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Abstract

This paper presents a novel current differential protection scheme for UHV/EHV tsansmi
sion lines. This method is based on active current component extrastianinstantaneous
power theory, which is also called-igp method, and it has been widely used in APF (active
power filter). Adopt three digital PLL (phaseoc ked | oop) to get the
and active current containing DC and AC compdrearan be obtained by using dq transfo
mation. The average filter is employed to filter the AC active current component out. This
algorithm can eliminate the influence of distributed capacity current fundamentalig- Co
pared to compensation methods, it riegsi no heavy computation, line parameters and-vol
age information transmission. Compared to other differential protection methods, it has the
advantages of clear physical meaning and simple operation. Simulation results show that the
novel protection metd is effective and robust, providing a new perspective on transmission
|l inesd protection.

Keywords:UHV/EHYV transmission line, current differential protection, distributed capac
ty current, active current extraction, instantaneous power theory

1. Introd uction

Current differential protection has been widely adopted as the main protection in the
UHV/EHV transmission lines due to its simple principle, inherent pbakection ability and
excellent applicability under complex operating status. However tisgtgsdf current diffa-
ential protection is susceptible to distributed capacitive current, especially in UHV long
distance transmission lines. And a lot of works have been done in order to solve this problem.

In the early time, shunt reactor is used in\WBHV transmission lines for compensating
capacitive current and suppressing overvoltage. However, shunt reactor can only compensate
the steadystate capacitive current; in addition, the compensation precision cannot be-guara
teed because of the discretgulating and various operation conditions. An accurate- co
pensation method is mentioned based on Bergeron line model in paper [1, 2]. Although Be
geron method can eliminate the distributed current due to considering the distributed capac
tances in its disibuted parameter separately, it has some disadvantages in following aspects:

high sampling rate and enormous computation.

in practical device by using Bergeron model. In reference [3], transient impactigfncp
capacitor voltage transformers (CCVT) was taken into consideration. By using the theory of
equal transfer process transmission lines (ETPTL), the differential current without capacitive
current can be dgand the calculation can meet the requiresenturrent differential prote
tion in longdistance transmission line. Reference [4, 5] has proposed an algorithm based on
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the differential equation of or T equivalent circuit of the transmission line, whis known
as timedomain compensation methdthe timedomain compensation method can effestiv
ly compensate both transit and steady distributed capacitive current.

Instantaneous power theory (IPT) has been presented by.KWkagd developed during
these years, and it has many successful applicdtiorexious cases. IPT has been applied to
shunt or series compensation device in referen@.[Based on IPT (or-g power theory),
the active power component protection for power transformer has been proposed in reference
[10]. Active power componentaa solve the inrush /fault discrimination problem in power
transformers differential protection. In literature [11], IPT and artificial neural networks are
adopted for fault location and classification in transmission line through janases iderit
fication.

This paper proposes a novel differential protection method based on active currest comp
nent for transmission lines. With this approach, the active current component extracted by
using IPT can solve the distributed capacitive current dilemma. Tlesatiffal active current
represents the amount of inside active power consumption, so it has high sensitivéy for d
tecting high resistance earth fault. The simulation platform is implemented by using PSCAD,
and the test results show that differential a&turrent protection is more advantageous than
traditional differential current protection methods in sensitivity, selectivity and rapidity.

2. Fundamental

2.1.Power Transmission Line Model and Traditional Current Differential Protection

High voltage tansmission lines normally use the PI equivalent model. A 500 kV
transmission line MN and its system diagram and equivalent cidiagram are ills-
trated inFigurel , where 2Z° i s the | i n-to-gnouddqsid-anc e, and
lent capacitive redance.

Transmission Lines

ic%I A %% Iucw

Figure .500kV Transmission System and itdés Equi val
Transmission System (b) Equivalent C ircuit

The principle of current diff ernelawtliisal pr ot ect i
used as the major protection method for higttage transmission lines because it is highly
selective, sensitive, and reliable. Currently used operating criteria for digitgblspsie po-
tection are

el (1)
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where 1, and I, represent the bus bar and the current vector on Side M and Ngrespe
tively, 1_,, represents the operating threshold, andepresents the restrainexaeffi-

cient (O<k <1),

|'M - |'N are the operating quantities and the restrained

and

Iy 1y

guantities, respectivelyfequation(1) is the auxiliary tripping criterion that mainly g+

vents the lindrom incorrect operation under doad switching conditionsEquation(2)
represents the main criterion. The protection will be effective only whendmpihtions

(1) and (2) are satisfied. With the existence of the distributed capacitance current, the
cur ent measured at both terminals of t he
law, thereby affecting the sensitivity and reliability of traditional current differential
protection

2.2. Power Transmission Line Model and Traditional Current Different ial Protection

As indicated by the basic circuit principle, the phase of resistive current is in the
same direction with the voltage phase, the phase of the capacitive current is 90° ahead
of the voltage phase, and the phase of inductive current is 90idée voltage phase.

The resistive current is defined as the active current and the capacitive (inductive) cu
rent as the idle currenEigure 1 shows that the phases of the latistributed capacitive
current (y andly) are 90° ahead of the bus voltaf}é, andVy). The influence of the
distributed capacitive current on differential protection can be prevented by splitting the
reactive current. This paper proposes a method in which the phase information of power
positivesequence fundamental voltage istained through threphase digital PLL and

then the active component of the thyglease current is extracted throudf transfa-
mation. The extraction frame of the active current is illustratefigure 2.
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Figure 2. Active Current Component E xtraction

2.2.1Three-phase Dgital PLL

Literature[12, 13] proposes the threghasedigital PLL, which is the characteristic
of gPLL based on instantaneous reactive power theory. The locked loop has excellent
dynamic response and robustness, and it can effectively follow the phase angles of the
positivesequence voltage components of damental waves, particularly when the
voltage waveform is distorted and asymmetrical. The principle of the PLL is illustrated
in Figure3.
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Figure 3. gPLL System

A

In case of shortircuit fault, the line voltage will generate a large amount of positive
sequence, negativeequence and harmonic components. Suppose that the positive
sequence and negatisequence threphase voltage signals are

v, =V sin(q,) +v, sin( q)
v, =V, sin(q, -2,q/3) v sin( g 2/8 ©)

pv.=V,sin(g, 243 v, sin( g 2/

— ==

-

wherev  represents the amplitude of the positaseguence voltage component, and

represents the amplitude of the negatheguence voltage component. Through Clarke
transforms, the voltage signal is transformed frabt coordinate system ta » coar-

dinate system, and the transformation matrix is

él 1 1
2 € 2 2 !
Tc = \/:é | (4)
3 éo \/g \/g |
g 2 2 |

Given a unit virtual current, in accordance with instantaneous reactive power theory,
the instantaneous reactive powg(t) will be

:ivpsin(qp- q,@‘) +§Vn sin( a +dqj) (5)

-——— -———

where q(t) is the average component, aggt) is the oscillating component. The PI

controller has a lowass feature. Therefore, the oscillating component will be filtered.
Thus, when the PLL has successfully locked the phase, it only outputs the phase info
mation of the positivesequence vodtge for the fundamental wave.

2.2.2. Extraction of Active Gurrent

The composite vector of the thrphase voltage on the » plane coordinate system
is given asv , and the angle between the voltage vestand the axis: at any time is

134 Copyright 2014 SERSC



International Journal of Control and Automation
Vol.7, No.7 (2014)

g . Suppose that the composite vector of the tiplease current is . The vector di-
gram of the voltage and current is illusedtin Figure 4.

Figure 4. Phase Diagram of Voltage and C urrent

Suppose that the-axis component of the current vectoris i, , and theg-axis can-
ponent isi_, the values of, andi, can be obtained by usirdy transformation. Theiq
transformation equation is

e 2 a 2 69
éCOS(qu‘) cos(g - — B COS d@ot—
. 3 =
gi, @ © ¢ Ui e
6 u 2€ A 2 b 2 Usg
P —ésm(qdm) Sing® o -— P5 SIN o+ Ay, (6)
oo b ¢ R g
° e 1 1 1 Vi
é - - - u
8 2 2 2 a

Figure 4 shows that, andv are in the same direci, andi, is 90° behindv .
Therefore,i, is the active current component, aqdis the reactive current component.
A large amount of harmonic waves and négasequence fundamental current will be
generated when the system has a shwoduit fault at one instance. Suppose that the
positivesequence and negatisequence currents during a fault are
i, =1,sin(m) H sin( w)

p =1, sin(mt -2p/3) ¥, sin( w 2 p3 (7)
i, =1,sin(mt +2p/3) ¥, sin( w 2 Jp3

In this equationw is the angle velocity of the system. For easier analysis, the vol
age phase angle at this moments

g= v+ j (8)

Where, is the initial phase angle of the voltage, as showaqguationy7), (8),and

(9).
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g =1psin(/ ) #,sin(2w +) 9)

la d

Thus, the positivesequence current of the fundamental wave is transformed into DC
component, andhie negativesequence current of the fundamental wave is transformed

into a 100Hz AC signal. When lowpass filter is used to filter AC componém the

DC component, will be obtained, which is the fundamahtwave active current co-
ponent.

3. Protection Scheme Wing Active Current

3.1 Extraction of Active Differential Current

M side is used as an example. Suppose that the voltage phase angle of tphalseee
voltage digital PLL output at the moment isq, , and the sampling values of the three
phase current arig, i, andi.. After dg transformation, thel-axis component is

md:Imd -Hmd

= 2/3gcos(q,, )i, +cof q -2p%, ok g 2/ 8

wherei is the daxis DC component, anﬂm is the daxis AC component. The DC

(10)

componenti_md can be obtained after, having been filtered by mean filter. For the

threephase instantaneous current value sampled at each sampling moment, the ampl
tude of thed-axis DC component obtained by usidg transformation is the amplitude
of the threephase positivesequence active curren

I - =img (11)

md

| - at N side can be obtained using the same computation method.

| — =ing (12)

nd

3.2 Criteria of Protection

The above analysis indicates that the active current component is orthogonal to the
current conponent generated by the capacitive current and compensation devices. The
retically, capacitive current does not affect the active current. The difference of active
current components at both terminals reflects the internal active loss. When the line is
in normal operatioror has an outside fault, the differential current of the active current
is small. When the line has an internal shartuit fault, the shortircuit current of the
shortcircuit point will consume a large amount of active power, which iwcrease the
differential current of the active current. Accordingdquation(4), the main criterion
based on the protection of the differential current of the active current proposed by this
paper is provided below.

I -+

_ >|
md nd

13

setd

| s and1 - are the active current DC components on the M and N sides, respectiv

ly, |15 +1,5| is the operating quantity, and,, is the threshold. Sincelq transfa-

etd
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mation is used for threphase transformation, spithase protection cannot be achieved
by merely depending oaequatiorf13). To increase the selectivity of the protectionalg
rithm, the traditional differential protection criteria with restrained coefficient, namely
equationf?), is introduced as the auxiliary criteria. The output executive organs will not
operate unless both the main criterion and auxiliary criterion have been satisfied.

3.3 Setting Principle for Criteria

The role of the main criterion is to increase the sensitivity for internal faults. The di
ferential current of active current is not zero when the line is under normal operation
because of the difference between the voltage phases onitdethasid the transmission
velocity of current traveling waves. Therefore, the operating threshold of the differe
tial current of the active current should avoid the maximum value of the differential
current of the active current that is under maximum ajp@na The setting equation is
provided below

leerg = K oyl (19

setd reld” max d

where 1, . is the differential currentfoactive current when the system is under max
mum operation mode, ankl _, is the reliability coefficient.

The auxiliary criterion is mainly responsible for enhancing the selectivity forexte
nal and internal faults so that it will hamperate in case of external faults. The r
strained coefficienK of the auxiliary criterion can be set according to the following
principles:

1) By avoiding the maximum differential current of external faults without conside
ing the influence of capacita@acurrent.

2) By avoiding the maximum differential current of normal operation without densi
ering the influence of capacitance current

4. Case Study

4.1 Model Construction

PSCAD is used to construct the simulation model. The system parameters are described
below. System parameters on Side M; =1.05i0, Rw=1.0515q , wm:30.13743H,

Rmo=0.6q a n gh=0.0926H; Line parameters:r;=0.02083q / k rh+0.8948mH/km,
€:=0.0129uF/km,ro= 0 . 1 1 4 &=R/2886mH/km andc,=0.00523uF/km. The line lent
is 100km, BRKy, is the breaker on Side M, aBdRK, is the breaker on Side N.

‘\\ u/‘ BRK,.\‘_:'T‘:'_B;K“

éM Bus, Bus,
Figure 5. Simulation Model

4.2 Testing of Voltage PLL

When shorcircuit fault occurs on a power transmission line, theteay voltage waves
will exhibit distortions of various degrees. Fast and accurate locking of the pasitiuence
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voltage phase by PLL is very important to the extraction of the active current. For a metallic
threephase shottircuit fault at the centeof Line MN, the phase information of its system
voltage waves and the thrphase digital PLL output are described-igure®.

- I 1
.0 1.1 1.2 t(s) 1.3 14 15

Phase (rad) .
HH O R, NWMUOoO \l'_‘

Figure 6. Three Phase V oltage and PLL O utput

Figure7 describes the error signals of the thpbase digital PLL when thrgghase meta
lic grounding faults occur at the exterior of Side M and Side N, and at the interior MN.
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Figure 7. Error of gPLL i n Different S ituations

Figure6 andFigure 7 show that when the system has been seriously disrupted, the system
voltage will change significantly, which generates a large amount of harmonic wane, asy
metrical, negativesequence, and zesequence componeniThe threghase digital PLL can
still quickly and accurately lock the positigequence fundamental voltage phase. Thea-max
mum deviation is only 4%, which satisfies the phas&ing requirement of the algorithm
under various poor conditions.

4.3 No-load Switch-on

Figure 8 shows the voltage and current waves when the breBRé§ on Side N is
switched off and the breaker on Side M is switched on a.1C2irrent under ntwad closing
condition is mainly capaeihce current, and the wave peak of the transient capacitance cu
rent can be as high as kA. After 0.3s, the current on the line is mainly stable zero
sequence current, and its effective value can reacth120
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Figure 8. Voltage and Current Waveform Under No -load Closing C ondition

As a result of the effect of auxiliary criteria, the differential protection algorithm will not
experience false operation underload closing condition. However, doad closing opex-
tion is the besivay to test the abilities of various compensation methods in curbing the capa
itance current. The | ine differenti al currents
phase compensation method, tid@main compensation method, and active current adeth
are described in thEigure 9. The figure shows that the phase compensation method cannot
compensate transient capacitance current and that its compensation effect for a stable capac
tance current is also poor. Tird@main compensation method can effedy curb the traris
ent capacitance current and is more capable of compensating for a stable capacitance current
than the phase compensation method. On the other hand, the active current compensation
method curbs the transient capacitance current aseeffic as the time&lomain compers
tion method, and it can completely curb the stable capacitance current. A comparison between
the active current compensation method and the-diomeain compensation method indicates
that the active current method does me¢d the line parameters.

Figure 9. Differential Current W aveforms of Various M ethods
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