

" Table 4.3
(n) ‘
T current : 16 bit output
sample value memory locations data stored on port 0y & 0,

17 20B0/B1 X]7v X]7v - X]v
20B2/B3 X171 X17I - XiI
20B4/B5 X]v
20B6/B7 X]I
2072773 . X181 x]8I - XZI
2074/75 sz
2076/77 X21

19 2074775 Xigy - ka - X3,
2078/79 X3v .
2080/81 X3I

20 2078/79 X20V XZOV - X4V
2082/83 X4v
2084/85 X4I

e e a-

23

PR

o

I
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3.6. Memory location 2002 of RAM is used—as a pointer, which decides
whether the sample is for voltage or current and selects either the
voltage filter subroutine or current filter subroutine, appropriately.

The filtering algorithm consists of writing appropriate data
to the control ports; port 29 and port 2A shown in Fig. 3.9 and then send-
ing these control signals out using an OUTPUT instruction.

To explain in brief, the program for step 5 in the sequence of
operation for the filter in Section 3.5, one needs to get Qﬁ_] first.
Thus we enter 'Qn_]', to both of the multiplier inputs by selecting the
proper controls for multiplexers My and M2 from table. For these inputs

the control port 29 in Fig 3.9 becomes

0 ] 0 0 0 1 1 0 Port 29

and the instructions are,

MVI A,46 move word 46 to accumulator,

OUT 29 ; send out the contents of accumulator.

After the output instruction is executed the multiplier takes in
the data and multiplies it. The product 05_1 is clocked out to the output
register of the multiplier. At the same time, the next data is made
available at the inputs of the multiplier, which in this case is Pn-]'

This is done by the instructions,

MVI A, A8
ouT 29

The next operation is to take in new data, multiply it and add to it

previous product Qi_]. To do this we use
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MVI A, C8
out 29.

~

2

n-1 7t Qﬁ_]. To move this

So now the multiplier accumulator contains P

value to the output bus of muitiplier we use

MVI A, E8
ouT 29.

To transfer this value in register R3 of Fig.3.8. R3 is clocked by sett-
ing bit 3 of port 2A,

MVI A, 2B; move word 2B to accumulator

OUT 2A; clock R3‘

These instructions complete step 4 of Section 3.5.
The filtering algorithm is self explanatory. A complete listing

of the program is given in Appendix E.

ﬂﬁ The value [X(n) - X(n-N)] for Qoltage 6r current 1§ calculated
befoﬁ% the filter algorithm starts and is sent to the adders in Fig. 3.8.
The filter algorithm is the same.for voltage and current except for the
clocking of the registers. The filtered outputs of voltage [Vz] and
current 12] are stored in registers R3 and R6 respectively. Then the pro-

cessor proceeds for the division algorithm.

4.7 Division Algorithm

The sequence of operations discussed in Section 3.7.2 is followed.
s is set Tow initially during the first clock pulse and then set high until

the division is complete. Fourteen clock pulses are required for complete
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-

division, after which it stores the impedance value 22 in successive
approximation register. The division algorithm is again straightforward

)

and is listed in Appendix E.

4.8 Subroutine DIVIDElG

For the first sixteen samples the past values of voltage and

current are zero and the filter Eg. 2.32 reduces to (

S, = (P

. L+ 30 _1)(a - b) * x(n) 4.1

n-
since X(n - N) = 0; D<n<6 .

Eq. 4.1 shows that the filtered output is sixteen times the peak
v§1ue of voltage or current. This requires either scaling down of input
waveforms or it restricts the input range of the A/D converter. To
use the maximum range of the A/D converter without overloading it the

first siXteen samples are divided by sixteen, so that Eq. 4.1 becomes

Sp = (Pn-1 *3Q1)(9 - b) + LX(n)/]S]; 0<n<16
In the program, the first sixteen samples are divided by 16 and
sent out on port 00 and port 01, which for the rest of samples, outputs
[X(n) - X(n - N)]. -
Subroutine DIVIDE16 takes the sample in register pair H and L,
shifts the contents of this register pair to the right four times using

instruction "RHL". The most significant bit is duplicated and the lowest

bit is shifted to the carry, keeping the sign bit unchanged.
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4.9 Impedance Algorithm

Once the division is complete, the contents of the successive
approxfmation register are taken into the accumulator of the microprocessor.
This value is then compared with a reference impedance value which is the
normal impedance of the power line. If the va]ue‘changes by more than

5%, the fault is 'detected' and calls a fault routine.

4.10 Fault Routine

Once a fault is sensed, the microprocessor.stores the next 5¢ %

)
values of impedance in the memory locations 282¢ to 2851 of RAM. ’



CHAPTER V

DISCUSSION

5.1 Test Results

The signal used for testing the system is v = 4 cos(2m x 60t)
volts.

The current waveform is derived-;rom the voltage using a voltage
divider. Data is stored in locations 2070 to 20B7 of RAM for voltage
and current. Impedance values are stored in Tocations 2820 to 2851 of RAM.
Data values and the impedance values are given in Table 5.1 and Table
5.2 respecti&e]y. The program is written in assembly language and is

1isted in Appendix E.

5.2 Software Simulation of Filter

The filter Eq. 2.32 discussed in Section 2.5 was simulated on a
Hewlett Packard graphic terminal 2647 A. Test signals for voltage and

current are taken as

V= X(J) = 1024 * sinut + 102 * sin 3wyt and

1= v()

i

x o
102.4 S1nwot

These equations are chosen for two reasons. 1. To find the effect
of the third harmonics on the filter operation and 2. To find how fast the
fault alarm can be issued to give an advance indication of the fault.

To simulate the fault, the voltage amplitude was reduced by a

51
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Table 5.1

Memory Location

2070/207
2072/2073

207472075 -

2076/2077
2078/2079
207A/2078
207C/207D
207E/207F
2080/2081
2082/2083
2084,/2085
2086/2087
2088/2089
208A/2088
208C/208D
208E /208F
209072091
2092/2093
2094/2095
2096/2097
209872099
209A/209B
209C/209D
209E/209F
20A0/20A1
20A2/20A3
20A4/20A5
206/ 20A7
20A3/20A9
20AA/ 20AB
20AC/20AD
20AE/ 20AF
2000/2081
20B2/2083
20B4/2085
2086/2087

16 Bit Data Stored

F9C5
FDE5
FA98
FE38
FC38
FEC7
FE67
FF87
0aD8
004F
0325
0108
04F1
0196
05F8
01E0
0615
O1DA
0540
0188
0394
00F8
015C
003C
FEES8
FF70
FCA2
FEBS
FC8F
FEB1
FACF
FE27
- F9D7
FDDE
Foc5 -
FDES
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*Table 5.2
Memory Impedance Memory Impedance
Location |22] Location 122
2820 00 2839 09
2821 FF 283A 09
2822 0B 2838 09
2823 0C 283C 09
2824 0cC 283D 09
2825 0C 283k 0A
2826 OF 283F 0A
2827 Ot 2840 09
2828 0A 2841 “09
2829 09 2842 09
282N 0A 2843 09
2828 OA 2844 09
282C 0A 2845 0A
282D 0A 2846 OA
282E 0B 2847 0A
282F 0A 2848 0A
2830 0A 2849 09
2831 0A 284A 09
2832 OA 284B 09
2833 09 284C 09
2834 0A - 234D 09
2835 0A 284¢E 09
2836 OA 284F- 0A
2837 0A 2850 09
2838 09 - 2851 09
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factor of 1.17 and current amplitude was introduced by a factor of 8.5.
These factors are obtained using a circuit shown in Appendix G. The fault
is simulated by shorting the load. After the fault, the voltage and

current waveforms are,

V= X(J) = 870.4 * Sinwot + 87.04 * sin3wyt  and

[H

<
"

Y(J) = 870.4 * sinwot

The program i$ written in basic language and is listed in Appendix F. The
impedance vs. number of samples is plotted in Fig. 5.1. For a #5% variation
of impedance from its normal vatue, it is seen that a fault can be sensed

as early as the 3rd sample, i.e. within 3.12 msec.

5.3  Accuracy -

The accuracy of the impedance calculation depends on the number
of bits used for A/D conversion. This is the digitization error in
voltage sample, current sample and in coefficients 'a' and 'b' of the
digital filter. The most significant bit is a sign bit for A/D conversion,

-1 12 et this

hence the maximum possible error is *1/2 of 2 ', i.e. #2
quantization error be denoted by =. Other factor affecting the accuracy
of the truncation ‘error introduced by each multiplication. This error is
also iZ'lz.

Total error is calculated by calculating the error introduced
in obtaining filtered voltagesend current outputs and then calculating
error intfoduced in division and square rooting. Complete error analysis

is given in Appendix H and is found to be +1.52% of the maximum possible

4
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impedance value.

5.4 Execution Time

To compute the execution time, the number of instructions have to
be counted. A state time for the 8085 micrporcessor is 0.33 usec. Table
5.3 lists the number of states in each section of the program, the number
of times the set 1s looped, and the total number of states.

To calculate the execution time, the time taken for initializa-
tion is not considered. The execution time for the program to calculate
22 is 758 usec. The number of states required for the square rooting 1%

the same as that for the division. Hence z is calculated in 1j933 msec,

which is within one sample period at 60 Hz.

5.5 Size

The entire system comprises an SDK85 single board computer and
an additional 9x5 inch board. A fast multiplier, an A/D converter and
multiplexers are wire-wrapped on the expansion area of SDK85 board. The
additional board has 40 IC's wHich include the successive approximation
register, other registers and adders. This board is connected to the
SDK85 board via two 50 pin flat cables.

A photograph for the complete system is shown in Fig. 5.2.

5.6 Extensions and Impfovements

The main consideration #n designing a system for on-line
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Table 5.3
No. of No. of Timer Total No.
Section States Executed of States
Initialization 33 1 338

Routine X, - X _o ’ 142 2 284
Filter I 302 1 302
Filter V 302 1 302
Division 59 14 826
n Impedance Storage 106 1 106

Divide 16 . 172 R 172%*
Rst 6.5 | 10 2 20
Intrpt. 159 2 318
Dataln. ' 58 2 116
Total number of states to calculate |zZ| 2274

* Initialization is done at the beginning of program only and hence
is not accounted in total number of states.

**Dividel6 occurs only for the first 16 samples when X, - X is
not done, since DIVIDET6 takes less states than for Xn - X
DIVIDE16 is not considered in the total number of states.

n-m’
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impedance calculation is speed.' Hence it is advantageous to use a faster
microproceseor. Since a 12 bit word is used for the digita]‘procéssing,
it would be more apprbpriate to use a 16 bit microprocessors; these'are
noQ becoming available (Intel 8086, Motorola 68000, Zilog Z8000).

The Intel 8086 has a clock rate of 5MHz compared to 2Miz for
the 8085 microprocessor and if used; the execution time would be reduced
to 618 usecs.

‘ Thehfast‘multiplier TDC 1003J takes typically 175 nsec for
mu]tip1icatibp and égcumu]ation“ Though the mu]t%p]ier by itself is cap-
able of operating a£ such e high speed,'in the present system the speed
is effectively reduced s1nce the multiplier is controlled by a retatively
slow m1croprocessor The m1croprocessor has an instruction cycle time €§
1.3 usec, and one mu1tip]ication,‘in effect is achieved in about 2.6
usecs. (each mu?tiplicetion takes two instruction cycles). To take better
advantage of the féSt muftipiier; the control and clock signais should
be derived from a clock dr}xe circuit us1ng faster digital hardware

Recently Howard, Mitra and Mahbod [8] have shown that us1ng such
a clock driven circuit and fast multiplier a second order FIR filter
f_unct"ioh can be implenlenmd in about 750 nsecs. ‘
| The work_ .undertaken has shown that it is possible to monitor the
on- 1ine impedance characteristics for a single phase transmission 1ine.

" The next task is to 1nvestigate the monitoring of three phases using a.

” single microprocessor as a contrc]ler: To ach1eve this ds1ng ser1a1 pro-
cessing, it is essential to cut down the execution time to about a th1rd
of the sampling period., If a~digﬂfa1 filter is dasjgned using an‘external
clobk drive as discussed by Howard [8], the filtering can be aéhieved in
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about 875 nsec. Division and square rooting will take about 2.45 usec.
each. Hence a complete impedance calculation can be achieved well within
300 psecs, taking into account the time taken by A/D conversion and the

data storage routine.
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APPENDIX B

8065A INSTRUCTION SET SUMMARY

tastructien Codeil} Clachi2) instryctian Codeyi| Clack(?y
Mnenonic Oescription 8; 05 05 8¢ 03 0z 0y Dg Cycles Macmome Oescripnan Or Qs D0s 0« Oy 02 01 Og Cycres
MOVE. LOAQ. ANO STORE CPE Calt on panity even 1 10 11 00 98
MV 2 Mavecegisier toregsier G 3 0 D D 5 § S ¢ CcPO Call on pariy god 1Tt 3 0 0+ 0 0 9118
MOV Mt Move register tomemoty “0 % Y v ¢ S S S 7 RETURN .
POV e M Move memosytoegestes 0 ' O O 0 1 ' O T HET Retuin 11 60 10 0 w0
MLt Move immediateregestee 0 0 0 0 0 1 1V O 7 RC Retura on cany T gy 0 00 s2
MYIEM Move immediatememory 0 0 1t 0 1 5 O 10 ANC Retuin on no carty 117 01 00 0 0 612
g Lodd immedsateregestee 0 3 80 0 ¢ 0 0 1 10 Az Retutn on reo Y1 00 0 00 &2
PauBaC ’ ANZ Retun on na zer 1400 00 00 672
X0 Load immediateregster 9 3 0 1 0 0 0 1 10 RP Relurn gn positive T2 v 90 00 612
Panb3E Al Peluen on minys 11 1 0 9 00 62
LXi ¥ Load smmediatereps.er 0 ¢ 1 0 0 8 0 1 10 RPL Acturm on panty even oY) oy 69 0 602
FawHiL RPO Aetunonpayosd 1 1 1 0 0 0 0 0 612
Xt 5P ::-indu':nmwu Sk 0 ¢ Y v 000 1 10 RESTART
STAXB  Store Awndirect 011500010 7 RsT Restat PrAd A ew
$Tax 0 Store A nduect 2610010 7 IKPUT/OUTPUT
10AX B 036 A ndirect e Geo o0 0 7 " Input AL S
10AX 0 Loed A inguect 0G0t 1010 7 oui Ootpu! Provoa w0
STA Stote A anect 601 10010 13 IKCREMENT ANO DECREMENT
LA L0ad A duect 62+ 11010 M3 R« Increment register 000001 00
SHLD Stere H& L duet 0 ¢ ro000 1t 0 0CAr Decrement registes 6 000 01 01
LHLD Load H & L crrect C0Y 06t Ot O 16 A 1 increment memory 60 0 00 w0
¥CHG Exchange 0B E HE L LI A R R B I | ) ocA M Oecsement memory ¢ 0+ v Q1 0 10
Registers iNX 8 Inciement 8 4 C 00 060 00 Y 4
STACX 0PS regisiers
PLSH B Push register Paw 8 & 1t 1000 Y 0V %2 INX 0 tncrement 0 & £ 0000 00 v v &
C on stack eqisters
FUSH O Push segrster Pau D & LN A R 2 R R X H Ietrement H & L ¢ 0 00 v 6
€ on stack regisiers
PUSH H Push segisies Pav K & LA R N T R Y INX §P inCremers stack poartee - 0 0 1 1 0 0 1 1§
L on stack ocx 8 Decrement 3 & € 00 00 v 0 v 6
PUSH PSW  Push A and Flags [ T AL I I T ¥ 0ocx ¢ Decrerent D & € 00 01 Y Q¢ Y1 6
on stack DCX H Decrement H 4 L 00 1010 11 &
POP § Pop register Pan B & 1V ¢ 00 0% 0 DCX SP Decrement stack 00 11 10 v 1 6
C o!f stack ponter
(] Pop reqister Pau D 8 1 1 61t 00 0 v 10 ADD .
E ofl stack ) -
POP 1 P00 cegrster Paur 1 & 1Y 100001 10 ADD ¢ ACO reaustes 10 A Y0 00 0SS S S 4
L ol stack ADC ¢ Add regster 20 A 1006 ¢ S S S 4
FOPOSW  Pog A andflags Vv 00 00y 0 Wi @ty
oft stack ADD M Adg Memory 13 A Y0000 vy 7
XTHL Exchange top of 1T T 000 Y Y % ADC M Add memery t¢ A YO 00 Yy oy 0 7
slack H&L With Carey
shnt M&Liostackpuniee 1 1 1 10 0t 6 Aot As imucciate o A Ty oo a7
ACI Ago immecitie ‘0 A LN B B T R T 7
JUmp ) with CAnry
NP Jump unconditigrat 1t 00 00 1Y 10 DAD S MageLondL ¢ 000 t 00 1 0
&€ Jump on catty LI O T DAL O Ada DA b InKE L 0001 1 gV W
IKC Jump on no carry P10 0010 M0 BAD H AddHELIOHS L 00 1 0 100 1 10
a Jump on zes0 1 v 00 30 10 0 DAD SP Agd slack ponter to 00 11 1 0 0 0
FLY4 Jump on no zer0 11 0d 00 10 M0 HaL
» Jumg on positive t L1100 10 g SUBTRACT
M Jump on mnug Tt Yty Y010 M Sugr Subteact register 10 01 0S5 S S 4
IPE Jump on party even T L1010 10 W0 lrom A
#0 Jump an panty odd 1Y 1000 t 0 MW S88+ Sublract register trom 10011 5SS S &
PCHL HA& L 1o program 11910061 6 A wlh Boriow .
. countes Sud m Sudteact memory T 00y 01y 2
trom A °©
caLL S8 M Subtisctmemiory from 3 6 0 1V 1 4 1 g 7
AL Call unconditional 1Y 001 Y0 . A with botiow
« Cat on cany Vgt 00 98 sul Sutiisact immediate P10V 0y v 0 7
INC ¢ Calton nocarry T 030 00 w8 fiom A
[#4 -~ Callon zer0 1 3¢ 0 1) 00 908 H:]] Subteact immed-ate LINNE T B S N N N R 4
[ 7] Catt 0 no tero P 000 00 98 11912 A wiih berrow
P Call 00 positive 115t 00 60§08 LOGICAL . ‘
(47} Calt on minus Tt Y 00, %8 AliA And register with A t 0 10 0SS S ¢

\‘\
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8085A INSTRUCTION SET SUMMARY (Conl.}

Instruciion Colat) Cheev 2t tnstructizn Codafi) [
Mnememc Descrphen 0y Oy O3 0y 05 Oy Oy Og Cyo'ns Masmeare Quscriphen 07 04 05-04 03 02 01 05 Cycies
XRA ¢ Exctusive Or reqister 10101t S S5 4 RAL Privte Alett 1 - g~ 200 10 v Y3
with A catty .
ORA 1 Or 1egaster wath A t 0110 S S S ) RAR Rota‘e A night 1=+ _5n I R T T T T 4
CAPt CompareregsterwithA 1 0 ¢ 1 1+ § § § ¢ cay
ANA M Ang memoty with A 10100t 10 I SPECIALS
XRA 14 Exclusive Or memory t0 1 o1 1 10 7 CA Comarement A 20 1 0 v 1 v 4
with A sIC Sottatry [ I S SN D TR N B
GRA M Or memory wiin A 1o 1 o t 10 cve Co™, 2reni car o S0 1 11t g
CMPM ComparememorywithA 1 0 1 1. 1 1 1 0 7 924 Darumat a4ust & S0 1 00"t V1 g
ANt Ang immediatd with A oy 800 1 v 0 7
XA Exclusive Or immediate 3 1 1 0 3 2 1 D T CoNTAOL .
with A [ Era~ a.ristypis t 1t o8t 0 )
oR! 0r immsgiate wiih A I N o 0432 irternyor . et ; b
n Compare immednaie IR . w7 Mo rgeginye Poao 0008
Wity 4 - " AT A I )
ROTATE NEw 8085A INSTRUCTIONS
RLC Rotate Atel: 00000 1 1 1t 3 2 Aerst wrigns s o 619000 %
RRC Rotare A-ght 000 C V1 Yt 2 E Sit et M. ;0000 0 8
NOTES 1 0DDor SSS 8 0CO € 07t © 010 € 031 M 10D L 103 Memgr, '*. 2 118
2 Two pIsSIDIR cycle imes 16/12) ingicate w3tuchion Cycles gessss=": = Zregiion N3y
‘Al mnemonics copyright  @intel Corporatidn 1977
SUMMARY OF 8085A INSTRUCTIONS
INSTR STATES CYCLES NOTES INSTR STATES CYCLES NOTES
AR ¢ 4 1 ouT 1 3
AR | 7 2 PCHL 6 1 2
AR M ? 2 POP 10 3
CALL 18 5 2 PUSH 12 3 2
CCN 918 2/5 24 ROT 4 i
cMC 4 1 RET . 10 3
CMA 4 1 RCN 6:12 < 13 2
DAA 4 ° . 1 RIM*® q 1
OAD 10 3 RST 12 3 2
DCR¢ 4 1 3 SHLD 16 5
DCA M 10 ]
DeX 6 1 2 Sim”’ 4 1
ot 4 ! sTA 13 ‘
Et 4 1 . STAX 7" 2
HLT 5 1 5 STC L 1
N 10 3 XCHG 4 1
‘“:' 4 ! 3 XTHL 16 5
INR M 0 3 ' SPHL 6 1 2
INX 6 1 4 @ 2 -
JMP 10 3
JCN 7110 213 4 *New Insteuction '
LS 13 4 NOTES
LDAX 7 2 1 Two potsdie 12)te-cyCle * “~os 1#d.cites deprndence on
LHLD 16 5 cunditsun Haq.
. 2 increase v jtates over E5E0 Cuv to necoimty of @ Tg
LXu 10 3 ¥ gwmg::’" 514 ]
' L) rom 510 £ sacer 2w g Yy
MViM 10 3 - 4 Instruction branches over o5 335rass Tetch of conditiun
MVl . 1 2 ‘ fatw, .
POV M1 . 7 2 S. § cycles ta get 8 MUY 33°s. | cyov necetidry 10 gel wut
MOV e M 7 2 s HLY,
7OV 1,0 4 1 3
. NoP 4 1 -
. L
L
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NEW CONDIEIION CODES. Vel
XS ebnnh

Con ' inn ¢ode format

=
>N AC o B Vv C

v
N

CSUBD  ({double subtniction}
{H) (L) = (R} L) = (B) (Q)
The contents a! reantee par B and € are subtracted from the
contents of re e pae Mand L Tl result s placed n
register paw H and L All condition flags are aliccted.

00001000 . (08)‘ .

cycles: 3

statos: 10

sddressing* register

flags: 2,8, P, CY, AC, X5,V

ARHL  {arsthmetic shift of H and L to the right)
(H7=H7), (Hn=1] ~ (14n)
(L?=Ho), (Ln—1) 2 {Ln); {CY) = {Lo)
The contents of reqister pair H and L are shifted right one bit
The uppermost bit s duphicated and the lowest bitis shifted
nta the carcy bit The result s pleced in registor pair H ang L,
Note: only the CY f1ag 1s dffected.

00010000 ,(10)\'
< o

-
cycles. 2
states: 7
addressing. reqister
flags: CcYy

ROCL  (rotute D and E lelt through carry)
{Dn+1) = (Dn), (Do) = (ET)
(CY) = (D7), (Ea+1) = (En); (Eo) = (CY)
The contents of register paw D and € are rolated left one
pasition through the carey flag. The low-arder tit is set equal
to tha CY 135 and the CY flag s set to the value shifted out
of the high-order hit. Only the CY and the V flags are affected.

00011000 {18)

cycies. 3
states: L1 B
addressing. reqister
{lags: CcY,Vv

LD {load D and € wath H and L plus immediate byte)
(D) {C) = (H) (L) + (byte 2}

The contents of renster pair K and T are added to the
neiediate byte The result s placed inreqister pav O and E,
Note' no condition 11ags are at fected.

00101000
{28}
dala

Cd
cycles. 3
states. 10
addreinng immedhate rogister
flays nong

LOS: {toad 13 and € with-SP plus ummicdiats byte)
tO) (£}« (SEHNEPL) * Toyte 2

Tover coatents of 1y stee paie SP e adied to the immesfate
Lyt The resmt o g tacedf i eegester pose O and €., Note no
conehiion fhaps see bttt

v ————

| i (au)
[RYARY K]

[SNTIUY 10

whoavang wneeh st 1egeiur

Mags e

- -
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23 compirtne at o erilaw

Undes tiow (O 7)) or ovitinw Xy

KO 01-02 + 0111+ O R, wince

01 » yqu of oncrano 1, 02 « «an of gperand 2,

R = signof rosalt Tor subtryction and comparnisons,
replace 02 vath 02,

RSTV {rostart on over{iow)
1V C
({S9)=11 = (PCH) '
((5Py=21 = (PCL)
(SP) ~ (5P)~2
(+C) » 40 hex
If the ovorflow flag V s set, tho sctions specificd above are
peclormed, otherwise control conlinues sequentialy

e (o)

cyeles. Aor3
states Gor 12

+ addressing. register indiract
flags: noneg

SHLX {store H and L indirect through D and E}
{(ONEN = (L)
{{D}(F£)+1) =~ (H)
The contents of register L sre moved to the memery location
whost address.as in regiscer pawe O and E, The contents or
register H are moved 10 tho succeeding memory location

|11011001l {D9) (

cyelus. 3 i N
states 10

addressing: redester indirect

flags none

JNX5 {jump on not X5)
it (not X&)
(PC) = (byte 3) {byte 2)
If the X5 tiagis reset, coutrol s transterred to the insicuction
whose addiess 1s speaificd in wyte 3 and oyte 2 of tha current
- inssruction, otherwise control continues sequentictly

11011101 {DD)
low ordor uddress
igh ordee aadress

cycles: 200 3
states: Ter 0
addressing: immediate
flags: none

LHLX  (load H and L 1ndirect through O and €)

(L) « ((DHE)}

(M) = ((DHE)+T)

The content of the memory tocation v.hote address 18 in O
and €, arc moved 10 reqisier L The contents of the succreding
memory IN7alon Jre Moved 1o registor H

cycles: 3
states: 10 .
bddressing: register indiroct
flags. none
IJXS  (jump on X5)
t{r95).

{(PC) » {byto 3} (byte 2)
11t X5 f1ag s oset, conral o trmlerrod 7o thre intrgrtion
wWhast eudress 15 speild m byl 3 ar d Lyte 2 of the Catiant
INGELEUON; OtlIarwise Cunirol continues seauents, Liy

-

NEEREEER; (F2)
e it R e e
__Ir.n- AL NERY
. LENTT AR ENTITIN
e = mma a5
cy.irs . 2w ]
YT ? o1 T s
Ladrcenag Wwaneden g
floes Suenm
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APPENDIX C

FAST MULTIPLIER-ACCUMULATOR

' Madel: TDC1003)

The TDC1003J is a multifunction arithmetic unit
capable of performing 12 x 12 multiplication as well
as product accumulation. It has an additional feature

" of permitting the accumulator contents to be sub-
tracted from the next product instead of being added,
if desired. Input registers are provided in addition

' to the product accumulation register.

The TDC1003J is directly implementable as the

central building block for digital filters, particularly
FFTs, for complex multipliers, and for recursive and

\ nonrecursive filte( elements..
FEATURES -

e 12 x 12 Bit Parallel, Two's Complement
Multiplication

e Controllable Accumulation Either + or —

175 nsec¢ Typical Multiply and Accumu-
late Time

o Much Lower Power/Faster Speed than
Equivalent MSI Multiplication~Accumu-
lation Systems

e Round Control

e 27-Bit Accumulation Capacity

‘e Si\ngla Chip, Bipolar Technology
e Asynchronous Mode Multiply
. Rac%iation Hard '
e TTL input and Output
o Three State Outputs
'S Singlel Power Supply, +5 Voits

e Dual In-Line Package or flat Pack

o 2.5 Watts Power Consumption

el 2

T Apw s T

A .

)

CLOCK '-%—7

REGISTER/ACCUMULATOR E

CONTROL

ADD/SUBTRACT

TDC-10034

. Snv——  —— o— G—  —

16 11
3-STATE [ 3-STATE
msB LsB
—_— A ]
MSB OUT Lss ouT
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|- 6
3 TDCI003)

- HITE DOT ON
i ety LA PACKAGE INFORMATION
t Xy 197 B 64 X_g R
PoA xZg 2 & & X5 -
X_g 3 X_.a 0.800
x-‘g 4 5: 61 X_3 ° :o.ou;i ""] ‘
X.31 & N 60 X._3 ‘ -
! CLK X 8 " | gg :-1 "” ” " “ “ " 0.200 2 0.015
U | SGN
' O_p7 8 : 57 RNO A N
0-27 9 i 56 CLK Y “ u
; 8~20 10 :: gi :—n o060
k —~19 11 —10 —-.—i 011 2 0,001 g ;
! . O~ 12 l " 53 Y_g o 00 + 0.015
i O_47 13 5 52 Y_g END VIEW
; O-16 14 ifRin “;*L; 51 Y_g
‘ o/ oc?:s - I 1 '3 P Yv'f:‘c NOTES:
' 3.23 1+ ) : +VCC 2
3.170 GND 17 ‘ 1 48 +vCC.
] X HEAT
. GND 18 S IR :“ 47 Y_g SINK . o DIMENSIONS IN INCHES
‘ O.1s 19 Gt REALIE 11 lID 46 Yoo ' ®ALL V . AND GND PINS
: O-13 20 45 v_3 MUST BE CONNECTED,
' O-12 21 g 44 Y2 A 0.200
' —11 22 43 Y_4 0.380/0.310 |
: %38 % aossn X L SEATING
1 5uU8 25 i 40 g,g FUUU eprLanE®er
: Tam 27 l 3 on 10,002 TYP |
v~ O_g 0 4
O_g 29 38 o4 0.100¢ TV
] . £0.010
i . 0.7 30 35 O_9
} O.g 31 34 03 SIDE VIEW
O-h 32 33 04
: 0,800
: TOP VIEW |- 0800

LOGICAL BLOCK

’ 12, 1, )
XINCT — X REGISTER 4._______._q ’ ocLes
11
. Lz

CONTROL 2 O sus

REGISTER f
TRIM % . }—><0 RND

1

;
3 74 l
. +f— ACC/SUB

; E S:J CONTROL
i 12 % ASYNCHRONOUS = D
§ Y NO~—ep] O f——i{ MULTIPLIER @ DY 5P
3 N ARRAY aQ
| o 1
! > ~T
; P~ TRIL
; 1 ARND
P CLKY CONTROL
}
i ACC/SUB CLK X
{ CONTROL
‘ CLK Y
{
i . 7
| &F | - mspReEGISTER <} cLK P 125 ace
t
!
!
. ] Ve GND
‘ CONTROLS

CLKX, X,y REGISTER CLOCK REGISTER CLOCK FOR RND, ACC, AND SUB IS [CLK X + CLK Y)

CLKY, Y, REGISTER CLOCK" '

CLK P, OUTPUT REGISTER CLOCK .
TRIL, LSP THREE STATE-CONTROL
TRIM, MSP THREE STATE CONTROQL

. BND, ADDS 2712 70 PRODUCT (FRACTIONAL 25 COMPLEMENT FLELD)
ACC, ENABLES ACCUMULATOR MODE
$U3, CONTROLS ADDITION/SUBTRACTION OF ACCUMULATOR CONTENTS

! » "

e ————t s b . e



" TDCI003) »

t

FORMAT: 2'S COMPLEMENT FRACTIONAL NOTATION
(NOTE 3)

XINPUT | Xgon | X1 | X2 | X3 | X | X5 | =6 | X7 | X8 | "~0 | "=10 [ -1

SGN 2-—1 2—2 2—3 2—4 2-5 2—6 2™ 7 2~ 8 2—-9 2—10 2-—11

YiNUT  fveo b Yoq [ Y2 [ Y3 | Ya | Yos | Y6 | Y7 Yg | Yog | Y-10 | You1

OUTPUT FORMAT WHEN NONACCUMULATING PRODUCTS (ACC = 0) FOR PINOUT DIAGRAM On - PRn

pR|{ PR PR|{PR] PR| PR| PR{ PR ] PR | PR pRIPRIPR| PR] PR| PR | PR
SGN { SGN | SGN | SGN
M a3l o]l-a)l-2]{3]<4]-5 “16 | <17 | -18 | ~19 | -20 | -21 | .22
24 B 22 1 0 1 g2 53 4 o5 2716 217 18 =19 5220 521 22
SGN SGN SGN SGN -
1\ - J

NOTE 1
OUTPUT FORMAT WHEN ACCUMULATING PRODUCTS (ACC = 1) FOR PINOUT DIAGRAM® =5 _
sum| s | s | s st si{sis|stIs|{{1ls]s]s]sj|{s] s]|s
SGN -
Ml )+a2]l+]o|l-1]2}3}4]-s= -16 | 17 }-18 ) -18]| 20| -21 | -22
SGN < .
22 28 22 1 0t 22 3 4 S 2716 2717 =18 219 5220 =21 ,-22
ety
NOTE 2

NOTE 1. When nonaccumulating, 3ll four MSB will indicate the sign of the product. The PR-0 term will also indicate
the sign except for the one exceptional case when multiplying -1 « —1. Note that, with the additional
significant bits available on this multipher, =1 « =115 a valid operation yietding a +1 product.

NOTE 2, There 1s no change in the format whether one s accumulating the sum of products or simply doing wngle

products. However, the three additional most significant bits are provided to allow vahd summation
beyond that available for a single multiplication product. For further clanfication, no ditference exists
between tlus organization and one which would have the product accumulation off chip in a separate
27-st wide adder. Taking the sign at the most significant bit position guarantees that the laryest number
field will be used. In operation the sign will be extended into the lesser significant Lit positions when the
accumulated sum only occupies a right hand portion of the accumulator. As an example, when the sun
only occupies the least three bit posiions then the sign will be extended through the 24 most sigmificant
positions.
The latter factor allows one to detect imminent overflow/underflow should this be desired. Using an oft
chip exclusive OR gate connected to the sign and the neat most significant bit will flag immunent overflow/
underflow. When the two inputs are different, the exclusive OR gate gues to a logic one state. In this case
four more multiply-accumulate cycles would be allowable without overflow/underfiow, but a fifth could
possibly cause overflow/underflow depending upon the ’magnnude of the sum steps. '

NOTE 3. Format s shown using a 23 complement fractional notution. [n this notation the location of the binary
point signifying separation of the integer and fractional fields s just alter the sign, between the siyn and
the next most significant bit for the multiphier inputs. This scheme is carried over to the output format,

. except that an extended significance to the integer field is prowsded (1o extend the utility of the accumu-
lator}. Consistent with the input notation the output binary point 1s located between the PR-0 and PR-1
bit positons (for the nonaccumulate mode). For the accumulate mode the binary point position s the

‘same between the S+0 and S-1 it positions.

, . It is arbitrary where the binary point i1s considered located as long as ong s consistent with botl input and
’ . output formats. One can consider the number field entirely mteger, 1., with the binary point just 1o the
| : right of the feast significant bit for input, praduct, and accumulated sum.
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absolute maximum ratings ovar operating temperature range

Supply voltage. . . . . . . . . . .
Inputvoltage . . . . . . . . . . .
Outputvoltage, . . . . . . . . ..
Operating tempaeraturerange . .. . . .
Storags temperature range . . . . . .

Lead temperature (10 seconds} . . . .

e & o 4 e e e s e

TDCIO03J

e o e s e s e s s

e e e s e e ... .0%Cro70%C
... 0. ... -65°Cto 150°C
e e e e e e e e e . . . 300°C

-05t0 7.0V
. .0t55V
0tob5V

Junction temperature . . . . . . . . e e e e e e e e e e e e e e - . . . . 115%
(\
- L. /"
recommended operating conditions
T~ TDC1003 UNIT
MIN | NOM | MAX
Supply voitags, VCC 4.5 5.0 5.5 \
Clock pulse width (me3sured at 1.5 V levat) 25 ns
lnput register satup time, Ts (sse Figure 1) 5 ns
Input registar hold time, 7, (soe Figure 1) 15 ns
Operating ambient temperature 0 70 ‘c
electrical characteristics over recommended tempgrature range
TDC1C03
PARAMETER TEST CONDITIONS UNIT
MIN ITYP | MAX
VIH High—{svel input voitage 2.0 \"
H Vi Low—level input voitege 0.8 v
va High—leve! output valtage Veg = NOM, 15, = —0.4 mA 24 | 27 v
VOL Low-{svel output voitage VCC = MIN, |0L » 4,0 mA 03 0.5 \Y;
g High—leve! input current Veo " MAX, V=24 -2 7% | pA
l"_ Low—ievel input current VCC = MAX, V"_ - 0.4 -5 | =78 pA
tyy Clocks Voe = MAX, V., =24 7% | A
*
lec  Supply current Vee = NOM 500 | 750 mA
AT, ieae ® 25°C, Vg = NOM. * Clock P is two squivaient clock input loeds.
switching characteristics, Voo = 5.0, T = 25°C (see Figure 1)
PARAMETER l TEST CONDITIONS I MIN I TYP MAX l UNIT '
Muttiply accumulate time, input See Figure § 1680 175 ns
register clock
To output register clock, TM A
Qutput delay L.oad 1, ses Figures 3, 6 40 50 ns
T D E
Three state output delay ) \
Output cnable Laad 2, see Figures 4, 6 40 50 ns
Output dissbls Load 2, ses Figures 4, 6 30 40 ns
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TDCI003)

R

12 X 12 BIT PARALLEL MULTIPLIER—-ACCUMULATOR

T,

T
. S e H
: INPUT, ACC, ‘.‘
SUB, AND x 250

*
INPUT "Jr—\f" W

cLack Y TYPICAL 200 |-
4 outPUT MA MULTIPLY
: CLOCK ACCUMULATE \
OUTPUT TIME 180 b
NS) Y 4
t T fMA ( MA_ o
. THREE STATE Y DISABLE 'ﬂ o 5 - o-sns/oc
CONTROL A | 100 L , \ \ \
THRER SNASLEZ -2 o0 26 80 75 100
ougs-r (HIGH IMPEDANCE)

AMBIENT AIR TEMPERATURE, °C

Figure 1. Timing Diagram Figure 5. Multiply and Accumulate Time Versus Temperature

l Vee NORMAL LOAD ~ THREE-STATE DELAY LOAD
]
i INPUT o cc
} EQUIVALENT 100
! TO To 500 2
i INPUT QUTPUT OUTPUT
' JeLOCK (ALL), PIN . PIN
P ITRIM, TRIL: 40 PP oV,
! R, ~ 15K 2 NOM 40 PF INJ062 28V
| ;
) R, = 10K 2 NOM
§
bl LOAD 1 LOAD 2
| = .
, Figure 2. Input Schematics Figure 8. Test Loads for Delay Measurements
i
) T
8o 100 -
T Air sof
) autputr %0T amblenv
OELAY / vl o ok
- - NOM
'D ‘Ns’ <ol (VCQ (o] 'y
l“- MAX) -s0 ,
20 1 X 3 ! ) ~-100 1 N 1 J
~28 o 28 50 I8 100 ~50 0 50 100 150
o
AMBIENT AIR TEMPERATUARE, °C Tease® ©
Figurd 3. Output Delay Versus Temperature . Figura 7. T, piante AW Versus Teasa .
j gor - " : 1.2 -
i THREE- &g |- 08 .
! STATE I A MAX
(NS) 40 N ce 0.4 \
OUTPUT ENADLE '
) TYPICAL
. OUTPUT DISABLR
20 [ TS N 1 1 J o 1 1 |
~25 o 28 £0 75 100 ‘ ~80 0 50 100 1850
AMBIENT AIR TEMPERATURE, °C Tense €
Figure 4. Thres State Delay Versus Temperature " Figure8. oo Versus Tey o

£
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APPENDIX D
SUCCESSIVE APPROXIMATION REGISTER

DM2502, DM2503. DM2504 successive approximation registara

- s a8 s

general description .

The DM2502, OM2503 and DM2504 are 8-bet 3nd 12-bit
TTU reqisters dengned for use In SLCCRSIve PPIA NI

_tion A/D converters. These devices contain ail’ the logic

and control Cirewits necassary in combination with 3
D/A converter 10 perform 0P

- snatogto-digital conversions. .

—— .

The DM2Z502 has 8 bes with eriak capabulity and is not
expandabie. —y )

The OM2503 has 8 buts and 13 ox:;andabu without serial
capabibity, i .
The DM2504 has 12 brts with sertal capabiity and
expandabiity. ..

All thres devices are avalable 1n ceramic DIP, ceramic
flatpak, and molced Epoxy-8..DIPy, The OM2502,

«®

OM2503 and DM2504 aperate over —55°C 1o +125°C;

the DMZSOZC/ OMZ583C and DM2S04C operate over

0°C 10 +70°C. . ..
) o

-
.
»

features..... ...

» Complete logic for succassive agprowmation A/D
converters - .

» 8.-bit and 12-bit reqisters

» Capabie of short cycle or expanded opwration

® Contnugus or mr'tiﬂop opersion

® Compatible with D/A converters using any logic code

®  Active Jow or active high Jogc outputs

8 Use as generdl purpase ssrisbto-pardllvl converter or

. = ring counter

logic diagram

reerme,
wiNe ariw wnm

QI e
Istismren Riliand

|

]
|
]
}
> } i
L b R N N -t T 7 J
] Tﬂ-l -:'J O ' L N & O ¢ 4 rd
rl ' F H r t 1] |t l
o sernd 'a ).:__);q LK) ]1 { ]; D O ‘un
]
ey ] ] ] . H s
‘ AY l 1 ' —— '
L] T o Betn § Tt bag m» ragsied ‘oo cupasey Shgun.
1 . L 410 45 Suriat Serreg
[ 0000y durtes
* Do B Burin te pugstng Ao Ny DU
connection diagrams (DuskinLine snd Flat Packages) :
OM2502, OM2503 - DM2304
“w b [ [T ] " o Yoo ) Bg 01 S 6 8 U W o= [

!n " ‘e 1) iy 1" 1) Iv
»

ll [ ) ) [} ) ¥ 's
"‘:'1- L] » - (<] L 1] . PO
—tes

‘ e we
Orctor Numbbor OM230T4, OM2SI2C., DM
. o OM2300CY .

See Pukoge 17
Ordor Number OMTIOICH or DM2SCOCN
Sea Pochage 23
Order Numnber OMZS0IW, DAL SCICHY, mw.
o OMIGICW
$o0 Pockage 41

so fre Jur lre Joo oo Qe o

1
{

0 G B 0 @ 2 % B XN W

v e | ]'

lvn»on.ro

o0 inte
Order Numbiar DMIBSO4R or OMI304CP
See Puckoge SA

Order Number DMZID4J or QMISOACS
Sue Prakoge VA

Orvor Nuwsar DMZIOICN
Sae Prmioge 29A

Ve
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APPENDIX E
IFPEDANCE CALCULATION PROSRAM
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APPENDIX F

This program in basic is used to simulate the filter equation on

graphic terminal 2647A

10.
20.

DIM X(50),Sv(50,2),51(50,2),Y(50),A1(50),AV(50),z(50)
PLOTR |

LOCATE (100,180,50,100)

SCALE (1,50,0,16)

FXD (2,2)

LGRID (2,2,0,0,2,2)

LET K = (3 14592/13)
LET SV(1,1) =
LET SI1{1,1) = o
LET sv(1,2) = 0
LET SI(1,2) = 0
FOR J = 2 to 17 STEP 1
X(J) = 10244* SIN({J-1)*K)+102*SIN({J-1)*K*3)
Y(J) = 1024 * SIN((J-1)*K)/10
SV(Jd,1) = SV((J 1),1)*.92388+SV((J~1),2)*.38268+X(J)
svsa,z) = -SV((J- 1) 1)*. 38268+SV((J- 1) ,2)*,92388 -
AV(J) = SV(J,1) 2 + SV(J,2) 2
AV(J) = SQR(AV(J))
SI1(Jd,1) = SI((J-]),1)*.92388+SI((J-1),2)*.38268+Y(J)
sI1(J,2) = -SI((J-1),1)*.38268+SI((J-1),2)*.92388
< AI(3) = SI(J,1) 24SI(j,2) 2
AI{J) = SQR(AI(J);
Z2{J) = AV(J)/A1(J
PLOT(J,2(J)) :
PRINT J,AV(J),AZ(3),Z(J)
NEXT J

. FOR J=18 to 33 STEP 1

ﬁd) 1024*SIN§E ~1)*K)+102#SIN( (J-1)*K*3)
J) = 1024*SIN({J-1)*K)/10 .
SV(J,1) = SV((Jd-1),1)*.92388+SV((J-1),2)*.38268+X(J)~X(J-16) -
SV(J,2) = -S¥((J-1);1)*.38268+SV((J-1),2)*.92388
- 53(d,1) = SI((J-1),1)*.92388+SI((J-1),2)*.38268+Y(J)-Y(J-16)
$d{J,2) = -SI((J-1),1)*.38268+51((J-1),2)*.92388
AV J; = SY(J,1 z+sv(a,2) 2 . ‘
AI(J) = SI(J,1) 2 + SI(9,2) 2 '
SV qg s songAme
AI{J) = SQR(AI(J
2(J) = AV(J)/AI(J

* PLOT(J,Z(J))

PRINT J,AV(d),AI(d),Z(J)
NEXT J
FOR J=34 to 50 STEP 1

Gt gt e e



A

O g TG e 3

e A, K S e B Lt

L vk

»
.
A
,
*
$
i

84

b

xiag = 870. 4*SIN§( 1%*Kg+87 L04*SIN((J-1)*K*3)
Y(J) = 870.4*SIN((J-1)*
SV(J,1) = sv<§a 1),1§* .92388+SV( (J-1) ,2)*. 382688+X(d) -X(J-16)
SV(4,2) = -SV((J-1)1)* 382688+SV§(J- ,2)%,92388
a,1g = sz(ga -1),1)*.92388+SI((J~1),2)*.382688+Y(J)-Y(J-16)
$1(J,2) = -SI{(J- 1),1)* 382688+SI((J 1),2) .92388
.AVJ)=S% §2$W
AI(J) = SI 2+S1(J,
AV(J) = sqng v&a)
AI(J) = SQR(AI(J)
- I(d) = V§J /AI{J
PLOT (J,Z(J ;
PRINT J.AV(3),AZ(J),Z(3)
~ NEXT.J
END
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APPENDIX G
' FAULT SIMULATION

(A1 impedances are resistive)
Let Z]. be the source impedance
°ZL be the Tine impedance and‘
ZLO be the load impedance and

Vs be the source voltage

i

Tl
0-21 t 11
1040-48V @ v Si\ Qg9
when switch is open
v = 103038 - 1024 voits
L= l%i = 102.4 Amp.r

When load is short circuited by closing switch S1 )

V= lgi%—l—z;g = 870.4 volts and

I= §1§’~i = 870.4 Amps.

Thus the voltage is reduced by a_factor of 1.17 and the current is increased

by a factor.of 8.5.

%
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APPENDIX H
ERROR AMALYSIS .

Let € be.a quantization error of a sample coefficient or truncation

error in each multiplication,

For 12 bit A/D converter, € 2712

Let E, be the error in real part P_or P, and |
E; be the error in imaginary part Qn or Qn_]

then we get, from Eq. 2.32

(P 3E) = (ate)(P,_11E,) te + (bre)(Q j+E)) + ¢

+ k(n) +¢ - X(n-N) ¥ (M,

/ .
and  (QE) = (a#e)(Q_1E) - (bre)(P 1#E ) + 2 . (2)

Simplifying equations 1 and 2 and neglecting terms such as 3§En, :;E'

-we obtain errors,

g

Ep = 4eP ) taE HHE + Q. g * de ' (3)

) #, @ #Q raE; #bE HOP ) +2e . £4)

Solving équations 3 and 4 for E; we get
, *e[(1+a)s][Q, #P 4] Heb +2ea +2¢
=

n [b%+(1+a)%]

Taking maximum values of Pn-1 and Qn-] and taking coefficients a-

and b as unity for simpliéity. we get

vl a2 \ | *
HE, = r2.8x2 )

Substituting this value of E& in eq. 3 we get,

A\
£, +eP

=12
n-113E 1b(£2.8x27°7) + € ; t de

#H(14a)E, = P ) ip(i?-gxz-]z) *eQ . Hde ’J
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an awn-12
E, = +4.4x2
To obtain the square of the amplitude Sﬁ, .
2 _ .2 2
R

Let E; be the error in square amplitude we get,

C 2 " 2 VA
S, * En (Pniﬁn) + (Qniﬁn) t:?e.

12

n

+16.4x2"

Total error introduced in obtainfng filtered output V2 and 1% is

12

Ry

+2x16.4x27 1% which is +32.8x2712,

Error introduced in diviston and square rooting is only truncation error

in multiplication, as one input to multiplier '12' §s fixed and no error

is introduced in the successive approximation register. 4

.". Total error for division is 14e since 14 multiplications are required,

v

.*. error in division = i14x2-]2

and error in square root = jj4x2']2 .

.*. Total error introduced in impedance calculation is

12 -12

+32.8x2 702 +14x2712 11452712 = 460.8x2712 = +.0152

Taken as a percentage of maximum possible impedance value the accuracy

can be represented as +1.52%.
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