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INTRODUCTION

The DLF family of transmiszion line protection systems utilize
wave-form sampling of the current and voltage inputs and empluy
appropriate algorithms and multiple microprocessore to implemesnt the
protective functions and peripheral functions such as fault
location. This typa of relay is commonly referred to as a "digital"
or "nmumerical™ relay.

This document provides additional detailed information about the
DLP family which may not be found in the varicus individual
instructicn bocks. The following material covers LLFP revisions &,
B, and € unless explicitly stated otherwlise 1n a particular section.
fefer to the instruction book of a particular DLF relay to determine
which functions descoribed below are oontained in that relay.

DICITAL RELAY CONCEPTS -

The basic concepts of digital relay design and operation are
discussed 1n several IEEE publicationz and other technical papers.
The IEEE tutorial course "Microprocessor Relays and Protecbion
Systoms", publicalion pumber BBEHO269-1-PWR, is a good reference.

Sampling Rate -

The DLP relays sample current and voltage 16 times per cycle.
via a sectting, The DLP relays operate at cither a nominal 60 Hz or
50 Hz sysbtem freguency, and "track" freguency excursions L15% off
noeminal by adjusting the sampling interval, For example, the
sampling interval at 60 Hz is 1.0417 milliseconds, and 1t 1s 1.077¢
milliseconds at 58 HzZ.

Niscrete Fourier Transform =

The DLP relays use a recurslve Discrete Fourier Transform {DET)
to create phasor quantities from the sampled values of current and
voltage., Prior to input intoe the recursive DFT, the sampled values
of current are first processed to remove any o offset that may be
presant, A Maoftware transacter? algorithm is used to remove the de
pffset. A "transactor" is a LransCormer incorporating an air gap in
the magnetic core; current is applied to the primary winding ang
voltage 1s cobtained from the secondary winding, Because of the air
gap, the secondary veltage, Vv, is related to the primary current, T,
by the expresszion:

Vv = 1IZ
where: Z = transter impedance ol the transactor

Transactoars have been used extensively in electromechanical and
static analog relays to effectively remove deo offset from the
current. Tn addition, bthe Lransfer impedance, 2, establishes the
base reach magnitude and angle of maximum reach {tecrgque} for
distance functions.



The transactor's transfer impedance, 2, 1is also Known as a
"replica" or "mimic” impedance. Lf a current ila passed through an
impedance that is a replica of the power system impedance, the
rasulting voltage across the replica impedance will not contain any
de offset that may be present in the current. Thie 1= a well known
technigque that is used extensively in relay designs, and the
transactor ie one implementation of this technique.

The general equatioen for fault current which includes do ollset

is;
-t/T
if{t) = I*sin{w*t + @ — 8] - i*sin{a - d)*e

whare: I = peak value of current
W = Zhyif
a = angle on voltage wave at which fault occurs
& = arctan (w+L/R} = impedance angle of power system
T = L/R {of power system}

An impedance, R2 + jw*L2, iz considered teo be a replica impedance
if:

L/R = L2/R2 - Qgr -
8 = arvctan{whL/R) = 82 = arctan{w*L2/T2)

The wvoltage across this replica impedance is:

d
vit) = 1{t)*R2 + — i(t)=*L2
dt
-t/T

i(t)*R2 = R2+I+ein(wit + o = @) = R2Z*I*gin(a - 8} *e
di R -t/T
— % L2 = wkl2*IHcosfwt + o - ©) + L2*% — *I+*asinfe - &)*c
dt 1.

The exponential part of v(t) is:
R -t/

[ LZ¥* - K2 )Y*l*sin(ac - B@)*e
L
since R/L = R2/L2,
| L]
(L2 — -R2 ) — 0
L2

and the dc offset is removed. The voltage i= then

v(it) = R2*I*sin{w*t + ¢ — @) + wrL2*I*cos{wit + a - 8)



Since,

A*sin(w*t) + Bxcos{w*t) = (A + Bl}% sin{w*t + arctan{(B/A})
then

v(it}) = [{Rzlzlfw*sz’]% I*sin{w*t + ¢ — 8 + arctan(w*Lz/R2)})

V{t) = [{R2}:+({WrL2)? 1" T*sin{wtt + a)

The conclusion is that the voltage across a replica impedance does
not contain any dc¢ cffset and it is phase shifted @ degrees laading
cocmpared te the currant. Appandix I shows the same results
graphically ueing a PC mathematics software package.

In the DLP relays, all current values are processed by the
"software transactor" algorithm. This algorithm tges consacutive
sanples of current at "t" and Yt 4+ " where & is the sampling
interval. The desired quantity is iZ = (R*i + Lxdi/adt) where,
ideally, L/R in the DLP has the same value ac the L/R of the
transmigsion lina. The DLP calculates L/R from the values of two
scttings FOSANG and YERANG. Conseguently, it is important that both
POSANG and ZERANG be set as close to their respective actual line
angles as possible.

(B*xi + L*di/dt) is approximated at time "t + 642" which is tha
mid-point between two samples. The approximation is:

ity + i(t) i(t+6) - i(t)
iz = R + L
P ()

All currents are converted to iZ samples and properly scaled pricor
to being ugsed by the recursive DFT algorithm,

The "full-cycle" DFT calculations implemented within the DLP are
shown below:

N
2 2Tk
REAL = —— E sy sin —
N N
k=1
N
2 27k
IMAG = — E Sy cog ——
H H

k=1

where: N 16 samples

8y = magnitude of kth sample of signal s(t)



[he fundamental frequency {60 or 50 Hz) phasur magnitude and angle
are then calculated as shown below:

1

MAGNLTUDE = (REAL® + IMAG®*)° (peak value)
ANGLE = arctan ({TMAG/REAL)

The DLP relays use both full-cycle and half-cycle "data windows" for
the DFT calculations. The term "data window" refers to the time
interval or, alternatively, the number of samples used in the DFT
summation. The actual DFT algorithm is recursive. A recursive DFT
usex a s31iding data window where the valculations shown above arve
performed each time a new sample is avallable. The newest sample
becomes k—N and what was previously sample k=1 is discarded. Such a
recursive implementation maintains a constant phase angle reference
=0 that the phase anglea does not rotate but rTemains fixed for a
steady sine wave input. Appendix IT shows that the DFT calculations
will preduce the proper magnitude and phase angle when the waveform
being scampled is a symmetrical sine wave.

By definition, the DFT calculations shown ahove extract the
fundamental freguency component frem the sampled wavelform. &
full-cycle data window DFT does a good but not perfect 1ok of
filtering ocut any dc coffset as indicated on page 1 ot Appendix ill,
but a half-gycle data window DFT dees a posr job as indicated con
paga 2 ot Appendix 1I11. Appendix IIT usesg the same current waveform
from Appendix I. Egquations (1) and (2} merely define the sampled
valunes used by the DFT and are not part of Lhe DFT calculations. It
is the inability of the DFT toc eliminate the dc cttfset that requires
the use ol Lthe "software transactor" algorithm described previously.

HarRpware & FIRMWARL -

The DLP relays use threce microprocessors; (2) 80C186 and (1)
THMS3z20C10, Thoe HARDWARE DESCRIPTICH and MODULES sections of each
instruction book provides physical dimensions, front and rear view
phulugraphs, a module locatlion diagram, an overall bleck diagram,
and individual module block diagrams.

The three modules, 3535P, DAP, and DSF, each contain a
microprocessor and two EPROM sockets. When a firmware update is
implemented the user will have to replace 1, 2, or 1 pairs of EPROMs
depending upon the extent of the changes made to the =oftware.

anti-aAliasing Filter -

The ANT module vontains the anti-aliasing filters, "Aliasing"
iz an error related to sampling rate which ie manifested by lower
frequencies appearing in the sampled signal which are not present in
the input signal. Aliasing can be prevented by passing the input
signal through an analeq low-pass filter prior teo sampling. This
filter must have a cut-off fregquency egual to ovr less than one-halt
of the sampling fregquency, fg. For the DLP, f; 1s equal to 16 X
SYSFRFQ where SYSFREQ is elther 50 Hz or 60 Hz., The lowest value of
[g/2 is 400 Hz at 50 Hz, and the anti-aliasing leow-pa=s= filter ia n

-



three-pele hutterworth design with a gain of -25 db at 400 Hz. This
one filter design is used at both &0 and 50 HEZ.

Analog to Nigital Converter -

The DLP relays use one 12 bLit analeog-to-digital converter (ADC)
with a multiplexed analog input system as shown in Filgure 1. Since
the total scan period for all the ADC inputs 1s approximately 65
microseconds, the worst error due to segquential sampling is 1.4 and
"sample and held" cirguits are not reguired.

5ix analog signals are sampled; (3] veltages preportional to
VAG, VDG, and VCG and (3) currents proportional to IA, IB, and IC.
The secondary voltages from the system PTs or CVTs are applied to
auxiliary PTPs in the DLP. These auxiliary PTs have a 14:1 ratic.
The voultage samples are further attenuated 2:1 before they are
applied to the ADC. Thea ADC's maximum input voltage is *5 wvolts do,
and each ADC bit represents:

5/2TY = 2.442 millivolts

Referred to secondary system values (i.e., wvoltage applied to the
relay), one bit represents 2.442#2%14 = 68.4 millivelts. The
quantization error, q, is:

g = 5%2 2% = 1.22 millivolts

The guantization error referred to secondary system values, gg, 1s:
e = 1.22%2%14 = 34.2 millivelts

Thus an output ol hexadecimal 001 (one bkit] represents a secondary
input wvoltage (at the terminals of the relay) between 34.2 and 102.6
milliveolts (peak AC).

The secondary currents from the system CTs are applied to
auxiliary CT= in the DLIP. These auxiliary CTs have a resistor cn
their secondary to produce a vollage, labelled VIA, VIB, or VIC in
Figure 1, that ie proportional te current. To achieve the large
dynamic range reguired for the current inputs while maintaining
adequate regolution, the LLP uses two separate current inputs to the
analog multiplexer. one input labelled “Ix16" in Figure 1 covers
the range of 0=-20 amps peak and the other labelled "I" covers the
range of 0-320 ampz peak. Hormally the "Ix1&"™ input samples are
uscd, but when an overflow on the "Ix16" input is detected the
time—-equilivalent sample from the "I" input 1s usged instead. Nixle"
simply means that the "I" samples are multiplied by 16G.

A& secondary systen current (i.e., current applied to the relay)
of either 20 or 320 amps peak produces a 10 volt peak signal within
the DLP. Like the voltage csamples, the current samples are further
attenuated 2:1 kefore they are applied to the ADC.
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when "Ixlé" samples are usecd, as would be the case for normal
load flow, one ARC bit is:

(5/2 11 %24(20/10) = 9.77 milliamperes (peak AC)

When "I" samples are used, as would be the cage for a severe fault,
ohe ADC bhit 1is:

(5,2 Ly 2% (320/10) = 156.25 milliamperes (peak AC)

considering the guantization error, one bit represents a secondary
input current (at the terminals of the relay) within the ranges

shown below:

"Ix16™ = (4.88 — 14.6&65) milliamperesa {peak AQ)
wimw - {7B.13 = 234.38) williamperes (peak AC)

If the current applied to the relay should exceed 320 amperes peak,
the resulting overflow is detectad and the current value is clamped
at 320 amperes.

Cconsidering software calibration factors for the magnetics and
ADC circuitry as well as software scaling factors, one bit on a
voltage channel actually corresponds te 0.1 volts peak and one hit
on an "Ix16" current channel actually corresponds to ¢.01 amps peak.

FUNCTIONNS AND FEATURES

Refer to the DRODUCT DESCRIPTION section of the instruction hook
for the functions and features contained in a particular DLP relay.

PHASE SELECTOR -

verslions of the DLP are available for single-phase and
three-phase tripping. For single-phase tripping, the phase-selector
algorithm is used to determine which phase to trip. At the heart of
the phase-selector algorithm is fault type determination which is
used for both single-phase and three-phase tripping to determine the
fault type for the fault location algorithm. The fault component of
positive-sequence current (I,p), negative-sequence current (I,), and
zaro-sequence current {I,) are used to determine the fault type
through a combination of level checks on I, and Ip and the
measurcment of the phase angle between I, and I p. The fault
component of positive-seguence current is ca culatc&'by subtracting
the pre-fault current phasor from the fault current phasor.

A test level for Iz, T2T¥T, and a test level for Iy, IOLVL, i=
fixed in the DLP's firmware. If |I| »= IOLVL, then a ground fault
is declared and the angle by which I leads Ijp is calculated to
determine which of the gix ground fault types is present.



The thecoretical phase angle criteria are liated below:

Ground Fault Angle (I, lecads Ijf)

AG o

BG 120°

Cta 240"

ABG &0

BCG laag-*

CAG 200°
The actual criteria allows for a +/= error about the theoretical
value. The phasor relationships between I, and I;, for all
unhalanced faults are shown graphically :in Figure 2. 1l |ID| =

IOLVL, then a phase fault is declared and the angle by which I
leads I is calculated to determine which of three phase-to-phase
faults might be present. If none of these angle checks (=zame values
az for phase-to-phase ground faults}) are satiafied, then a
three-phase fault is declared provided that |Ty| < I2LVL. As a4
supplemental check, the fault type determined as deescribed above is
compared against "zone flags" which are generated by operation of
the phase and ground distance functions. After the fault type is
determined, the phase-selector functien preduces four outputs, phase
A, phage B, phase ¢, and multi=-phase, which cause the DLF to trip
the proper phase for single-line-to-ground faults and three phase
for all multi-phase [aults.

AG BG CG

liE ST
I
12
AR BC CA
ABG BCG CAG
| a
2 180

Figure 2 (Angle between I;p and I., for Unbalanced Faults)
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FAULT LOCATION -

Fault type determination is also required for fault locatian.
Priocr to running the fault location algeorithm, the fault type must
be known to select the proper input guantities. If fault tvpe
gannot be determined, fault logation is not c¢aleulated, but the
relay algorithms will still protect correctly. The fault locaticn
algorithm willl be described and then the required input gquantities
kased on fault type will be listed.

A "lumped-parameter differential equation" algorithm ie used to
implement a single-ended tault location estimate. "Single-ended"
means that only currents and veltages avallable at one end of the
transmizsion line are used. Figure 3 shows a two terminal
transmiszsion line with ecguivalent =ources at each end. A Z=-phaze
fault exists at n*100 percent of the line length trom terminal A.
Assuming the DLP iz located at terminal A, the voltage at A is:

?A - n*ZL*IA t Rt*[It‘A t IIE}

whore: n — fraction of line length from A to the fault
Z1, = line impedance
IA current at A

Rf arc resistance at the fault
T = fault current at terminnl A

Ifgpg = fault current at terminal B

£55 [ et {1-nizL Z5g

Fiqure 3 {l'wo lerminal ‘lransmission Line)

-0



any pre—-fault load current is removed from the total current to
produce I¢p and Igg. The term Zp*T, can be rewritten as:

dIh
21*I; = R*I, + L#* w iz

wheara: Zr, = R + Jurl fw = 2%g*f)
The term IZ ie a phasor corresponding to the sampled values iZ that
are created to implement the "software transactor" algorithm as
previously discussed. The 1Z samples are inputs to the DFT and TZ
is the phascr output.
The voltage at A can be rewritten as:
Vp = 1Z + Re*(lgp + Lrp)
A new term ig dAafined ag:
Rea*Iep = Re*(Ifp + Iyp)
Ifm

whatre! Bra = Re*( 1 +
ita

to permit writing an eguation for v, in terms of quantities
available at terminal A.

vh = n*I3d + RfA*If}'L

The term Rgp is a real number provided that Igp and Llpp are in
phase. For this to be true, the assumed system in Figure 3 must be
homogenecus. 'This meansz that tha source and line impedances must
have the same angle, WwWhille this is rarely the casc 1n an actual
power gystam, the assumpticn is made here te show that the fault
location algorithm eliminates the effect of fault resistance it Rgp
is real. In pracbice, a typical non=-homogensous systenm produces
only a small error in the fault leocation astimate.

Vy is now split into its real and lmaginary components:

Va({real) = vs[ine) Va({imaginary) = VC[osine]
VS + JVC = nx(IZS + IZC) + Repa*(IfaS + LepCl
V3 = n*IZ5 + Rep*leps

Solving for "n" yields:

VS#IgpC - VC*IgpS

IZS*IFAC - IZCHIgpS

-10_



proving that this approach eliminates the effect of fault resistance
pruvided that the defined term Rep iz assumsd tu be real.

Like the apparent impedance seen by a distance relay, this fault
location eztimate is affected by current infeed from a tap or third
terminal and by zero-sequence mutual impedance between parallel
lines,. Compensation for mutual cffects using a portion of the
zero-seguence current from the parallel line is not implemented in
the DLP for either the fault location algorithm ner the distance
functions,

As stated previously, the preper voltage, current, and IZ
phasurs musbt be used in the egquation for n, and these phasors are
determinaed by the fault type and faulted phase(e}. For single-phase
to ground faults, these phasors area:

a-gq Vo=V

Teg = (Talp

IZ = (I = Ip)*2p/POSANG + IG*Kp*21/2ERANG
n-g: V = Vg

Iy = (IB)F

IZ = (Ig - Ig)*Z1/POSANG + I, *Kq*Zy/ZERANG
o= ¥V = ¥a

lf—{l

CIF
IZ = (Ig - Ip)*ZL/POSANG + Io#Ko*Z1/ZERANG

For multi-phasa faultsz these phasors are:

a-g V = vp‘ - ‘L?B
If = (ip - iglp
IZ = {Iﬂ - IB}tngPoﬁgyg

Ie =~ (Ip - Loy
IZ = (I - I¢)*Z1/POSANG

c-a Vo= Vo - Va
It = (Ic = Ip)p
IZ = (Ig - In)*Z;/POSANG

where: { )F indicates that the pre-fault lcad flow current
has been subtracted from the phase currents included
in [ 7-

OVERCURRENT/DIRECTTONAL FUNCTIONS -

The ovarcurrant and directicnal functions contained in the DLP
relays are listed below:

FD - fault detector
HT - negative-seguence directional trip functian

-11-



NB - negative-sequence directicnal bleck function
IPT - ground trip overcurrant

IPB - ground bluck overcurrent
IDT - ground overcurrent direct trip
TOC - ground time overcurrent direct trip

IT - trip supervision overcurrent

IB - block supervision overcurrant

PH4 — non-directional phase overcurrent direct trip
Line Owerlecad - (2) setting levels

I1 - line pickup overcurrent

Fault hetector -

The fault detector, FD, is a non-directional low-setl cvercurrent
function with a factory set pickup level. Figure 4 is a klock
diagram for the FR function.

LUL. CET.
ATl — g 2 Ares

e

LuL. DET.
S I — g anps —
LWL . DFT.
A —a 05 Anps
L. DET.
12— g.5 nnng
P DR
2y a ™y 2
Jf
1 LWL, DET. I '1L"
A% AMPS [
TRIF BUS ~
AMY GROUND DEST. FUNCTION 3
HNY FHESE DIST. FUNCTION ) | I
PH
D] ——
T0C ABOUE PICKUP ———

Figure 4 (Fault Detector Block Diagram)
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The changea (/\) in I;, I, or I, magnitude is used together with
Lhiez total magnitude of % or Ig to determine FD opecration. The
AT, ATl or |Llluﬁ qgquantity must exceed 0.2 amperes RMS or
I,| or |I,| must exceed 0.6 amperas RMS te produce an output. The
A% gquantity magnitudes are calculated each sample by comparing the
respective IZ phasor output from the DFT with a memory value of T2
stored four cycles previously. Recall that all phase-current
samples are cvonverted to 12 samples to remove the do offset and then
fed to the DFT algorithm which produces IZ phaesore. Theea
phase~-current IZ phasors are then converted te IZ,, IZ,, and IZ,
symmetrical component phasors.

As an example, the pasitive-sequence T7,; magnitude calculated at
the latest sample ie compared to the magnitude of TZ,; etored in
memery four cycles previcusly, and 1f the aksclute differencs

exceeds 0.2 amperes KMS, FD will produce an output. The four cycle
"look back" comparison used for the /\ cquantities results in a four
cycla "rezet™ time for tha FD function. Since it is neot only

necessary that FD odetect any system disturkbance but alse maintain a
constant output during the disturbance, several inlernal DLP signdls
or tlags are used to seal-in the FD output ag shown in Figure 4.
This level of detail is not shown on the functional logic diagrams
in the instrurtion hooks.

Ground Directional Functions -

Figure 5 is a block diagram for the ground overcurrent and
directional functions. Two negatjive=-seruence dlrectional functions,
HT ftrip} and NP (block), are used. It is well documented in the
relay literature that negative=zequence directional functions are
guperior teo zergo-gequence current and/or voltage polarized
directional functions particularly when zeroc-seguence mutual
coupling 1s present ketween parallel lines. NI' supervises the 101
pilet-trip function and provides selectable directional contrel
{(1.e., rtorgque contral) of the direct-trip backup functiens, IDT (S0)
and TS {51). HNHPB supervises the IPME pilot-block function.

NT and NE are implemanted using an "amplitude comparatorV
measurement. An amplitude comparator is a generic type of relay
function measurement technigue that compares the magnitude of an
QPFERATE quantity versus the magnitude of a RESTRAINT gquantity to

determine it the relay function should operate or not. If the
OPERATE gquantity is larger than the RESTRAINT guantity, then the
relay function operates. For NHT, the simplest amplitude conparator

design is:
OPERATE = [V, = I*Zg]
RESTRATNT = [V, + To*Zg]
negative-segquence current at relay

negative-sequence voltage at rezlay
relay "reach" impedance = |[Zg| /POSANG

where: In

<
B
nln

=-13-



4 DIRECT I OMAL

COMTROL
320100 - J%KD#!E1! 10T a 5P
DIRECT ] OMAL
BINS NJUST CONTROL
[ o
NT —
J—" TRIP
k1A - 3IKT¥IIL [PT (
HIHS ADJUST
FO © —D‘°‘
NB B—D RI OCK
e 10 - 3IKB®IIL l 10 KD = @ or 0.3
KT = 8 or B.1
KO = 0.860

MT/MTG ~—
L @>——I X
M1/M1G -

Fiqure 5 (Ground Directional and Overcurrent Functions)
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However, for some system conditicns, the negative-zcquence veoltage
at the relay may approach zero. With V; approaching zerc, NT would
be near it's balance point, and would not coperate raliably for an
unbalanced fault in the forward directicn. Consequently, a
compenasatian technigue is used which creates a reliabhle Vy
polarizing guantity in the relay even though V; at the relay may be
Zero. This c¢ompensation modifies the OPRRATE and RESTRAINT
guantities as shown below:

OPERATE = [V, = [L4+K)*I,*Zg]|
RESTRAINT = |V, + (1-K)*I,#Zg]|
where: K = 0.056 = offset campensation

For NB, the OPERATE and RESTRAINT gquantities are simply
interchanged.

The arctual DLP QPERATE and RESTRATHT guantities are tabulated
below;

HT NB
OPERATE vy - L.05%I,*zp} | 2%V, + 2%Ty#2g]
RESTRAINT |vs + Ip*7gl |2.05+I,%2g]

where: ZR
IR

Z0 /POSANG for a 5 ampere DLP
100 /POSANG for a 1 ampere DLP

For NT to operate, OPERATE must exceed RESTRAINT by 1.0 secondary
volts RMS., For HE to coperate; OPERATE must eXcaed RESTEAINT by 0.5
secondary volts RMS. The NT RESTRAINT quantity is vy + 12*2R|
rather than the theoretical |v, = [1—K}*12*ZR|. The elimination ol
the (1-K) factor creates a larger magnitude restraint cuantity for
increasad security. For the NB function, both the OPERATE and
RESTRAINT guantities are essentially doubled in magnitude compared
to the corresponding NT values. A blocking function at one end of a
protected linc should operate as fast as or faster than the tripping
function at the other end for a through fault condition. &Since the
DLP emplcys an enhanced amplitude comparator called an "eneryy
comnparator™, doubling the NB guantitiez compared Lo NT assures more
enargy in NB and congequently a faster operate time compared to NT
at the other end.

The bacic advantage of the energy comparator is that an
integrating algorithm replaces the magnitude comparison of the
simpie amplitude comparator. If the difference between the GFERATE
arid RESTRAINT signal is positive, then the integrating algorithm

integrates "up" toward the vperate threshold level. If this
difference is negative, then the integrating algorithm integrates
"down" away from the operate threshcld level. This allows for

modifying the recponse of NT and NB by adding restraint "energy"™ or
bias when the fault detector, FD, is neot operated. Thie is
indicated in Figure 5 by the BIAS ADJUST inputs to NT and NB. When
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FD operates indicating a system fault or disturbance, this bias
energy is remuved, and should NT or NB bheqgin to integrate "up™
toward operation the integraticn must overcome the initial restraint
energy. Simply stated, at the instance a fault veocurs both NT and
NB are hiased toward non-operation to increase security.

Cther Lhan the factor of two mentioned abave there are other
differences in the NB OPERATE and RESTRAINT quantities compared to
the theoretical guantities. The RESTRAINT quantity is [2.0%5%I,%2g|
rather than [2*%V, - 2%(1+K}*1,*Zp|. Elimination of 2+V, creafes a
smaller RESTRAINT quantity which increases dependability and speed.
The OPERATE quantity is |2%V, 1+ 2#I,%2Zp| rather than |z*v, +
2*{1-K}*I2*2Rf. Elimination of the (1-K) factor creates a larger
OPCEATE quantity which increases dependability and speed.

Ground Pilot Overcurrent Punctions -

IPT ANDed with NT is the ground directicnal-overcurrent pilot
trip tunction, and IPB ANDed with WA is the ground Alirectieonal
overcurrent pilot block ftunction. These functions are labelled TRIT
and BLOCK in Tigure 5, and they are only in service il SELZ2U = 0 or
2 Aand one of the pilst =chemes (i.e., POIY, PUTT, BLCCK, or HYEBRID)
has been selected., The IPT and IPD operating guantities are:

IPT: 3%|Igl - 24KTx|T.|
IPE: 3% I,] - 3wkBx|1,]|
Wlhiere: KT = 0 or .1
KB -~ 0.0&46

For the BLOCK and HYBRID schemss, KT = 0.1. For Lhe POTT and TUTT
gchemes, KT = 0. The KT and KB constants are not directly user
seleclable but are set to the appropriate value based on the SELSCHM
setting. Figure 5 schownr that the local HT, zone 1 distance, and

zone 2 distance functionms (via OR 103) block NB*IFR at AND 2. This
local "trip over block" preference is part of the transient blocking
legic and is net shown on the functional logic diagrams in the
instruction books,

IPT and TPR utilize positive-gequence current restraint,
3*KB*[I,|, to limit their reach for external faults and to prevent
possible operation due tu system or load dissymmetry under maximum
load flow conditions. This feature increases scheme secourity when a
BLOCKING or IIYBRID scheme is selected. When a POTT wr PUTT tripping
scheme is selected, the positive-sequence current restraint is
climinated from the NT function (KT = ¢} to assure that it operates
for all remote terminal faults under the most severe system and load
conditions.

zraound Backup Overcurrent runctions -
An instantaneous (IDT) and time overcurrant (TOC} function

provide dircct-trip backup protection for ground faults., The IDT
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cperating quantity is:
3%|1,| - 3*KD*|I,|
whara: KD = 8 or 0.1

In some DLP relays, KD is fixed at 0.3. Tn other DLP relays, KD can
be set to 0 or 0.3, The setting determination is more difficult
fsee the instructicon books) when KD — 0.3, but overreach
possibilities are greatly reduced while sensitivity is increased
after the remote breaker trips.

The TOC operating gquantity is simply 3%|I,|. Depending on the
version of the DLP relay, the characteristic curve shape is either
fixed or user selectakblsa. Both IDT angd TOL ¢an be separately
controlled by the NT directional function or cperated as
non-diractional functions. This “directional control" is analongous
to "torque contral™ in EM relays since the IDT or TOC algorithm does
not begin executing until NT operates,

Phase-Current Actuated Overcurrent Functions -

IT {trip} and IB (block) are two low-ast overcurrent supervision
functions each of which have seven outputs. As shown in Figure 6,
thrroe output= (TTA, ITH, ITC} are per phacse, three outpute (ITAE,
ITBC, ITCA) are per phase-pair, and cne (IT) is a logical OR of the
per phase outputs. ‘The settings, PUI'l and PULE, are in terms of EMS
secondary phase current., As shown in Figure 6, the threshold level
for the per phase=-pair outputs is /3*FUIT.

IBE provides overcurrent supervision of the zone 4 distance
functions. IT provides overcurrent supervision of all other
distance functions {refer toc the next sectiocon}. Ground distance
functions are supervised by ITA, ITB, or ITC. Phase distance
functiong are supervised by ITABR, ITBC, or ITCA. IT and IB are also
used for other purposes as shown on the functional lagic diagrams in
the instruction books. Supervision of the distance functions by
theze twe overcurrent functions iz primarily intended te provide a
fast reset of the distance functions; it dges pot provide blown fuse
protection gince PUIT and PUIB are normally set well below the
full-load current. A separate function is provided in the DLP
relays to detect a blown AC potential fuse.

FH4 is an instantaneous non-directicnal overcurrent direct trip
functien. It is intended to provide direct tripping for multi-phase
faults, and it operates on the highest of the three delta currents,
Ip = Ig, lp = Lp, oY Ie = Ip. The pickup setting, FUPH4, 1l based
on the delta current magnitude not the phase current magnitude.

Thare are two overcurresnht functiens (twe setbings - PULVY and

PULV2} associated with the Line Overleoad function. Each function
operates on the highast of the three phase currents, I, Ig, or Ip.
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Line Pickup Overcurrent Function -

The overcurrent function, I1l, asscciated with Line Pickup
operates on the magnitude of positive-sequence current. Operation
of Line Pickup is describhed in the instructinon books.

CISTANCE FUNCTICHS -

ln this section, the phasor inputs to the Phase Angle Comparator
for <ach distance functleon are listed. This information will allow
the user to analytically determine the steady-state response of any
distance function for any fault. An cxample of such an analysis o
given at the end of this section.

A Phase Angle Comparator is a measurement technigque that
determines the amount of coincidence between two or more phasor
inputs {(in electrical degrees) to determine if the relay function
cshould operate or not. References 1, 2, and 3 provide more detailed
informaticon abkout Phase Angle Comparators. In the DLFP, the
associated phasor inputs (magnitude and angle) are first calculated
and stored in memory then their electrical coincidence iz determined
using a simple software routine,

For each zoune of distance prutection there are six (6) separate
distance ftunctions. There are three phase distance tfunctions - one
per phase pair (i.e., ADB, BC, and CA}. There are three ground
distance functions - one per phase (l.e., &, B, and C).

The [vllowing definitions pertain ko all ol Lhe distance
functione:

Ip = phase A current at relay

Ip = phase B current at relay

Ta = phase C current at relay

I, = Zero-sequence current at relay

V¥a — phase A to ground voltage at relay

Vg = phase B to ground veltage at relay

Ve~ = phase C to ground voltage at relay

{ J1 posltive=-sequence component of )

{ Yo negative-sequence component of { )

{ Yy = memory {pre-fault) wvalue of )

ZX1l — zoune X pus,-sey. reach setting - ZxR /POSANG
2x0 - zone X zero—-seg. reach setting - ZxE /ZERANG

rn

[note: the magnitudes of Zxl and Zx0 are identical - theae
quantities differ in phase angle only]

Z240R = zune 4 offiset reach multiplier
KDl = zone 1 zZero-seguence compensation factor - Z1KD
K0 = zero-segquencsa cmmpensatian factor

In the DLP relays, KO0 is equal to Zp of the line divided by Z, of
the 1ine.

-19.—



Zone 1 Distance Functions -

The variasble MHIO zone 1 distance Phase angle Comparators are
fixed at @0°* coincidence to produce a nircular characteristic.

FPhase Dlstance - variabile MHO:
AB: {Ipn — Ipl*211 — {Vj - Vgm)

{(Va - Ve)im
(In - Ip)*211

BC: (Ig - Ip}*Zll - (Vg = Vo)
{Vp = V¢lm
(Ig - I~)*Z1l

R (To = TRI*Z11 = (Vo = Va)
Vo = Vadim

{Ic = Ip)¥*Z1l
Ground Distance - wvariable MIO:

A: (Ip - Tp) #211 + KOL*IG*Z10 = Vp
(VA) 1M
(Ip)5*211
Ig*211

B: (Ig — I ) *211 + KOL*I,*Z10 - Vg
(Vp) 1M
(Ig)5*211
Ip%211

oF (Ic - Ig)*2ll + KOl*Ip*Z1l0 — Vg
(Vo) 1M
{IC}Z*ZII
Io*21l

Ground Distance - reactance:

A (Ip - Igi*211l + KO1l*Iy*210 =~ V,
(Tﬁjz*ﬁll
I,*211

B:  (Ig - Ig)*2ll + KOl*I%Zl0 - Vg
(Ig)o*211
TU*Z'l 1

C:  (Ig - Ig)*Zll + KOL*Io*Z10 - Ve
(Ig)p*Z11
Ipo*zil

The supervising MHO that iz part of the total reactance function
has the same phasor [nputs as the zone 1 ground MHO unit except that
211 is determined by the setting Z1SU. The Z1SU reach adapte to
lvad flow conditions. Reference the CALCULATION OF SETTINGS secticn
in the instruction books.



Zone 2 Distance Fuanctions -

The number of electrical degrees of coincidence required to
produce an output from the Phase Angle Comparaters of the wvariakle
MO zone 2 diztance functions is determined by the szettings Z2PANG

and Z2GANG.

Phase Distance = wvariable MHO:

AD:

CA:

(In - Ig)*221 - (V4 - Vg)

(Va = Vglim
(Ip - Ig)*Z21

(In - Io)*221 - (Vg - V)
(Vg — Velam

(Ig - Io)*z221

(T = TA)*721 = (V= V)

(Ve = Valam
(Io - Ip)*Z21

Ground Distance - variable MHO:

F S

(In - Ig)*221 + KO*I*220

(ValiMm
{lg)o*221

Ig*221

(Iz ~ Ig)*Z21 + KO*I,*%20

(Vp) 1M
(Ip)2*Z21
Io™aZl

(I - Ig)*Z21 + KO*Iy*%20

(Vo) am
(Ia)3*221

Ig*Z21

Zone 3 Distance Functions -

The number of clectrical degrees
produce an output from the Phase Angle Comparators of Lhe variable
MHO zone 2 distance funecticne is determined by the settinge Z3PANG

and Z3GANG.

Phase Distance - variable MHO:

ARz

BC:

(In - Ip)#*231 - (Va - Vg)
(Va = Vplaum

(Lp = Lp)¥L3l

(Ig - Ip)*231 - (Vg - Vi)

(VB = Velim
(Tp - To)*231

-] -

of coincidence reguired to



28 ':J..:'_' - lR]*ZE‘;l - “.FC - V‘E,‘J
b - Vaiam
iIem - Tﬁ}*E?T

Sromrd Trisldanice - variable MHC:

B iIp - Tgl*231 + KG¥I15%230 Vp

1T
s

Zone 4 Trislance Fanctions -

Tie utkber of e lectrical degrecs of coincideonge reguired Lo
producs an output from the Thane Angle Comparators of the wvarialk.le
MHG zone 4 dfstance functione is determined by the settings Z4PRANG
ard YaRANG .

Filmse LDistance - variable MIID:

AL: (I, ILi*241 - (Vp - Vgi
{(Tp - [n11*Z40R¥E41 - (¥p - Vplip

i1 - Imi*z4l

30 {-B - :C]*Z4l {"JH B

o
b

(Cp [g)L*ZAORYZ4I - Uy - Vgloy

iTp - TolFZ4l

Oh fIC - Iﬁ]*Zél - iVC - vg}
|: IC - Iﬁll l*ZQDR*E-ﬂ-} - "VPE. = 1I.|'E_l 1M
iIn  Ih)%241

“he akove phascr inpukte are for the feorward reach cage where
SEI7al = 0. For the reverse reach case, where SELZ4D - 1, cimply
vul & wminus sign in front of each onrronc PRpEeELs o,

roand Cis-arce - wvariable MHD:
a1 iI. - Igt*Z4l + KO*Tg*240 - Vg
Nad
:_Ig:'2+ﬁ4l
TD*Z41
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B: (Ip - Tg) %241 + KO*In*Z40 - Vp
{VR) 1M
{Ig)n*241
Ig*241

cr (Te = Tp) *Z41 + KO*In*Z40 - Vg
(Vo) 1m
(In) o*B41
Lo¥sdl

The above phasor inputs are for the forward reach case whers
EELZ4AD = 0. For the reverse reach case, where SELZ4D = 1, simply
put a minus sign in front of each current expresslon.

Analysis Using Phasor Input Ceincidence -

The following is an example of how calcuvlation of phasor input
coincidence can be used to determine if a distance function should
or ghould not cperate for a given fault condition. For tha sample
transmission system of Figure CS-1 in the instructicon books, assume
a DLF relay ls located at terminal a&ble with a bolted A-c fault
located at terminal Delta. The phase A, zeone 3, ground MHC function
will he analyzed. The instruction book calculation shows that the
apparent impedance ceen at terminal Able for this fault is 1& /80.3°
sacondary ochms assuming no pre-fault load floew (i.e., wvoltages E1,
Ez, and E3 are all at 0°). For thls conditlon, the phase A, zone 3,
ground MHO function is at a virtual kalanece point with Z3CR (221) =

1.6.00, The evaluation below takes into account pre-fault lvad [Clow
fi.e., /E1 — 0°, /E2 — -35°, /E3 — -=30%},
Z3IGR (231) = 16.00

POSANG = BS®
ZERANG = 74°
KO = 3.2
Z3GANG — 20

The fault currents and voltages at the relay are listed below:

pre-fault Vv, = 64.87 /-5.6°
vﬂ = 5%.93 /-3.9°

(Vp)q, = 62.82 /-4.0°

IH = 3.915 /=53.9"

(Iz)y = 1.099 /-111.2°

Iy = 0.493 /-105.1°

The four phasor inputs are calculated to batd
1) (Ip - Ig)*231 + KO+IG#Z30 - ¥V, = 27.26 /72.8°
2)  (Vy)im = 64.87 /-5.6°

3)  (Llp)a%&31 = 17.58 /~26.2°
4) Ip*E31 = 7.89 /-20.1°
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The number of electrical degrecs of colincidence, geoneidering all
four phasors simultaneously, must be determined. 1n this case, all
four phasor inputs must owverlap for at least %0°. This overlap or
colincildence is egual to:

180° t+ (-26.2°) — 72.8° = 81°

Since 90" af coincidence is reguired for coperation (Y3GANG = 90},
the phase A, zone 3, ground MHO function will not cperate for this
Fault condition.

This method of determining distance function operation is
preferable to plotting impedances on an R-X diagram since the
variable MHO characteristic changes its size and position on the R-X
diagram depending on pre-fault lead flow, system impedances, and
fault type. In this example, a "no pre-fault load flow" calculation
indicates that a 16.00 ohm reach setting is just barely adequate.
Howewver, when pre—-fault lead flow is taken into account the 16.00
ahm Teach is not adeguate. In fact, the reach must be increased to
approximately 18.00 ohms to assure operation for this condition.

Current Sensitivity -

any distance function reguires a minimum value of current to
assure opesration. In the instruction boocks for the DLFP relays,
formulas for determining distance function current sensitivity are
located near the end of the CALCULATION QF SETTINGS tab section.
These formulas are based on the inhorent sensitivity of the distance
functions and do not take inte account the pickup settings of the IT
or 1B overcurrcnt supervision functicons.

Thera is no one value of fault (or test) current helow which 4
distance function will not operate and above which it will reach
100% of its set reach. Instead, the actual reach decreases compared
to the set reach as the current decreases. For electromechanical
distance relays reach versus current was plotted as a "bullet
curve." Thiz decrease in reach is often expressed as "pull-back.”
Fur instance, if the set reach is 4 ochms but the actual reach at a
certain level of current is 3.& ohms, then the raach "pull-back" is
0.4 ohms or 10% of the set reach., The current sensitivity formulas
in the DOLP instruction books utilize this concept of reach
tpull-back."

Polarizing Voltage Sensitlivity -

The MHO disgtance functions utilize positive-seguence voltage
with pre-fault memory for the polarizing quantity. Thie means that
for any bolted zero-voltage fault, other than a three-phase fault,
there will be sufficient pelarizing voltage to Keep the distance
functions operated as long as the fault persists (assuming
suttficient fault current). For a bolted three-phase fault, the
phase distance functions will operate transiently beoccause of the
pre-fault memory voltage but will aventually reset if the memory
voltage resets before the fault is ¢leared.
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The minimum value of pesitive-sequence polarizing voeltage
required at the DLF to keep the MHC distance functions (all =ones)
cperated for as long as a three-phase fault persists is 5% of &7
volts or 3.35 volts RMS. This fact is important when providing zone
2 bhackup preotection aen a "shaoart" line. Depending on the gource to
line ratio, the voltage al the relay may apprvach zerc for a
three-phase fault at the remote terminal. Unless the relay voltage
is 3.35 volts or greater, the zone 2 function will neot stay picked
up leng encugh to time out the zone 2 timer.

It shonld be noted that some level of polarizing voltage
sensitivity is desirable. For a three-phase fault with arc
resistance directly behind the relay, the effect of pre-fault load
flow in the non-tripping dlrection causes the arc voltage to shirlt
in phase towards the operating regiem of the distance function. The
effact of pelarizing voltage sensitivity is to ralse the threshold
of the pelarizing veltage above that produced by the arc drop and o
prevent uperation.

gperating Time Curves -

¢ne of the phasor inpuls listed akbove that 1s commen to all of
the distance functions is "IZ=V" which is often termed the operating
guantity. IZ=V has two basic forms that differ petween phase and
ground distance functions as shown below.

I12=V
phase variable MHO: Ipp*Zr1 ~— Vg
ground variable MHO: (Ig=Ig) *ZR] t+ RO*To*Zpg = Vg
where: I¢¢ = phase~to-phase current at relay ({(e.g., I - Ig)
I¢ — phase current at relay (e.9., la)
I3 = zero-sequence current at relay
Vop = phase=to~phase voltage at relay (e.qg., Vi - Vg)
Vo = phase-to-ground voltage at relay e.q., Val
Zgpy1 = positive-sequence reach setting - lel SPOSANG
Zpyp = 2ero-sequence reach setting - Tle FZERANG

=
=
il

zero-sequence compensation factor

The operating times of the MHU distance functions are directly
related to the magnitude of the operating guantity. Figures 7 and 8
plot operating time versus the magnitude of IZ-V. These two figures
ara only applicabhla ko DLP revision ¢ relays. The inverse nature of
these time versus IZ-V curvee reesults from an intenticnal design
gffurt to optimize speed versus security. Simply stated, a heavy
aloge=in fault (high 1Z2-v) has the fasteet tripping time hecause
such a fault poses the greateat threat to power system security.
Power system security is impacted less for remote line-end faults
(low IZ-¥), but relay security is more critical because the fault is
clopser to the bhalance point of the distance tunction. 1t is
thercefore prudent to increase the tripping time for low values nf
I7Z-V to assure relay security without sacrificing power system
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security. Stated another way, puwer system security could ke
severely compromiceed 1f a zone 1 distance tunction were to

over-reach for a remote bus fault.

For the DLFP revislon C relavs, the setting SELPRIM can bo schb to
either O(CVT PRI}, 1(CVT SEC), 2(PT PRT), ar 3(PT SEC). This une
getting determines two different asgpectes of the DLP's g¢operation.
First, the setting determines how PRESENT VALUES are displaved.

Wwith SELFEIM = 0 or 2, the PRESENT VALUES (currentes, voltages,
watts, and wvars) are displayed and stored as primary valucs. With
SELPRIM = 1 or 3, the PRFESENT VATIES are displayed and stored as
accondary valuezs. All settings are expressed in terme of secondary

values, regardless of the SELPRIM setting.

Secondly, the setting determines the amount of filtering used in
the DLP's distance functiens to overcome transient error signals
that may be prescent in the AC voltages. When magnetic voltage
transformers (PTs) are usaed, SELPRIM = 2 or 3 should ke selected,
depending upen whether PRESENT VALUES are to be displayed in primary
or secondary values. When capacitive woltage transformers (CVTs)
are ueed, SELPRIM = 0 or 1 should bhe selected, depending upon
whether PRESENT VALUES avre to be displayed in primary or sccondary
values. With SELPRTM = 0 or 1 the operating time of the distance
functions will be elower at lower valuee of operating signal (LiZ-V)
where the transient error signals associated with CvTls become
gignificant. Note that when CVTs are used, a setting of SELPRIM = 2
or 3 may result in zone 1 overreach for line-end faults. Therefore
SELDTRIM muc=t he =t to 0 or 1 when CVTs arc usod.

Figure 7 applies when SELPRIM - 2 or 3, and Figure 8 applies
when SELPRIM = U or 1. HNote that I2-V ig expressed ag a per unlt
value. The per unit "base" iz 67 woltas for a ground distance
function and Ji%*s7 = 116 volts for a phase distance function. To
use these curves, the appropriate currents and voltages at the relay
must be determined frum a short-circuit analysis and the DLP relay
settings must be selected for the particular zcocne ot protection
being analyzed. Figures 7 and 8 are valid for all the wvariable MIO
disgtance functleons regardless of the zone (i.e., =zaone 1, =one 2,
zone 3, or zone 4%,

The following ie an example of how to calculate operating time
using Figures 7 and 8. For the sample transmission system of Figure
CS-1 in the instruction boeoks, the operating time of the zone 1

ground and phase distance MIIQ functicens will be computed for a DLP
revizion C relay located at terminal aAble. The zane 1 reach is 90%
of the line A-B positive-seguence impedance and the faults are
Tncated at 60% of the line A-B positive-seguence impedance in front
uf the relay.

''he relay settings are:

1R = 5K.40
Z21GR — 5.40
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Z1KD = 3.0

FOSANG = B5

ZERANG = 74
Therefore:

Zgy = 5-40 [B5:
Py = 5-40 /74

For an a-g fault:

ly = H.8HEe /=73 4"
Ip = 2.696 /-85.7°
?A = A0.06 f=3.9°
IZ-V — (Ip-Ig)*2py + KO*Ip*Zpg - Vp - 22.3 /-1.63°
22.2
IZ-V (per unit) = — = 0,333
67

From Figure 7, the operating time is 21.5 to 24 milliseconds.
For a B-C fault:

Ip-Ig = 20.53 /=175°

Vp=Va = 73.94 /-90°
IZ=V = (Ip=Ip)*Zpy - (Vg~Ve) = 36.97 /=907
36.97
IZ-V ({per unit) = = 0.31%

116

From Figure 7, the operating time 1s 22 to 24.5 milliseconds.

For thies example, Figure 7 or Figure 2 will produce the same
operating times since the curves overlap when IZ-V is greater than
approximately 0.2 per unit., Note that tha operating times from
Figures 7 and 8 are based on SCR trip outputs. If contact outputs
are used, 4 milliseconds must be added to the operating times.

-0 -



REFERENCES

A.R. van C. Warrington, Protective Relays:r their Thenry and Pracrice,
Volume II. London: Chapman & Hall, 1969, chapter 4.

T.8. Mashava Rao, Power Syrctem Protection Static Relays, New York:
McGraw-Hill, 1%81, chapter 2.

S.B. Wilkinson. C.A. Mathews, M.F. Keeney, "Dcsign

considerations for a new ground distance relay," IEEE Trans. on
Power Apparatus and Systcms, ¥ol. 98, pp. 1B66-1575L, 1879,

-3 [-



AFPENDTX I

General equation for fault current (including dc offset):

~t /1
ift) = I*sinfwt + o - @) - I*sinfa — &) *c
B = arctan (WL/R) = impedance angle of power syctom & ;— B85
W 1= 2-7-60 W= 376.991
¢ = angle on voltage wave at which fault occurs = -5
N |
I/R = T (for power system) L ;= tan|83 —
180 W
m
let: g = (- A)— o= =1.571 radians (¢ = =90 degrees)
180
t =0,1 ..667

note: w and 1/T are multiplied by 0.0001 to allow time range above
to be expressed in seconds

W o= w-,0001 T 1= T 10000
w = 0,038 T — 303,192
N
T
i(t) = sin{w-t + ¢} — sin{¢)-e
, -
ift)
ﬂ \/ )
0 -4 LG0T
t.10
{SECCHDS)
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APPENDIX I

Primary Impedance — R + JuL Heplica Ilmpedance = E2 + jwL2

where: L/R — L2/R2 =T R2 =1 Lz =T

( #2 = 8 = 85 )

d
wil) :— i{t)-R2Z + - i{t)-L2
dt
vit) — voltage across replica impedance
i1ft) = 1(t)-10 ( i(t) is multiplied by 10 to show up bhetter

on the plot below )

o gl 0667
t. 10

(SECONDS)
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APPFNDIX TI
DISCRETE I'OURIEE TRANSFORM
] E::=10,1 ..1%
[ k =« (equation to define
v o= 1l.52inl2.m- + - sampled values)
K _ N 4

v { v = soampled values of voltage sine wave )

CiTs7a -2 Lo L
0 k 15

p k 2 k]
N | ~ |
R i= - > v ooain|?-f I:=- 7 v ohoos 2.7 —
N -— Kk ' N N i— k N
K k

R = 1.006l I = 1.061
2 2 Tl 180
PEAK = R + I AlGLE = atan —!.—

Ri w

PEAK = 1.5 ANGLE = 45



APPENDIX III

FULL-CYCLE DISCRETE FOURIER TRANEFORM

{ above equation detfines sampled values for current with

1%

T = 0.0303191

1
-

T r

180

- 5in;—9D~
1580 I

fc offset - see Appendix I )

(

i

k

sampled values of current

K

}

‘N-60-T
a

L)

-1

0

2

2

PEAK :— .R + I

FEAK = 0.971

actual peak — 1.0

K

-

|

2 S k
L= - > i -cos|2-7-—
N Ful— k N_.
I = —-0.94:2
I| 180
ANGLE := atan|-|-—
B 7
ANGLE — -82.194
actual anglc = -85

page 1




APPENDIX II1

HALF-CY¥CLE DISCRETE FOURIER TRANIFORM

N i=8 k= 0,1 ..7 T i~ 0.0302191
" ]
K ﬂ T N-2-60-T
(2] i := sin|#s-— - B80-—— = win|-90-— . &
LS N 180 180 -

{ above aquation defines sampled values for current with

dc offset — see Appendix I )

i { 1 = =ampled valuez of current )
k
O
0,042 2
0.226 |
0.519 3
0.872 -
"1.225 ,rfi:ﬁrf
1.521 AT !
1.71 i L ,
X e |
— H
-
— T. !
i .
=1 —
0 k
real (R} and imaginary (I) eguations for DFT:
2 B 2 . K|
R := —-,; i -sinm-— I:= —-/; i -cos|m-—;
N — k _ N N<Lf— K N
k k
R = 1.097 T = —-N.&682
2 2 I 180
PEAK := |R + I ANGLE := atan|- --——-
R
FEAK = 1.292 ANGCLE = -31.2413
acbual peak = 1.0 actual angle = -85

paga 2
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