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fault resistance.

1 | INTRODUCTION

In recent years, with high voltage direct current (HVDC)
transmission technology being widely applied in long-distance

Nomenclature: /\i,,, fault components of current difference between phase A and
phase B at bus M; /\i,;, fault component of current difference between phase A and
phase B at bus N; /A\#,,,, fault components of voltage difference between phase A and
phase B at bus M; £, voltage difference between phase A and phase B of AC system S;
JSiom(U), current that flows through AC filter and reactive power compensation device; 7.,
ipas icds L4y5 1y Iy curtents on corresponding windings; 7, DC current; i current that
flows through fault resistance; 7y, zero-sequence curtent that flows through fault
resistance; 7, current difference between phase A and phase B at bus M; 7,,,,, current
difference between phase A and phase B at bus M in normal operation state; 7,
zeto-sequence current at bus Nj 7, 7, 7,., N-side three-phase currents; 7,,,, current

difference between phase A and phase B at bus N; 7,,,,, current difference between phase
A and phase B at bus N in normal operation state; £, transformation ratios of Y/ /\
converter transformer; £, transformation ratios of Y/Y converter transformer; Ly,
zero-sequence inductance of AC line M-N; 7, inductance of smoothing reactor; ),
positive-sequence inductance of AC line M-N; Z,, inductance of converter transformer
converted to valve side; Ly, equivalent inductance of AC system Sy; Ly, zero-sequence
inductance of AC system Sy; Ry, zero-sequence resistance of AC line M-N; R,, fault
resistance; ), positive-sequence resistance of AC line M-Nj Ry, equivalent resistance of
AC system Sy ; Ry, zero-sequence resistance of AC system Sy; #,,, zero-sequence voltage
at bus M; #,,,, #,,, #,,, three-phase voltages at inverter-side converter bus; #,,,, voltage
difference between phase A and phase B at bus M; x; fault location
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Concerning the mal-operation of distance protection in AC/DC hybrid system due to com-
mutation failure in DC system caused by AC-side fault, a novel AC line distance protection
scheme based on fault likeness factor is proposed. First, by analysing the conducting state
of converter in different time intervals, the expression of feed-in current from DC system
to AC system is derived. On this basis, combining AC-side fault component network, the
fault location equation considering the impact of feed-in current from DC system is estab-
lished. Thus, by solving the equation consisting of information at multiple time sections,
the fault location is calculated. And then, according to the consistency between the calcu-
lated fault location and actual fault location, the fault likeness factor is constructed to dis-
tinguish between in-zone and out-of-zone faults. Finally, simulation tests in RT-LAB verify
that, the proposed scheme can identify in-zone and out-of-zone faults fast and accurately
in the case of commutation failure caused by different types of fault, strongly immune to

large-capacity power transmission, mal-operation of AC-side
distance protection caused by commutation failure in DC sys-
tem occurs ever more frequently, greatly endangering the safety
and stability of power grid [1-7]. Therefore, fast and accurate
isolation of AC-side fault is very important to guaranteeing the
safe operation of AC/DC hybrid system.

Currently, AC line distance protection schemes mainly
include distance protection based on traveling-wave distance
measurement, distance protection based on power-frequency
variables and time-domain distance protection. Distance pro-
tection based on traveling-wave distance measurement uses
the refraction and reflection characteristic of traveling wave
at impedance discontinuous points and locates the fault by
calculating the time difference between forward traveling wave
and backward traveling wave [8—10]. Due to the super high-
speed operation characteristic of this method, it has become
the focus of research on distance protection. However, in
real system operation, fault or disturbance at any point of the
grid will generate reflected waves, which may easily render the
locating result inconsistent with the actual fault distance and
cause distance protection to mal-operate. Distance protection
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based on power-frequency variables uses the power-frequency
voltage at the beginning end of the protected line and the line
power-frequency current information to form the protection
criterion [11,12]. Compared to current protection and voltage
protection, the protection range and sensitivity of distance
protection based on power-frequency variables is less affected
by the vatiation of operation mode of AC system. However,
when DC system is integrated to AC system, AC-side fault may
cause commutation failure in DC system, which will cause the
equivalent feed-in current from DC system to AC system to
change suddenly [13-15], thus the measured impedance will
fluctuate, resulting in narrowed protection range or over-reach
operation [16—18]. Time-domain distance protection is usually
based on the assumption that the current distribution coeffi-
cients are constant, and uses parameter estimation method to
calculate the fault distance [19]. This method is not affected
by ovetload of line and system oscillation. However, when
commutation failure occurs in DC system, due to non-linear
time-varying fault characteristic of converter station and fast
response of DC system controller, the equivalent impedance of
DC system will keep changing, and the above assumption will
not be true. Currently, research on AC line protection in the
case of commutation failure is rare. Reference [17] uses the ratio
of power-frequency current amplitude to current amplitude in
normal operation state to construct the protection criterion.
This method is applicable to commutation failure cases caused
by AC-side fault. However, since the current amplitude ratio in
fault state and current amplitude ratio in normal operation state
are both close to 1, the reliability of this protection scheme is not
adequate.

Concerning the inadaptability of distance protection based
on powet-frequency variables and time-domain distance pro-
tection to the integration of DC system to AC system, a novel
AC line distance protection scheme based on fault likeness
factor is proposed. First, by analysing the operating conditions
of converter in different time intervals, the expression of
feed-in current from DC system to AC system is derived. Sec-
ond, according to AC-side fault component network, the fault
location equation considering the impact of feed-in current
from DC system is established. Thus, by solving the equation
consisting of information at multiple time sections, the fault
location is calculated. And then, the consistency between the
calculated fault location and actual fault location is quantified
as the fault likeness factor, based on which the protection cri-
terion to identify in-zone and out-of-zone faults is constructed.
Finally, simulation tests in RT-LAB verify the correctness
and effectiveness of the proposed scheme. Compared with
traditional methods, this paper builds the detailed model of
AC/DC system that can reflect the conducting state of con-
verter valves. Thus, the proposed scheme can identify in-zone
and out-of-zone faults fast and accurately when commutation
failure occurs in different fault cases (including fault at the out-
let of AC line backside system). Besides, the proposed method
is strongly immune to fault resistance, and is not affected by
the variation of zero-sequence network of receiving-end AC
system.

converter

HVDC line

AC
system S,

AC
system S;

I smoothing Hl

reactor

FIGURE 1 AC/DC hybrid system
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FIGURE 2  Wiring diagram of inverter-side 12-pulse converter
2 | EXPRESSION OF FEED-IN

CURRENT FROM DC SYSTEM TO AC
SYSTEM

Take the AC/DC hybrid system in Figure 1, for example. The
wiring diagram of inverter-side 12-pulse converter is shown in
Figure 2. When fault occurs on AC line, commutation failure
may occur in inverter-side converter station due to AC-side
fault, and inverter-side 12-pulse converter may operate in the
following five conducting states.

a. Four valve arms of 12-pulse converter are conducted. For
example, VID; and VTD, of D-bridge converter are
conducted; VTY; and VTY, of Y-bridge converter are con-
ducted.

b. Five valve arms of 12-pulse converter are conducted. For
example, VID; and VID, of D-bridge converter are con-
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ducted; VTY;, VTIY, and VTY; of Y-bridge converter are Combining (2), (3), (4) and (7) yields:
conducted.

c. Six valve arms of 12-pulse converter are c9r1ducted. For r%d gy = =g + AV = ety + i
example, VID;, VID, and VTIDj5 of D-bridge converter P p :
are conducted; VTYy, VIY, and VTY5 of Y-bridge con- +27,~ + ZL =
verter are conducted.

d. Seven valve arms of 12-pulse converter are conducted. For ty— i = —(ka + & ) Wma = 'éd o Ryl
example, VID;, VID, and VTID;5 of D-bridge converter ) +2r, @ +21,% dld )
are conducted; VIYy, VIY,, VIY5 and VIY, of Y-bridge
converter are conducted. g — gy = _'éf e+ (kg + /é ')”;m

e. Eight valve arms of 12-pulse converter are conducted. For —1, d;( ‘407, dz,,
example, VIDy, VIDy, VIDs5 and VID{ of D-bridge con- L

verter ate conducted; VIYy, VIYy, VIYs and VIY, of Y-
bridge converter are conducted.

When VID; and VID, of D-bridge converter, and VTY,
and VTY, of Y-bridge converter are conducted, the following
relationships can be obtained according to Figure 2:

ig+icy = ipg M
ipg =144 @)
d B4
g = gy = —Rgtty, = Rgtyy + 2L, —= ©)
d Icd
Hy — g1 = /éd””ﬂ Lr7 (4)
ZIAJ, = _ZO = Zd (5)
ip, =0 (6)
di,
U1 — Hgp = /é (”wf - ma) + 2Lr a4 (7)
d 7
Ugpee = g + Ld dr (8)
d 2
Urec2 = -1 “d~ df (9)
where #,,,, #,, and u,, are three-phase voltages at inverter-side

converter bus. g, #y, #p, g, and u#g,, ate, respectively,
the voltages at 4,, dp, d3, dy and d5 in Figure 2. 744 ipy,
ica L4y ipy and ic are the currents on the corresponding
windings. 7; is DC cutrent. £, and £, ate the transformation
ratios of Y/Y converter transformer and Y//\ converter
transformer. 7., is the inductance of converter transformer
converted to the valve side. Z; is the inductance of smoothing
reactor.

According to (1)—(4), the following equations can be

obtained:
di di
/éd(”ﬂ/ﬂ + U,y + ﬂ,ﬂ[) — 3L atAd r7j
dl‘Bd d[d
9 'éd (””/d + Uy + ”fw) = 3L77 - Lr; (10)
d di
’éd (”md + Ay + ”ﬂﬂ) = 3L e + ZL 2

According to (8)—(11), the difference between voltages at dj
and ds has the following relationships with the current on valve-
side winding of Y/ /\ converter transformer:

2L, 2Ly
Ugree — Udre2 = _(3’éd + ’éj + _’éd)”mzz - (3’éd + T'éti)”m/?

+ (b, — 2k, — - g
ZL 2L
Uiree = Udre2 = < ’érl)”ma (3’éd + = k(/)”}ﬂ/i
<
+ (b, — 2k — k,,)ﬂ,,,[ n (8L + 6Ld)dw

Adree — Wdre2 = ( ’éd + ’éd - /é )”ma + (’éd + /éf/)””l/i

+ 2k, + oy + Ll/ed)”,,ﬂ L, + 3L,,)”’”
’ (12
And according to (5), (6), (10) and (12), the difference
between voltages at dy and d5 has the following relationships
with the current on valve-side winding of Y/Y converter trans-
former:
l/éd oy

1
Uiree — Uire2 = _(_/éd + ’é})”ﬂm -

+ (%, + /e[,)ﬂ,,ﬁ+< L+ 2L)=" iy

=

) 0="2 K
1 1

_(;’éd + ’%f)”}m - _’édﬂm/)

Ugroe = Uire2 =

dicy

(L, +21,)=2

2
+ (’é}' + g/éd)hlﬂ[

\

Equations (12) and (13) can be written in the form of matti-
ces, as shown in (14) and (15):

dl,
Dyy = ApU + —= (14)
dr
dl,
4 =AU+ =5, (15)

where 7y, [, U, Dy, Dy, Agq and A 4 are, respectively,

Z.Ar/ 24y Apta
]d: 27 )[J,Z By YU =|uy,

Z'Cd i@r Hpye
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a4 = 2 2 2
8L +61L,1, 8L +61L,1, 8L;+61 41, FIGURE 3 Diagram of single-phase-to-ground fault
l‘dkﬁ+kﬁl‘r_é)‘]‘/‘ kgl +1 1k, /,dk,[+2/€,//,,.+ki)‘/‘,.
—412-31,L, —412-31,L, —41.2-31,L,
e e B B xRy xL, (@9R) @)Ly Rwo  Lw
81,461, 8L, +6L; 8L, +6I,
Ag=l 0o 0 0 y
- Umo
kit3k, kg =32k,

81,461, 8L, +6L; 8L, +G6I,

Combine (14) and (15), so that the feed-in current from DC
system to AC system can be calculated:

= / [(KyAgs + KANU = Ky Dyy — KDy dt
+ Jiam(U), (16)

where f;,,,(U) is the current that flows through AC filter and
reactive power compensation device. When the parameters of
AC filter and reactive power compensation device are fixed,
Jieom(U) is the function of converter bus voltage U. Mattices 7,
K, and K}, are, respectively,

. k0 0 £y 00
/= Z.,”b ,[g,= O/éj,o ,K,/= 0 /%[/ 0
» 00 4, 0 0 &

When another four valve arms of 12-pulse converter are con-
ducted, or five/six/seven/eight valve arms of 12-pulse con-
verter are conducted, similar derivation process can be applied.
By combining the conducting states of converter valves and
the wiring diagram in Figure 2, relationships similar to (1)—(7)
can be established, and the expression of feed-in current from
DC system to AC system in the same form as (16) can be
obtained.

3 | EQUATIONS OF FAULT LOCATION
CORRESPONDING TO DIFFERENT
TYPES OF FAULT ON AC LINE

The protection criterion of traditional distance protection is
composed of AC-side fault information and does not consider
the impact of feed-in current from DC system on the measured
impedance, thus when AC-side fault results in commutation fail-
ure, distance protection may mal-operate or refuse to operate.
To solve this problem, the feed-in current from DC system is

FIGURE 4

AC-side zero-sequence fault component network

introduced to AC-side faulty network, thus equations of fault
location under different fault types are constructed.

3.1 | Faultlocation equation in the case of
single-phase-to-ground fault

When phase-A-to-ground fault occurs at location x on AC line
M-N with the fault resistance being R,, the fault system is shown

in Figure 3, where 7,,, 7,, and i, are N-side three-phase cut-

nas
rents. The AC-side zero-sequence fault component network is
shown in Figure 4, where d=1. Rypy and Ly are zero-sequence
resistance and inductance of AC system S;. R and L are zero-
sequence resistance and inductance of AC line M-N. 7, is the
zero-sequence current that flows through the fault resistance.
u,, and 7, are, respectively, zero-sequence voltage at bus M and
zero-sequence current at bus N.

According to Figure 3, the voltage of phase A at the fault
point can be written as

d(if}za + 3/é]jmo)

= — xR, + 3kpi,g) —xL, ,
”f(z Apra X /(Zﬂlﬂ RZ”IO) XL dr

17

where R; and L, are, respectively, positive-sequence resistance
and positive-sequence inductance of AC line M-N.
In (17), the expressions of z,,y, £z and £; are, respectively,

Lia + Ly + Lpe

o = —s (13)
Ry — R
oy = ——— 19
kR 3R, 19
Lo—1,
= — 2
19 37, (20

According to Figure 3, the following relationships exist
between M-side thtee-phase cutrrents and N-side three-phase
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currents: M N
. . .o . —> <
g T 1y = Zf bub = " (21) lmc\ _ Iye Sl
- . B} P <
e = Ty Imp P Inb —@
<

where 7;is the current that flows through the fault resistance.
According to (18) and (21), the voltage of phase A at the fault
point is

g = 3,0 + 4,0) Ry (22
Apply (22) to (17) so that

3@ + 40)R,
d (lmf + 3’€/, n0) (23)

= wa XR/ (Zma + 3’éRZ;//O> o

According to Figure 4, the voltage calculated from bus M
towards the fault point is equal to the voltage calculated from
bus N towards the fault point, thus

’/im(l

Uy — xROZ'/ﬁO - XLO
dt P (2 4)
—=[(d = x)By + Rypglig = [(d = 2) Lo + L) ”('-

Combine (23) and (24) so that
D1+ DR+ pyx 4 pax® =0, 25)

where the expressions of py, py, p3 and py are

-

/)//1 d/l
= ﬂ’L( + Lipo—

=+ dR{ Upa + RW 0% ma

’/lm( ) dl///()

P2 =3(— dl«) = Lypo— — dRyi,o —

RW/Oimo + ”mO)

po= Lol =2 4 34, 1 «0]«/ iy ]«/Ro e

iy dlﬂm

+ 3k LRy =+ LoLy

+ 3@21@13 oy RoRyi,, + 3kpRy Ry,

///ll //114 d Z/)
175 = —& — dlgl, =2 = 3dk, Lyl —2
d 17//1 d 1//[ dl}ﬁ!’
— 3dky L, Ry Gy _ dzﬁR/ 34kl oR, ‘/’”/“
dl,,m (/i”,o .
— Lo = 3’éRLW/’OR/7 — dRyR)i,,

- 3/éRdR0R/Z,”O - ]J/Rw/ B - 3’éL14/RLV0 m('

= R/ Ry oty — 3RRE Ry oty — Rotty,

(26)

iﬂl(T R i"ll
g
I I—D—_>
ABC Uab AB

Diagram of phase-to-phase fault

@

FIGURE 5

3.2 | Faultlocation equation in the case of
phase-to-phase fault

When phase-A-to-phase-B fault occurs at location x on AC line
M-N with the fault resistance being Rg, the fault system is shown
in Figure 5, where 7, is the current that flows through the fault
resistance.

According to Figure 5, the voltages of phase A and phase B
at the fault point are, respectively,

‘ . Lt i)
Uy = Wpq — xR, (Z/m/z + 3@3%0) — ol —= a7 =
. 27)
. . Al +3RRin0) (
gy =ty — xR (1, + 3kpiy0) — xLj———=

dt

Thus, the voltage difference between phase A and phase B at
the fault point is

dmak 28
s @9)

Ufah = Mo — xRyi Lal — X L/

where #,,,, and i,,,, are, respectively, the voltage difference and
current difference between phase A and phase B at bus M.
According to Figure 5,

I’ffab = (Z.ma + Z.fm)Rg 29
{ Thpp = (Z.I/l/l + iﬂ/])Rg ( )
Thus,

2”/)1/7 = (iﬂ/ab + Z.na//)R 4 (30)

where 7,,, is the current difference between phase A and phase
B at bus N.
Apply (30) to (28) so that

di,

mab
. 31
)

R,
(Z.ma/? + iﬂ(lb)?‘g = Upap — XR/Z/W/J xly
According to (31), the fault state network of phase-to-phase
short circuit fault can be obtained, as shown in Figure 6(a), while
the fault component network of phase-to-phase short circuit
fault is shown in Figure 6(b).



MA BT AL. | 917
In Figure 6(a), £, is the voltage difference between phase M N
A and phase B of AC system S;. In Figure 6(b), /\#,, R P
and /\i,,, are, respectively, the fault components of volt- imc: : ine S
age difference and current difference between phase A and [ I T —@
phase B at bus M. /\s,, is the fault component of cut- T R, [IR. b
rent difference between phase A and phase B at bus N. Ry
and Ly are the equivalent resistance and inductance of AC | 3 Rr
system Sj. ABC ABC
According to Figure 6(b), the voltage calculated from bus M . A
towards the fault point is equal to the voltage calculated from FIGURE 7  Diagram of phase-to-phase grounding fault
bus N towards the fault point, thus,
. di i
Au,,,— xRAi,, — xI,A % where the expressions of ps, pg, p7 and pg ate
i
: i) i iy i
= —[Ry + (d = )R)Di,, = [Liy + (d = x)L]A=2. 5 = 2dLy =2 + 2Ly =% + 2R, + 2Rip 1,
(32) —A A iy A iy
According to the superposition theorem, Po = Dty — dly n Ly i
) A — dNi, Ry — Ay Ry
Lysab = Lyabn Lysab .
; . . 33 Ay 2 i
{ Znab = Lyabn T AZW/; ( ) P = _2]4/7/ - ZdL/ 72/
4 . 37

where 7,,,, and i,,, are, respectively, the current difference
between phase A and phase B at bus M and the current differ-
ence between phase A and phase B at bus N in normal operation
state.

According to (33),

Z.///ﬂb + Z‘ﬂd/l = Aima!) + Al.ﬂd/l‘ (34)

Apply (34) to (31) so that

. . Rﬂ . dz'”/d[?
(AZI}Z[I/J + Azim/})_ = Upab — XR/Zmala - XL/ - (35)

2 dt
Combining (32) and (35) yields
s +p6Rg + Prx +p8X2 =0, (36)
.\'R/ XL/ ((I-X)R/ ((I-X)L[ Rw Lu'
= ﬁ = = @ ;
¢ Umab Rg/z ¢:21]uh inab Ean
Uab =
a
.\'R[ XLI (II—X)R[ (II-X)L[ Rw Lu'

FIGURE 6

state network of phase-to-phase short circuit fault, (b) Fault component net-

Fault networks of phase-to-phase short circuit fault (a) Fault

work of phase-to-phase short circuit fault

4% iy
— 2Ly L) =L — 44 R, =2
Wt 72 /4% 7
iyl 2.
- ZLW’R/% - ZdR/ 2yab

iy .
= 2L Ry = = = 2R, Ryp ey — 2Ry 1y,

A%y i .
s = 21,12#2“’ + 4L,R/j" +2R}i,,;
w

3.3 | Faultlocation equation in the case of
other fault types

3.3.1 | Phase-to-phase grounding fault

When phase-AB-to-ground fault occurs at location x on AC line
M-N, the fault system is shown in Figure 7, where the voltage
difference between phase A and phase B at the fault point is

shown in (28).
According to Figure 7,

”fa = (Z'”/d + jﬂa)@g + (Z.liﬂl + Z.fm + Z.mb + Z.nb)RF (38)
gy = (ilﬂ/a + Z‘ﬂ}i)lgg + (i”/a + iild + jm/; + jll/i)RF .
According to (38),
oy = ppap + 23a) Ry 39)
Combine (28) and (39) so that
. . . d i/im/i
(Zfﬂd/I + Zﬂﬂb)Rg = tyay = X100, — XLy 7 . (40)

Comparing (35) and (40), it can be seen that the circuit of
phase-to-phase grounding fault can be decomposed into fault
networks similar to those in Figure 6, and by applying the
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FIGURE 8

derivation process similar to that of phase-to-phase fault, the
fault location equation in the case of phase-to-phase grounding
fault can be obtained:

Ps + 2p Ry + prx + pgx® = 0. (41)

3.3.2 | Three-phase short circuit fault
When three-phase short circuit fault occurs at location x on AC
line M-N, the fault system is shown in Figure 8.
According to Figure 8,
Hy = (Z:ﬂ/a + Z:m)Rg +u, , (42)
"y = (Z}Il/i + Zﬂ/i)Rg +u,

where #, is the voltage at the corresponding point in Figure 8.
According to (42),

”fa!} = (Z.”mb + Z'imb)Rg' (43)

Comparing (39) and (43), it can be seen that, when three-
phase short circuit fault occurs, the expression of voltage dif-
ference between any two phases at the fault point is the same
as that in the case of phase-to-phase grounding fault. There-
fore, by applying the data of any two phases to the fault location
equation of phase-to-phase grounding fault, the fault location
of three-phase short circuit fault can be calculated.

It can be seen from (25), (36) and (41) that, when different
types of fault occur on AC line, the unified expression of fault
location equation is

bt p;;gRg + piex + prXZ =0. (44)

In (44), when single phase grounding fault occurs, p. = py,
P = P25 P = P35 P2 = P43 when phase-to-phase fault occurs,
De= D5, Pre =DP6> P = P75 Px2 = Pg; when phase-to-phase ground-
ing fault or three-phase short circuit fault occurs, p, = b,
p/;q = Zp()’px = P75 Px2 = Ps-

According to the above analysis, only the fault location and
fault resistance are unknown in fault location equation. After
fault occurs, with the fault instant as the starting point, fault
data in the time window of 10 ms are collected. For any two
sampling points in the 10 ms, two binary quadratic equations are
constructed according to (44). Then Newton iteration method

is used to calculate the fault location. Since there are mote than
two sampling points, the redundant information is used for non-
linear least square optimisation of fault location, so that the cal-
culation error of fault location can be reduced. The optimisa-
tion process applies Gauss-Newton method, the detailed steps
of which ate shown below.

Step 1: Set initial values of fault resistance and fault loca-
tion Rg(0) and x(0). The initial value of fault resistance
can be set as 300Q in the case of single phase ground-
ing fault, and 100Q2 in the case of other fault types. The
initial value of fault location can be set as the whole line
length.

Step 2: For the éth iteration, calculate Jacobian matrix /.

Step 3: For the £th iteration, calculate matrix /= ]/,

Step 4: For the £th iteration, calculate matrix B = —/'f,
where £= p,) + PR, + pul)x + ()

Step 5: For the £th iteration, calculate AX, = /1 1B

Step 6: If /\X} is small enough or the number of iterations
reaches the maximum value, stop iteration; otherwise,
update Xé+1 = AX,@'F X/c'

Step 7: According to the premise of derivation process in
Section 3, fault distance x satisfies 0 < x < 4. Thus if the
calculated fault distance x exceeds the whole line length
d, the fault distance is taken as the whole line length; if
the calculated fault distance x is below 0, the fault dis-
tance is taken as 0.

3.4 | ACline distance protection scheme
based on fault likeness factor

Suppose four valve arms of inverter-side converter are con-
ducted, currents 7, i,, and 7,, in such conducting state are cal-
culated according to (16).

When fault occurs in the DC system on the backside of bus
M, according to the fault location, it may be fault in D-bridge
converter, Y-bridge converter or AC filter. For D-bridge con-
verter fault, (1) and (2) are not satisfied; for Y-bridge converter
fault, (5) and (6) are not satisfied; for AC filter fault, the cur-
rents calculated according to the normal model of AC filter
are inconsistent with the actual currents that flow through AC
filter. Since (16) is derived according to (1), (2), (5), (6) and the
normal model of AC filter, in the above fault cases, currents
Lyyas 1y, and 7, calculated according to (16) will deviate from the
actual values. Consider that (44) is based on the actual values
of currents 7

mas

satisfied, that is,

Z,, and 7,,, in the above fault cases (44) is not

bt prgRg + px + prXZ ?é 0. (45)

When in-zone fault occurs on AC line M-N, there is not fault
point in DC system, thus (1), (2), (5), (6) ate satisfied, and

currents 7 and 7,

s o calculated according to (16) are con-

sistent with the actual values. Also, since (44) is based on the
in this fault case (44) is

actual values of currents 7

ma> Pmb and Ly

76>
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satisfied, that is,
Pe +pIJ;R(g + Pxx +px2X2 =0. (46)

When fault occurs on the downstream line of AC line M-N, the
calculated fault distance x exceeds the whole length of AC line
M-N. In this case, according to Step 7 of non-linear least square
optimisation in the revised paper, the whole length of AC line
M-N is taken as the calculated fault distance. Consider that (44)
is based on the actual fault distance, in this fault case (44) is not
satisfied, that is,

Do+ DRy + pux + poox” # 0. (47)

According to the above analysis, when in-zone fault occurs
on AC line M-N, the fault location calculated according to
(44) is consistent with the actual fault location. But when fault
occurs on the subordinate lines of line M-N or in the DC sys-
tem on the backside of bus M, (44) is not be satisfied, and
the fault location calculated according to (44) will deviate from
the actual fault location. In order to quantify the consistency
between the calculated fault location and actual fault location,
the fault likeness factor is defined. The fault likeness factor is
constructed with the reciprocal of the left term in (45)—(47), that
is

>

1
=1 /7[(1) +ptg<j)Rg +px(z.)x +pX2(z')x2

SHVDC = ) (4 8)

where 7 is the number of sampling points in 10 ms. p,(9), p,,(9),
() and p,(9) are, respectively, the values of p,, p,, p, and
Pxo calculated according to the fault data of the /th sampling
point.

According to the above analysis, the proposed AC line dis-
tance protection scheme based on fault likeness factor can be
realised in the following steps.

Step 1: Use differential current transformer to monitor
the turn-on and turn-off states of converter valves and
determine the conducting state of converter, and calcu-
late the feed-in current from DC system to AC system.

Step 2: Apply the sampling value of voltage at the relay-
ing point of line M-N and the value of feed-in current
obtained in Step 1 to the fault location equation to cal-
culate the fault location and fault resistance.

Step 3: Apply the calculated fault location and fault resis-
tance to (48) to calculate fault likeness factot Syypc-
Step 4: If the fault likeness factor exceeds the threshold
value, it is identified that the fault is in the protection
zone of line M-N; otherwise, the fault is outside the pro-

tection zone.

Consider that in calculation process, the fault likeness factor
will be affected by measuring errors, the threshold value is set
to be 5.

3.5 | The effect of changes in the Ry, and
Ly, parameters in the performance of the
proposed method

Ry and Ly are zero-sequence impedance parameters of
receiving-end AC system, which are mainly determined by
zero-sequence impedances of transmission line and neutral
grounding transformer. Thus only when the transmission
line or transformer is switched on/off, system zero-sequence
impedance will change. Consider that the time interval between
two switchings of line or transformer is much longer than the
operation time of protection, duting the identification of fault
location, Ry and Ly can be approximated as constants.
Combining (25) and (206) yields:

pin + picLlapo + pisBipo + puly + pisLipoR,
+ picRiroRy + piax + pisLipox + poRipox + piox” =0,
(49)

where p1, pio, Piz» Pias Pis> Pis» Pi7» Pis»> Pio and pj1q ate, respec-
tively,

-

= dly—> dﬂm + dRytt) pio = dﬂ'fm;ﬁz% Uy
P =3(— dL( dlw = dRoiyo + ,0), pis = — M;Pm 3i,0
P = Lo — a1,

- dL/R( " — 3dk LL/RO ”’”’“ — dI4R, "

- 3d’éRLOR/ T _ dROR/Zma MRﬂlf%flzﬂ}”o = Roty,

< by = =1, — 3k, Lo _ R ’”’”" — 3kgR, ”””’“

o ==L, ”’”’” — 3k, 1,72 "’”’“ — Ry — 3kxRiiyg
Pio = LOL/ 4+ 3/&[4»14/ g ]/Ro =

+ 3éLL/RO ””’”“ + Lol ”’

+ 3kpLoR, “E + RoRyiy, + SknRoRyiyg

(0)

After fault occurs, with the fault instant as the starting point,
fault data in the time window of 10 ms are collected. For any two
sampling points in the 10 ms, combining (49) and (50) yields:

P () + P2 () Layo + piz()Riro

+ pis (R, + pis() L oR,

+ pis R o Ry + pir ()
) + pis () Lapox + pio(N)Ripox + pio()x* =0

PG+ 1)+ pp(+ D Lpo+ pa(G + DRy
+ PG+ DR, + pis(G+ 1)Ly oR,
+ pic(G + DRyproRy + pi7(j + D)x
+ pis( + DLypox + pio (G + DRypox + piao(j + 1)x” = 0
GD
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FIGURE 9 RT-LAB test platform

In (51), eliminating Ry and Ly yields:

(b = a) [P ()R, + prr (> + pio (x> + pir (/)]
+ [pi3() + pis (DR, + pio(f)x](az — by) (52)
= [220G) + pis()x + pis(/)Ro)[a161 (a3 — b3)] = 0,

where a1, a, a3, by, by and b5 are, respectively,

_ P3N Fpic )Ry pio (/)
LT bt ps()xtps (DR,
_ P HPis(DRAPi7 ()x+pino ()
T PeG)tes (xR
_ 2AD+Pu (DR AP (DX+Di0 ()X
1013 G)+pis G) Ryt pio (F)x]
1. paGH+ o'+1>;g+pfo (4D - 69
U b0 pis A Dt pis GHDR,
_ P A+ GHD R+ pr G+ 1)+ ping (1)
(i G+)+pi5 G+ D45 GHDR,]
2 G Aps GHDRA pir D4 ping (D)2
B [pi3G+1)+pis G+1)Re+pio (+1)x]

by

\

In the equation of fault location shown in (52), fault resis-
tance and fault location are the only unknown numbers. Then,
another two sampling points are taken to establish two binary
quadratic equations similar to (52), and Newton iteration
method is used to calculate the fault location. Since the equa-
tions do not contain Ry or Ly, the impact of Ry and Ly
on the calculated fault location can be neglected.

4 | SIMULATION VERIFICATION

4.1 | Testsystem

Hardware-in-loop tests are conducted to verify the effectiveness
of the proposed method. The hardware-in-loop platform con-
sists of RT-LAB and CPU controller based on PXI protocol,
as shown in Figure 9, where the main circuit is AC/DC hybrid
system shown in Figure 1 operating in RT-LAB, and the control
algorithm operates in CPU controller. The main parameters of
AC/DC hybrid system are shown in Table 1. The fault is set to
occur at 7= 0.

TABLE 1  Main parameters of AC/DC hybrid system
Parameter Value
Frequency 50 Hz
Capacity of inverter-side converter transformer 598 MVA

331.2kV/200.6 kV

Transformation ratio of inverter-side converter

transformer
Rated voltage of inverter-side converter bus 330 kV
Impedance percentage of inverter-side 16%
converter transformer
Inductance of smoothing reactor 500 mH
Length of AC line M-N 80 km
Positive-sequence resistance of AC line M-N 0.0216Q/km
Positive-sequence reactance of AC line M-N 0.2750Q /km
Zero-sequence resistance of AC line M-N 0.1672Q /km
Zero-sequence reactance of AC line M-N 0.6255€ /km

Equivalent impedance of AC system S; 4.477 + /59.913Q

Zero-sequence impedance of AC system Sy 2.0 +76.37Q

4.2 | Simulation results of in-zone fault on AC
line via different fault resistances

When there is no fault in AC/DC hybrid system, Y-bridge
and D-bridge converters can commutate normally. Suppose at
t =0 ms, VIY; and VTY, of Y-bridge converter and VID;
and VID, of D-bridge converter are conducted. After firing
signals ate issued to VIY; of Y-bridge converter and VID3 of
D-bridge converter, commutation will take place in Y-bridge
converter and D-bridge converter. When the voltage that VID,
of D-bridge converter bears first turns from negative to positive
and the blocking capability of VID; is restored, the commuta-
tion in Y-bridge converter and D-bridge converter is finished.
In the new conducting state, VIY, and VTY; of Y-bridge
converter and VID, and VIDj; of D-bridge converter are
conducted.

Phase-A-to-ground fault and phase-AB-to-ground fault are
set at 50% line length from bus M on AC line M-N with the fault
resistance ranging between 0Q and 300Q. At 7= 0 ms, VTY,
and VTY, of Y-bridge converter and VID; and VID, of D-
bridge converter are conducted. After firing signals are issued
to VIY; of Y-bridge converter and VID3 of D-bridge con-
verter, commutation will take place in Y-bridge converter and
D-bridge converter. When the voltage that VID; of D-bridge
converter beats first turns from negative to positive, the con-
ducting states of Y-bridge converter and D-bridge converter are
shown in Table 2.

It can be seen from Table 2 that, when phase-A-to-ground
fault occurs on AC line with the fault resistance being 5002,
VTD, and VIDj; of D-bridge converter are conducted, while
VTY; and VTY, of Y-bridge converter are conducted, which
is abnormal, that is, commutation failure occurs in Y-bridge
converter. When the fault resistance of phase-A-to-ground fault
varies between 150Q and 300€2, the conducting states of con-
verters are the same as in normal operation state, that is, both
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TABLE 2  Conducting states of converters when phase-A-to-ground fault
and phase-AB-to-ground fault occur via different fault resistances
Fault

resistance

@

[}

Phased — Phase B_—Phase C'

Conducted valves

Phase-A-to-ground fault Phase-AB-to-ground fault

0 VTY;, VIY,, VID;, VID, VTY;, VIY,, VID,, VID,

50 VTY;, VIY,, VID,, VID;  VTY;, VIY,, VID,, VTDj;
100 VTY;, VIY,, VID,, VID;  VTY,, VIY;, VID,, VTDj5
150 VTY,, VIY;, VID,, VID;  VTY,, VIY;, VID,, VTDj;
200 VTY,, VIY;, VID,, VID;  VTY,, VIY;, VID,, VTD; a b
250 VTY,, VIY;, VID,, VID;  VTY,, VIY;, VTD,, VTD;
300 VTY,, VIY3, VID,, VID;  VTY,, VIV, VID,, VIDs
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Y-bridge converter and D-bridge converter commutate not-
mally. When phase-AB-to-ground fault occurs, similar analysis
procedute is applied, and it can be seen from Table 2 that, when
the fault resistance varies between 0Q and 502, commutation
failure occurs; when the fault resistance varies between 100Q
and 300Q, both Y-bridge converter and D-bridge converter
commutate normally.

Concerning the above two fault types, whether commutation
failure occurs in inverter-side converter station or not, this paper
constructs the topology of inverter-side network that can reflect
the actual conducting states of converter valves. Thus the fault
location calculated according to (44) is the actual fault location,
and the fault likeness factor calculated according to (48) is big- e A
ger than the threshold value. The signals of voltage and current
are shown in Figure 10, and the fault resistances are 300Q. The
calculated fault location and fault likeness factor corresponding
to the above two fault types are shown in Figure 10.

It can be seen from Figure 10(c) and (g) that the calculation
results of fault location in different fault cases are all close to

]
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50%. The relative locating error slightly fluctuates as the fault 1ms) 100 pesistance(Q) ? (ms)

resistance increases, but remains below 0.18%, thus the locating g h

result is accurate. The locating error mainly comes from substi-

tuting the differential method with difference method. FIGURE 10 Fault location and fault likeness factor when phase-A-to-
Tt can be seen from Figure 1()(d) and (h) that. in different fault ground fault and phase-AB-to-ground fault occur on AC line via different fault

the faul . . h ) £ fault lik resistances: (a) the signals of voltage in the case of phase-A-to-ground fault,(b)
cases, as the fault resistance increases, the values ot fault likeness the signals of current in the case of phase-A-to-ground fault, (c) fault location in

factors at the same time section all decrease. When phaS€~A~t0~ the case of phase-A-to-ground fault,(d) fault likeness factor in the case of phase-
ground fault occurs with the fault resistance being 3000, the A-to-ground fault, (¢) the signals of voltage in the case of phase-AB-to-ground
fault likeness factor first increases and then decreases as the time fault,(f) the signals of current in the case of phase-AB-to-ground fault, (g) fault
window slides, as shown in Figure 10(d). The minimum value of location in the case of phase-AB-to-ground fault and (h) fault likeness factor in
. . . the case of phase-AB-to-ground fault

fault likeness factor 38.21 appears at #= 3.85 ms, which is much
larger than the threshold value. When phase-AB-to-ground fault
occurs with the fault resistance being 30002, the minimum value scheme is highly sensitive and can quickly identify the fault,
of fault likeness factor 44.51 appears at # = 4 ms, as shown in unaffected by the commutation failure and fault type.
Figure 10(h).

According to Figure 10, concerning the above two fault types,

the calculated fault location is consistent with the actual fault 4.3 | Simulation results of in-zone fault at
location, and the fault likeness factor is bigger than the thresh- different locations on AC line

old value. Thus the fault is identified to be at 50% line length

from bus M on AC line M-N, and distance protection will oper- Phase-A-to-ground fault and phase-A-to-phase-B fault are set
ate correctly. Based on the above analysis, when in-zone fault at different locations on AC line, and the fault resistance of

occurs on AC line via different fault resistances, the proposed phase-A-to-ground fault is 300Q. At #=0ms, VI'Y; and VTY,
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TABLE 3

Conducting states of converters when phase-A-to-ground fault

and phase-A-to-phase-B fault occur at different locations on AC line

Conducted valves

Fault

loacl;tion Phase-A-to-ground fault Phase-A-to-phase-B fault

20% VTYy,VIY,, VID{,VID, VTY{,VTY,, VID,, VID;
40% VTY, VIY,, VID,, VID;  VTYy, VIY,, VID,, VID;
60% VTY,, VIY;, VID,, VID;  VTYy, VIY,, VID,, VID;
80% VTY,, VIY;, VID,, VID;  VTYy, VIY,, VID,, VID;
95% VTY,, VIY;, VID,, VID;  VTY{, VIY,, VID,, VID;

of Y-bridge converter and VID, and VID, of D-bridge con-
verter are conducted. After firing signals are issued to VIY;
of Y-bridge converter and VIDj3 of D-bridge converter, com-
mutation will take place in Y-bridge converter and D-bridge
converter. When the voltage that VID; of D-bridge converter
bears first turns from negative to positive, the conducting states
of Y-bridge converter and D-bridge converter are shown in
Table 3.

It can be seen from Table 3 that, when phase-A-to-phase-B
fault occurs at any location on AC line, the blocking capability
of VT'Y in Y-bridge converter cannot be restored when it bears
reverse voltage, thus it can be identified that commutation fail-
ure occurs in Y-bridge converter. After the commutation from
VTID; to VIDj of D-bridge converter is finished, VID, and
VTDj; of D-bridge converter are conducted, and VIY; and
VTY, of Y-bridge converter are conducted. Similarly, it can
be identified that, when phase-A-to-ground fault occurs with
the fault location varying between 20% and 40%, commutation
failure occurs; when the fault location varies between 60% and
95%, both Y-bridge converter and D-bridge converter commu-
tate normally.

In the above two fault cases, this paper constructs the equiv-
alent circuit of inverter station that can reflect the actual con-
ducting states of converter valves, thus whether commutation
failure occurs in inverter-side converter station or not, the fault
location calculated according to (44) is the actual fault location,
and the fault likeness factor calculated according to (48) is big-
ger than the threshold value. The signals of voltage and current
are shown in Figure 11, and the actual fault locations are at 80%
of AC line M-N. The calculated fault location and fault likeness
factor in the above two fault cases are shown in Figure 11.

It can be seen from Figure 11(c) and (g) that the simula-
tion results of actual fault distance percentage and the calcu-
lated fault location form a 45° slanted plane, it means the actual
fault distance and the calculated fault location at different time
sections are consistent, and the locating error increases as the
actual fault distance increases. When phase-A-to-ground fault
occurs at 90% line length from bus M, the relative locating error
reaches the maximum value 0.16%.

It can be seen from Figure 11(d) and (h) that, the fault like-
ness factors in different fault cases are bigger than the thresh-
old value, which is consistent with the conclusion of Table 3.
When fault occurs at any location on AC line, as the actual
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FIGURE 11 TFault location and fault likeness factor when phase-A-to-
ground fault and phase-A-to-phase-B fault occur at different locations on AC
line: (a) the signals of voltage in the case of phase-A-to-ground fault,(b) the sig-
nals of current in the case of phase-A-to-ground fault, (c) fault location in the
case of phase-A-to-ground fault,(d) fault likeness factor in the case of phase-
A-to-ground fault, (¢) the signals of voltage in the case of phase-A-to-phase-B
fault,(f) the signals of current in the case of phase-A-to-phase-B fault, (g) fault
location in the case of phase-A-to-phase-B fault and (h) fault likeness factor in
the case of phase-A-to-phase-B fault

fault distance percentage increases, the fault likeness factors at
the same time section first increase and then decrease. When
phase-A-to-ground fault occurs at 40% line length from bus
M, the minimum value of fault likeness factor 27.11 appears at
t=3.85 ms, as shown in Figure 11(d). When phase-A-to-phase-
B fault occurs at 90% line length from bus M, the minimum
value of fault likeness factor 80.37 appears at #= 0 ms, as shown
in Figure 11(h).
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TABLE 4
occurs at f|

Conducting states of converters when phase-A-to-ground fault

Fault resistance () Conducted valves

0 VTY;, VIY,, VID,, VTDs
50 VTY,, VIY;, VID,, VID5
100 VTY,, VIY;, VID,, VTD5
150 VTY,, VIY;, VID,, VTD;
200 VTY,, VIY;, VID,, VIDs
300 VTY,, VIY;, VID,, VIDs

In the above fault cases, the calculated fault locations ate the
same as the actual fault locations, and the fault likeness factors
are all bigger than the threshold value, thus they are identified
as in-zone faults on AC line M-N, and distance protection will
operate correctly. According to the above analysis, the proposed
protection criterion is not affected by the fault location and
commutation failure, and is highly sensitive even to fault at the
end of line.

4.4 | Simulation results of fault in DC system
on the backside of AC line

Phase-A-to-ground fault is set at f; in Figure 1 with the fault
resistance ranging between 0Q and 300Q. At # = 0 ms, VTY,
and VTY, of Y-bridge converter and VID, and VID, of D-
bridge converter are conducted. After firing signals ate issued
to VIY; of Y-bridge converter and VID3 of D-bridge con-
verter, commutation will take place in Y-bridge converter and
D-bridge converter. When the voltage that VID; of D-bridge
converter bears first turns from negative to positive, the con-
ducting states of Y-bridge converter and D-bridge converter are
shown in Table 4.

It can be seen from Table 4 that, when the fault resistance is
09, the blocking capability of VTY in Y-bridge converter can-
not be restored when it bears reverse voltage, thus commuta-
tion failure occurs in Y-bridge converter. When the fault resis-
tance varies between 50Q and 3009}, the conducting states of
Y-bridge converter and D-bridge converter are the same as in
normal operation state, thus Y-bridge converter and D-bridge
converter both commutate normally.

In the above fault case, since the fault point is at f; in DC
system, (44) is not satisfied, and the fault likeness factor calcu-
lated according to (48) is smaller than the threshold value. The
signals of voltage and current are shown in Figure 11, and the
fault resistances ate 10Q. The calculated fault likeness factor is
shown in Figure 12.

It can be seen from Figure 12(c) that, in this fault case, as the
fault resistance increases, the fault likeness factors at different
time sections fluctuate slightly but remain below the threshold
value. According to Figure 12(d), when the fault resistance is 0
Q, the maximum value of fault likeness factor 0.11 appeats at
+ = 3.45 ms, which is much smaller than the threshold value,
thus no in-zone fault on AC line M-N is identified, and distance
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FIGURE 12  Fault likeness factor when phase-A-to-ground fault occurs

at f1: (a) the signals of voltage in the case of phase-A-to-ground fault,(b) the
signals of current in the case of phase-A-to-ground fault, (c) fault location in
the case of phase-A-to-ground fault and (d) fault likeness factor in the case of
phase-A-to-ground fault
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FIGURE 13
fault inception angle: (a) fault location in the case of phase-A-to-ground fault
and (b) fault likeness factor in the case of phase-A-to-ground fault

Variation of fault location and fault likeness factor with the

protection will not operate. According to the above analysis, the
proposed protection criterion can correctly distinguish between
in-zone and out-of-zone faults, unaffected by the commutation
failure.

4.5 | Simulation verification of the proposed
method regarding varying fault inception angle,
window size and sampling frequency

Phase-A-to-ground fault is set at 50% line length from bus M
on AC line M-N, with the fault resistance being 300Q2. When
the window size is 10 ms, the sampling frequency is 10 kHz,
and the fault inception angle vaties from 0 to 90°, the variation
of fault location and fault likeness factor is shown in Figure 13.

It can be seen from Figure 13 that, as the fault inception
angle increases, fault likeness factor at the same time section
first increases and then decreases, while the relative error of fault
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Variation of fault location and fault likeness factor with the
window size: (a) fault location in the case of phase-A-to-ground fault and (b)
fault likeness factor in the case of phase-A-to-ground fault
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FIGURE 15

Variation of fault location and fault likeness factor with the
sampling frequency: (a) fault location in the case of phase-A-to-ground fault and
(b) fault likeness factor in the case of phase-A-to-ground fault

locating fluctuates modestly. According to Figure 13(a), when
the fault inception angle is 60°, the relative error of fault locat-
ing reaches the maximum value 0.17% at #= 4.45 ms. As shown
in Figure 13(b), when the fault inception angle is 0°, fault like-
ness factor reaches the minimum value 18.49 at 7= 9.95 ms.

When the fault inception angle is 0°, the sampling frequency
is 10 kHz, and the window size vaties from 4 to 10 ms, the
variation of fault location and fault likeness factor is shown in
Figure 14.

It can be seen from Figure 14 that, as the window size
increases, the relative error of fault locating at the same time sec-
tion keeps decreasing, while fault likeness factor keeps increas-
ing. In Figure 14(a), when the window size is 4 ms, the rela-
tive error of fault locating reaches the maximum value 0.99% at
#=1.35 ms. In Figure 14(b), when the window size is 5 ms, fault
likeness factor reaches the minimum value 20.82 at #= 9.9 ms.

When the fault inception angle is 0°, the window size is
10 ms, and the sampling frequency vaties from 4 to 10 kHz,
the variation of fault location and fault likeness factor is shown
in Figure 15.

It can be seen from Figure 15(a) and (b) that, as the sampling
frequency increases, the relative error of fault locating at the
same time section keeps decreasing, while fault likeness factor
keeps increasing. According to Figure 15(a), when the sampling
frequency is 4 kHz, the relative error of fault locating reaches
the maximum value 1.2% at # = 6.8 ms. In Figure 15(b), when
the sampling frequency is 4 kHz, the fault likeness factor reaches
the minimum value 26.69 at 7= 9.9 ms.
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FIGURE 16 Fault location and fault likeness factor in the case of phase-
A-to-ground fault: (a) fault location in the case of phase-A-to-ground fault and
(b) fault likeness factor in the case of phase-A-to-ground fault

Based on the above analysis, the proposed protection ctite-
rion is not affected by the variation of fault inception angle.
Even when the sampling frequency is relatively low and the win-
dow size is relatively small, the proposed scheme can still cor-
rectly and reliably identify in-zone and out-of-zone faults.

4.6 | The impact of Ry, and Ly, on the
performance of the proposed protection scheme

Phase-A-to-ground fault is set at 50% line length from bus M
on AC line M-N, with the fault resistance being 1002 and zero-
sequence impedance varying from 1.0 + ;3.19Q to 2.0 + 76.37€).
In this case, the variation of fault location and fault likeness fac-
tor is shown in Figure 16.

It can be seen from Figure 16(a) that, as zero-sequence
impedance varies, the calculated results of fault location remain
close to 50%, with the relative error of fault locating fluctuat-
ing slightly. When zero-sequence impedance is 1.4 + 3.822Q),
the relative error of fault locating reaches the maximum value
0.18%, thus the locating result is relatively accurate. According
to Figure 16(b), as zero-sequence impedance varies, fault like-
ness factor remains above the operation threshold value. When
zero-sequence impedance is 1.4 + 5.096€2, fault likeness factor
reaches the minimum value 873.71, which is much larger than
the operation threshold value. Thus it is correctly identified as
in-zone fault on AC line M-N, and the protection will operate.

Based on the above analysis, the proposed protection crite-
rion can correctly distinguish between in-zone and out-of-zone
faults, and is scarcely affected by the variation of zero-sequence
impedance of inverter-side AC system.

4.7 | The applicability of the proposed
protection scheme in large AC/DC hybrid

system

To verify the applicability of the proposed protection scheme
in large AC/DC hybrid system, simulation tests are conducted
on RT-LAB platform. The structure of test system is shown in
Figure 17, where the receiving-end AC system uses IEEE 39-

bus system, and DC system applies CIGRE HVDC standard
model.
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FIGURE 18 Variation of fault location and fault likeness factor when
phase-A-to-ground fault occurs via different fault resistances: (a) fault location

in the case of phase-A-to-ground fault and (b) fault likeness factor in the case of
phase-A-to-ground fault

Phase-A-to-ground fault is set at 50% line length from bus M
on AC line M-N, with the fault resistance varying between 0
and 300€Q. In such fault case, the variation of fault location and
fault likeness factor is shown in Figure 18.

According to Figure 18(a), as the fault resistance varies, the
calculated results of fault location remain close to 50%, with the
relative error of fault locating fluctuating slightly. When the fault
resistance is 802, the relative error of fault locating reaches the
maximum value 0.5% at #= 1.8 ms. Thus, the locating result is
relatively accurate.

It can be seen from Figure 18(b) that, as the fault resistance
increases, fault likeness factor at different time sections first
increases and then decreases, but it remains above the operation
threshold value. When the fault resistance is 0Q, fault likeness
factor reaches the minimum value 40.51 at #= 9.95 ms, which is
much larger than the operation threshold value. Thus it is iden-
tified as in-zone fault, and protection will operate correctly.

Phase-A-to-ground fault is set at different locations within
the protection zone of AC line, with the fault resistance being
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FIGURE 19

Variation of fault location and fault likeness factor when
phase-A-to-ground fault occurs at different locations: (a) fault location in the

case of phase-A-to-ground fault and (b) fault likeness factor in the case of phase-
A-to-ground fault

300€2. In such fault case, the variation of fault location and fault
likeness factor is shown in Figure 19.

It can be seen from Figure 19(a) that, a 45° inclined plane
is formed by the axes of time, actual fault location and calcu-
lated fault location. It means the calculated fault location is con-
sistent with the actual fault location at different time sections,
and the relative error of fault locating increases as the actual
fault distance increases. When phase-A-to-ground fault occurs
at 90% line length from bus M, the relative error of fault locating
reaches the maximum value 0.25% at #= 0.8 ms.

According to Figure 19(b), in different fault cases, fault like-
ness factor remains above the threshold value. As the actual fault
distance increases, fault likeness factor at the same time section
keeps decreasing, When phase-A-to-ground fault occurs at 90%
line length from bus M, fault likeness factor reaches the mini-
mum value 26.18 at #= 9.9 ms.

Based on the above analysis, the proposed protection crite-
rion is applicable to large AC/DC hybrid system, with relatively
high sensitivity and fast identification capability.

5 | CONCLUSION

Concerning the mal-operation of distance protection in AC/DC
hybrid system due to commutation failure caused by AC-side
fault, a novel AC line distance protection scheme based on fault
likeness factor is put forward, which can solve problems in tradi-
tional distance protection caused by commutation failure, such
as narrowed protection range and over-reach operation. The
proposed scheme has the following characteristics.

1. The time-varying model of AC/DC hybrid system consid-
ering the dynamic process of commutation failure is built,
which can simultaneously reflect the current conducting
state of inverter valves and AC-side fault state. Thus, the
inaccuracy of fault model in traditional method caused using
controlled soutce to represent DC system can be avoided.

2. The proposed method takes into account non-linear tran-

sient characteristics of fault currents, and uses the instanta-
neous values instead of the phasor values of fault currents
to calculate fault parameters in the time-varying model, thus
the accuracy of fault locating is high.
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. The proposed scheme can correctly and reliably identify in-

zone and out-of-zone faults when commutation failure is
caused by different types of fault at different locations.
When fault occurs at the outlet of AC line backside sys-
tem, the protection does not operate. Even when the zero-
sequence network of receiving-end AC system varies, the
proposed method can still correctly identify the fault loca-
tion.

. The proposed scheme is strongly immune to fault resistance,

and is highly sensitive even to high-resistance fault at line
end.
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