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ABSTRACT

In this paper, a fault locating method based on natural frequency has been proposed for VSC-HVDC star-
connected multi-terminal lines. When fault occurs at the transmission lines, some transient travelling waves appear by
the form of a frequency spectrum in the voltage and current signals and propagates from the fault location to the both
sides of the line. In this method, by measuring the current signals at each terminal without the need of determining the
arrive time of transient waves and synchronous link to other terminals, the fault-produced frequency spectrum could be
determined at each terminal and then by determining the dominant frequency component and calculating the velocity of
the waves at each line, the faulty terminal and fault location would be detected. To determine the dominant frequency
component, Fourier transform analysis (FFT) was used in this algorithm. Simulation results show that the proposed
method is satisfactory and with appropriate accuracy and speed is able to determine the occurred faults on the
protected lines.

Keywords: Fault location, Multiterminal VSC-HVDC, Natural Frequency, Fourier Transform

1. INTRODUCTION

HVDC system technology is expanding significantly due to advantages such as high capacity power transmission,
energy transmission over long distances, low losses and fast control capability. One of the important features HVDC
lines is connection between DC transmission lines from countries with different frequency resources. By this feature, in
this paper is presented a new protection algorithm. HVDC systems in different areas may be connected to each other
with various topologies such as point to point, mesh and star[1]. Most of the HVDC transmission lines have to pass the
complex areas under inclement weather conditions due to power transmission in long distances. Thus in various sectors
of a muti terminal HVDC system may occur fault. Protection technice in a muti terminal HVDC system must ability to
detected faults with Speed and high accuracy in various sectors of protection area.

Now days, fault location techniques based traveling waves are used as primary protection for HVDC transmission
lines[2]. These methods have high accuracy and speed[3-6]. In general, these method's algorithms can be divided into
two categories: 1- single terminal. 2- two terminal. To detect fault location,the single terminal method measures arrival
time of primary and secondary traveling waves. Accuracy in detecting the fault location decreases, When interference
phenomenon is occurred because discovering the secondary wave become harder. In addition, these algorithms require a
high sampling frequency from data measurement. In two terminal method to detect fault location, the arrival time of
intial traveling wave to each terminal must be recognized. In this method for cordination between the terminals, a
Telecommunication channel need and Synchronous communication must be made by the global position system (GPS)
[7,8] that this subject can increase costs. Furthermore, when a fault occur with high resistance, to recognize arrival time
of the waves is hard in measurement location due to weak them. These cases are some of the factors which can cause
limitation in implimentation.

In [9] from the measured data in each terminal is used to fault location in a two terminal HVDC system. fault location is
estimated by calculation the voltage distribution curve in different points of a transmission line. In this method, fault
location with high accuracy rely to correct calculation of the distribution voltage. constant frequency have been used to
calculate the transmission line parameters. In addition, results show, the presented algorithm is sensitive to changes of
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the transmission line resistance, surge impedance and propagation velocity. In [2] the transmission line parameters
dependence to frequency have been considered and a protection algorithm has been presented for two terminal HVDC
transmission line. In this method to calculate the distributed voltage and current, a limited frequency range is used until
600 HZ that waiver from the high frequency factors can cause error in calculation. Furthermore, accuracy decrease in
calculation, and fault location isn’t estimated exactly because part of this method, Simplified model transmission line
(RL model) is used.

In [10,11] protection methods based on single terminal traveling waves have been presented for AC systems. According
to the intial domain of traveling waves depending on the voltage at the moment fault, if fault occur at the moment of
voltage zero crossing, due to the attenuation in propagation the refelction traveling waves aren’t identification correctly.
A new method is proposed Using harmonics measurement in the current signal [12]. This algorithm just determine fault
occurrence in DC line and fault location isn’t determined.In [13] an protection algorithm is presented for star connected
three terminal HVDC lines. In this method detection of the location of dc line faults rely on the accurate calculation
arrival time of the intial traveling waves. To implement this algorithm require synchronous communication and high
frequency. For faulted leg identification in three terminal transmission lines is used length of the lines to compare the
distance of the fault with reference to each three terminals [14].

In this method presents a novel algorithm to fault location in multiterminal HVDC transmission lines, using natural
frwquency. In this method fault location is estimated using only the current signal measurement and identification of the
frequency spectrum in each terminal. The following, in the next section, the relationship between fault location and
frequency spectrum is described, in the third section, the proposed algorithm is designed for a three terminal VVSC-
HVDC system with star connected and in the last section, the result simulation is shown.

2. Natural Frequency Based Fault Location Theory

Figure 1 shows the circuit diagram of a transmission line with two conductors. Each terminal voltage in Laplace domain
can be expressed as follows [15]

It 1 VA I 2 V4

el <+> vit)  wit) wof)  valt) <+> o)

Fig. 1. Equivalent circuit of a two conductor transmission line

z4(5) -] (1)
V(s) = ————— W (8) + ——————E, (5)
() (5] +5.(5) L(s) zZ(5)+ z(s) as

(5] z:45)
Lis) = z(s) W (=) + L‘E:[ﬂ @)

Z.0(5) + z.(=) Z4(5) + =.(5)

Where ¥ (5) and V5 (s) are the Laplace form of terminal voltages E4 (5}, and E,(s) are the Laplace form of the
equivalent Thevenin voltage sources of systems 1 and 2. 21[5] and Z5 (s) are respectively, the Laplace form of the
equivalent impedance of system 1 and system 2. Z_ () is the characteristic impedance of the line. The state variables
W, (5) and W, (s) are defined as

_ B pls) 2z.(s) 2z.(s) 3)
) = T RO 50 @O R G|
. 3 pis) 2z,.(s) 2z,(s) (4)
W) = I T L e |ne o, =& ThEE) TS {5]]
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Where I} (s) and I (s) are the Laplace form of the voltage reflection coefficients at line terminals as shown in (5)
and (6), respectively

_ip s o 2t —zls) ©)
LG = I6le™ =757

e - 28—zl 6)
R =Rl = 2 ®

pls)isa delay operator of the line in the Laplace domain

p(s) =T (M

T = - s travel time from one terminal to another terminal. The natural frequencies of the transmission line can be
v
calculated as the roots of

_ 1 8
HS) = P OLOPOLE

There are infinite amounts of roots. Therefore traveling waves have infinite oscillation components. These components
make a frequency spectrum. The natural frequencies by the fault can be obtained by (9)

1-P(s)R(s)P(s)(s) =0 )
In Eq (9), s = o+ jw is root of the characteristic equation. It has a real part and a imaginary part. Real part is

related to natural frequency energy attenuation coefficient and the imaginary part shows the components of frequency
spectrum. With rewrite Eq (9), the frequency spectrum can be calculated by the imaginary part of equation (10)

] ] 2ot i)l 10
|F1|E-:'E‘—|F2|e-’51:e v (10)
v (11)
= + 8, + 2km
f ] Lfﬁ'l 2 )

Where, k is integer, ¥ is the propagation speed of the natural frequency and L is related to the length of the line. When
a fault occurs in two terminal HVDC system at d distance from terminal 1, the equivalent circuit can be considered in
fig.2. The reflection coefficient of fault point for voltage traveling waves can be expressed by equation (12)

1

I R,L,G,C,Zc Iy
d S
Z1 - Z
e1(t)
Vs

"
Fig. 2. The fault component of distributed parameter HVYDC transmission line

. —z
(<) = |nle 7 = £ (12)
I ) |I‘: |g Z + 2%

L . . . . . d

The propagation time of traveling waves from fault point to the measurement station (terminal 1) is T' = — . therefore,
v

the natural frequencies is calculated in similar previous steps by the equation (13) and (14)
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|G| | I |e?®f = e (13)

f == (6. + 8 + 2m) (14)

Large shunt capacitors on each terminal in a VSC-HVDC system is used that it causes, in high frequency the impedance
system is estimated the following (15)

P
ool o

Fig. 3. The equivalent circuit of two-pole VSC-HVDC transmission line [16]

1 (15)
Juweg

Iy =

In this situation, the characteristic impedance is much greater than the system impedance. Thus, I and &; become
recpectively -1 and 7 in equation (5) and the traveling waves have a complete reflection from VSC-HVDC system side.
In equation (12), the fault impedance is much smaller than the characteristic impedance. Thus, I} =—1and E?f =
are considered and the fault distance can be calculated for each natural frequency by (16)

_ k [ (16)

d=
2f;

Each components of the frequency spectrum can be used in fault location, but according to the amplitude of dominant
natural frequency is much greater than other components, so it is used for calculation of fault location.

_ ! @an
2f

d

Where %; and f; are the velocity of propagation of the dominant natural frequency and dominant natural frequency
recpectivly.

3. Proposed Algorithm Based Natural Frequency in Three Terminal VSC-HVDC System

Fig.4 shows a star connected three terminal VSC-HVDC system. When a fault (F; ) accurs in AD sector, the distance
to the fault from terminal A can be calculated by the measurement data in each terminal. We can express characteristic
equation of the natural frequencies in terminal A by (18)

A @\\ll\ I
F,; N _dc- .
= &Y
B @ dB-I

Fig. 4. DC line fault F; inside the AD line
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L e/ |1} |e7F = 2T (18)

Where [I7] and 8, are the amplitude and angle of reflection coefficient from terminal A. |I}| and E'f are the

amplitude and angle of reflection coefficient from fault place. Time of the frequency spectrum propagation from fault to

da-F, . . . .
AF 2 that dy_r and 1 are the distance of the fault to terminal A, and the velocity of propagation

terminal Ais T =

da-F, .
of the frequency spectrum in AD sector, respectively. With substituting T = ’!‘1 2 into (18) ,the frequency spectrum
due the fault can be calculated from (20) )
28A-Fy; , . (19)
X X (¥ jeoay
G167 L | =& oe oo
v (6 +6; + 2kn) (20)

fnl 4‘71'@_;1_;;_

In a VSC-HVDC system 8; = E'f = m .Therefore fault location is estimated by the dominant frequency and the
velocity of propagation as follows

dop = @
ST

Where f;; is dominant frequency in terminal A side. The distance of the fault to terminal A can be calculated by the
data of the terminal B

ITyle7% | L] e = o257 (22)

Ly—dg g, L
Where |5 ] and 85 are the amplitude and angle of reflection coefficient from terminal B. in (22), T = ‘T“- + .
is the time of propagation of the frequency spectrum from fault to terminal B that Lyand L2 are length of the AD and

BD lines, ¥1 and ¥z are the velocity of propagation of the frequency spectrum due the fault in AD and BD sectors,

respectively. With substituting T into (22) ,the frequency spectrum due the fault in terminal B can be calculated from
(24)
s Ly—84-F, Ly
. : 2o+ 2 Aofiia (23)
|Glei|r|e® =7 (A5 3)
(8 +8 +2kn) (24)
n2 %(Ll—d‘q_; +£:_J
=N 17y
Where f,,- is frequency spectrum in terminal B side. With substituting &5 = &, = = into (24), d4_z is calculated by
(25)
1 Ly (25)
da-p, =1y — ( - —‘) 1
4R ! 2fis 13 !
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Where f;, is dominant frequency component in terminal B side. The distance of the fault to terminal A is calculated by

Ly—dg_ g, , Ly . . . ;
the data of terminal C. T' = ‘—1“- + L—S is the time of propagation of the frequency spectrum from fault point to

i B
terminal C. The characteristic equation of the frequency spectrum can be obtaind as

2':5+}'mn}(:w%'-+i7:} (26)

|Iy|e/: | I|el% = ¢

Where |I3| and &5 are the amplitude and angle of reflection coefficient from terminal C. L 5 and %73 are the length of
CD sector and the velocity of propagation of the frequency spectrum, respectively. The frequency spectrum is obtained
using imaginary part of (26)

(6; + 6, + 2kn) @

4m (—-Ll _jA =+ £El)

1 L

fna =

Similarly to previous steps, dA_R_ is calculated using (28)

d _1 ( 1 LE)
AR 2fiz 3 &

(28)

Where f15 is dominant frequency component in terminal C side. Similarly to first state it is assumed, fault (F) occurs
in BD sector of fig.5. The distance of the fault to terminal B (dB_F_) can be obtained using the measurement data of
each terminal

A @}

5 | &7

Fig. 5. DC line fault F; inside the BD line

_ vy(8; + 6 + 2km) (29)
n 4

-
-F3

(8, + 8 + 2kn) (30)
Ly—dgp, | L
(28 )

g 1

fu =

o= (6: +6; + 2kn) (31)
ng — — —
i (—‘L: et +—L!]

Vg Vg

The equations (29), (30) and (31) show the frequency spectrum in terminals A, B and C, respectively. Three equations
is obtained to calculation the distance of the fault to terminal B as follows

Tz (32)
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1 L 33

dg-p, =Lz — (_— _1) ¥z 39
2fiin »m

1 L 34

dg-p, =Lz — (_— _3) L (349
- 2fiz  v3

In the last case, if a fault (F3) occurs in CD sector of fig.6, the distance of the fault to terminal C can be calculated
using the measurement data of each terminals

B

Fig. 6. DC line fault F; inside the CD line

de-fp, = = (35)
* 2fi3
1 I (36)
dep, =Lz — (E - E) Vs
1 L (37)
dep, =Lz — (E - E) Vs

We assumed that the fault has occurred in AD, BD and CD. But in practical state, we don’t know where the fault
occurs. Therefore, at first the faulty line must be identified then the distance of the fault can be calculated. When a fault

occurs in each terminals, at first step, equations (38)-(46) must be calculated then R4 , By and H must be obtained
by (47-49). R is maximum if fault occurs in AD and Ry is maximum if fault occurs in BD, likewise for CD, R is

maximum.
day = # (38)
day =Ly - (i— i—] v (39)
da, =Ly — (2;1! - i—] vy (40)
dg, = E‘LT (41)
ds, =Ly — (2}% - ii] v, (42)
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Vg (44)
Ger = 2fia
1 L, (45)
d L, = I-'J _(___]17"':
2 ) 2fis v/ T
1 L (46)
Ger = o™ (Eﬁ_: - 1:':] v
minimum (Idg, | 1d,. 1, |ds,|) (47)
R, = =
* 7 maximum(ldg, | 1dg L |d,.|)
. minimum(ldz, 1.1d;, 1. |ds. |) (48)
? 7 maximum(lds, 1. Id, 1. |d5_ )
- minimum (Jdc Ldc, | |d.|) (49)
C =

maximum(ldg |dc L |dc.|)

After identification the faulty line, fault location can be estimated easily. It is dy4. W is faulty line that is detected
using (47)-(49). In this method, to identify the dominant frequency component, fourier transform is used to analyze the
current signals. Interference occurs in travelling waves due to the mutual inductance between the poles that modal
transformation can be used to solve this problem[9]. The dominant frequency and the velocity of propagation is
calculated using current signal 1-mode.

5= E[ 1 (50)
S22l 1
im =5t ip= [;] i= [’:] (51)

Where, 5 is the decoupling matrix, I and i, are the modal components, I and I_ are the positive line current and
negative line current, respectively. The velocity of propagation of the dominant frequency is obtained using by (52)

© (52)
v =—
g
Where @ is the radian frequency and [ is the phase coefficient that represents the phase angle variation of the travelling
wave propagation along the transmission line. The faulty segment identification and fault calculation is showed in fig.7.
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Extract sampled values
of signal currents

2
Calculation the modal

components

Identification the dominant
frequencies

13
Identification the velocity of
propagation

Calculation of
(38-46)

Calculation of (47-49)

v [\
Ifmax is Ra fault i in If max s Re fault is in If max s Re fault is in
AD and fault location is BD and fault location is CD and fault location is
(8) @n (44)

! ! !

Fault location Fault location Fault location

Fig. 7. Faulty line identification and fault location method

In this algorithm, the reflection coefficient is considered equal to (-1) due to the characteristic impedance is greater than
the fault impedance. The real part of the reflection coefficient is changed but the imaginary part is unchanged if the
resistance of the fault increase. Therefore, the frequency spectrum of the fault isn’t dependent on the fault resistance,

and the reflection angle will remain equal to T . If each fault type occurs in a VSC-HVDC transmission line, the
travelling waves propagate from fault point to each terminal. This method can estimate the fault location by using to
identify the dominant frequency components in measurement stations. Therefore, this algorithm don’t rely on fault type.

4.  Simulated Case Study

A star connected three terminal VSC-HVDC system has been used in simulation studies. A schematic diagram of the
test network is shown in fig.8. All of the simulation were carried out with PSCAD/EMTDC and the fault location
algorithm was implement in MATLAB. The length of the transmission lines have been shown in fig.8. OH lines are
represented by using distributed parameter transmission line models in PSCAD/EMTDC, and the tower structure is
shown in fig.9. The equal shunt capacitors between the positive and negative poles are 1000 f. The data are sampled
at a frequency of 100 kHz and the total data window is about 10 ms long. Simulations were performed in
PSCAD/EMTDC with a solution time step of 0.11Ls to ensure that the high-frequency components will be present in
the current signal. The current limits are taken as -50-50 KA. 1-mode components of the signals current are used in the
simulations.
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Fig. 8. The network topology, lines length and measured terminal current signal
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Fig. 9. Tower structure of the VSC-HVDC lines

A single-pole short circuit fault in line CD, 45 km away from terminal C occurs at £ = 0.5 sec and it is removed at

t = 0.7 sec. The normalized current signals in each terminal are shown in fig.10. The current signal of terminal C
has showed reaction faster than other current signals due to the fault has been near terminal C. Due to the less
attenuation, the travelling waves of terminal C have larger amplitude compared with other frequency spectrums.

<2 & 30

.Té 20 g 25 i

g 15 A §20 \

g 10 n\ ]ﬂl £ 15 \Uﬂ\

E 5 10 A ”
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§ 5 U g 0 v ¢ V
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Fig. 10. Normalized dc-line current signals. (a) Terminal A. (b) Terminal B. (c) Terminal C
The frequency spectrums of the measured current signals have been shown in fig.11. the dominant frequencies
components can be identified using by fig.11. They are fy; = 1855 HZ | f;, = 1560 HZ and

fiz = 3320 HZ for terminals A, B and C, respectively. The dominant frequency of terminal C is larger than
dominant frequencies of terminals A and B due to the less attenuation in propagation.
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()]
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< < |
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=
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z0.
g
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'
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0
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Fig. 11. Spectra of travelling wave currents. (a) Terminal A. (b) Terminal B. (c) Terminal C
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The velocity of propagation of a frequency component is equal in every sector AD, BD and CD because the structure of
transmission lines have been considered similar. The velocities of propagation of fi; , fi; and fi3 are

296784.2957 | 296699.45 £ and 2970519622 | respectively. To identify the faulty line and fault
= = F
location, first step all the equations (21), (25), (28), (32)-(34) and (35)-(37) must be calculated

gy = 7999 KM ,dyy = —24.09 KM ,dg = —25.26 KM
gy =95.00 KM ,dg; = —8.99 KM .d5, = 96.26 KM
ey = 4473 KM ,dgy = 44 KM ,d = 45.90 KM

In this case R, , Bz and K- are 0.3, 0.09 and 0.95, respectively. Therefore, the faulty line is CD sector of the
terminal C, and the distance of the fault to terminal C is estimated df =d., = 44.73 KM, To further investigate

the proposed algorithm, in table 1 one-pole to ground fault is applied in different point of the studied system. The
results of the table 1 shows this method to identify the faulty line and fault location have reasonable accuracy.

Table. 1. Calculated fault distances for one-pole to ground faults

Fault Natural |d, dg de R, Rg Rc dy
distance freq(L|1_|e£)c:|es (KM) (KM) (KM) (KM)
Foa = 14645 [dy, = 10.17[dg, = 59.39] dgy = 112.29
10 KM fiz= 2500 |dy; =11.60|d5; = 60.820| dy =113.82| (g6 0.47 0.72 10.17
AD fiz=1321 |dyy = 11.70|dgy = 2B.70| dg = BL.6C
fi1=9277 |4, = 16.05|0z: =5439| dgy = 106.79
srm | 252730 dyy = 16.61| e = 5484 df = 18D6?;59E4 0.93 0.62 0.81 16.05
AD fiz = 1386 4o = 17.20| dos = 30.20| “2 =5
Fio = 2900 |dyy = 15.21|dg, = 16.60| dgy = 123.62
18kKM | fiz= BED? g = 52.38|dp; =19.78| dz =72.78 | 0007 0.87 0.58 18.60
BD fiz=1200 | g0 = 0,37 |dyy = 17.37 de = 122.39
fll = SQDE d_.ﬂ.]_ — 38.':'2 ﬁ.r_a-l = 31.69 dcj_ = 112.13
30KM | fiz=4687 |4 =3030|ds =32.97| dy =85.57 03 0.87 0.76 31.69
BD | f:a= 1323 | 11 se|dss = 26.86] dgy = 109.30
fig = 145¢ |dyy = 10126|dgy = 118.67|  dpy = 20,59
20KM | frz=1250 |z = 4767 \dpy = =30.2) g =22.73 | 046 0.25 0.9 20.59
cb f1a=T225 |dgz =103.4 dgz =1204 deg = 22.32
Fip = 2800 |dy, = 53.03|dg, = 6B.96] dgy = 70.69
70kM | fiz= 2152 EA: =2.03 | dg; =17.97 :{c: = ?E-‘-’E 0.03 0.25 0.98 70.69
CD | fig=2100 |Gz =333 1, | G =T7203
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Conclusions

In this paper a novel algorithm to identify the faulty line and fault location in star connected multi terminal VSC-HVDC
systems was proposed. If the dominant frequencies and the velocities of the propagation have been calculated
accurately, the proposed algorithm can be used to identify the faulty line and to locate faults when a instability occurs in
studied system.Fourier transform has been used to detect the frequency spectrum of the fault in each terminal and the
dominant frequency component is calculated correctly. The proposed algorithm has been simulated in a star connected
three terminal VSC-HVDC system. The results show this method can estimate the faulty line and fault location with
high speed and suitable accuracy using only measured current signals and without need to synchronous communication,
high sampling frequency and surge arrival time.
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