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ARTICLE INFO ABSTRACT

Keywords: The performance of existing protection methods for multi-terminal direct current systems depends on the
Multi-terminal DC system availability and sizes of boundary components. To overcome the limitation, this paper proposes a non-
Traveling wave unit DC line protection method based on the normalized backward traveling waves (BTWs) of the 1-mode

Non-unit protection
Vector fitting algorithm
Derivative-free conjugate gradient algorithm

voltage. Firstly, traveling wave propagation characteristics are analyzed, and a rationalization approach based
on vector fitting is proposed. Next, the analytical expressions of normalized BTWs are derived, with the
negative correlation between them and fault distance proved. Then, the derivative-free conjugate gradient
algorithm is utilized for amplitude fitting and normalization calculation. Finally, a non-unit protection method
using the normalized BTWs is developed. The performance is validated for both electromagnetic transient
PSCAD/EMTDC and real-time digital RSCAD/RTDS simulation. The results demonstrate that the proposed
method can accurately identify faults with various fault resistances and locations without requiring boundary
components and high sampling frequencies, and it is robust against noise disturbances.

1. Introduction line protection methods for MTDC systems primarily use the differ-

ence in time/frequency domain between internal and external faults,

For the integration of renewable energy sources over long distances,  which originates from the existence of boundary components, e.g., the
modular multilevel converter (MMC)-based high-voltage direct current smoothing reactors and DC filters [6].

(HVDC) technology is a proven solution for multi-terminal DC (MTDC) The protection methods based on the difference of frequency-

systems. It offers the advantages of no commutation failure, indepen-
dent active and reactive power control, isolated islands power support,
and flexible and adjustable power flow [1].

Large-scale MTDC systems generally utilize long transmission lines,
posing high fault probability [2]. Due to the low inertia in MTDC
systems, the fault current develops rapidly and exceeds the tolerated
over-current capability of power electronic equipment within a few
milliseconds [3]. In this regard, protective relays that quickly and studied, and the WT modulus maximum (WTMM) is utilized to quantify

domain characteristics mostly use time-domain and frequency-domain
analysis tools, such as fast Fourier transform, wavelet transform (WT),
and empirical modal decomposition, to extract the frequency-domain
components of signals in different frequency bands. In [7], the transient
voltages are decomposed into multiple detailed coefficients, for fault
detection. In [8], the amplitudes of high-frequency voltage TWs are

accurately identify faults are critical devices [4]. the fault characteristic and to identify different fault scenarios. With

The existing DC line protection approaches can be divided into accurate time localization, these methods can decompose signals into
non-unit and unit methods. Compared with unit methods, the non-unit high/low-frequency components with various layers. However, they all
methods avoid long-distance signal communication and synchroniza- rely on the difference between frequency bands, that are caused by
tion by using only local measurements [5]. Currently, the non-unit DC boundary components, and are vulnerable to high-frequency noise [9].
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The protection methods based on time-domain characteristics mostly
use differential and integral calculations to determine fault reference
signals, such as the rate of change of voltage (ROCOV) and the ratio
of transient voltage (ROTV). The reactor provides a boundary for the
DC lines, resulting in an obvious difference between the reactor’s ROTV
during internal and external faults [10]. As analyzed in [11], the DC
voltage discontinues at the boundary components, providing a clear
difference between internal and external faults. In [12], a machine-
learning-based strategy is proposed, in which the optimal fault detector
is chosen from the detector pool containing measured line currents
and reactor voltage. However, the time-domain characteristics used in
these methods come from the frequency-domain energy distribution
differences caused by boundary components. Furthermore, the thresh-
old settings generally depend on numerical simulations [4], and the
protection sensitivity is insufficient under high-resistance faults [9].

In addition, non-unit protection can also utilize the distance-based
methods, which can identify internal faults from external faults us-
ing the distance-dependent features, including TWs [13], resonant
frequency [14], and impedance [15]. The impedance-based distance
protection method is independent of boundary components. However,
it has limited tolerance to fault resistances and an observable detection
time due to multiple steps. The other two types of distance-based
methods rely on time or frequency information resulting from the
refraction and reflection of TWs, which occurs merely when boundary
components exist at both line terminals.

To eliminate the dependence on boundary components and over-
come the aforementioned shortcomings, this work presents a non-
unit DC line protection method for boundary-component-free MTDC
systems. Firstly, the paper studies the traveling-wave propagation char-
acteristics and their rationalization approach based on the vector fitting
(VF) algorithm. Based on this, the analytical expressions for the nor-
malized 1-mode backward traveling wave (BTW) voltages are derived,
which are then used to formulate the non-unit protection method. Then,
the amplitudes of BTWs are fitted using the derivative-free conjugate
gradient (DF-CG) algorithm, enabling their normalization. Finally, the
accuracy validation, robustness analysis, and comparison study are
carried out using PSCAD and RTDS.

The main contributions of this work are:

1. The non-unit DC line protection methods based on the normal-
ized BTWs are proposed for boundary-component-free MTDC
systems, where existing methods [7-14] are not applicable.
The normalized BTWs are analyzed and proven to be distance-
dependent and insensitive to fault resistance, guaranteeing that
the proposed method correctly identifies internal faults and is
robust to fault resistance.

2. The rationalization method for the TW propagation function is
proposed using the VF algorithm. This allows for an accurate
transformation of the propagation function from the .S domain
to the time domain, solving the challenges of the detailed time-
domain derivation for the normalized BTWs and the analytic
pre-setting of the protection thresholds.

3. The amplitude fitting method for TWs is proposed based on
the DF-CG algorithm, which implements the normalization of
TWs. The DF-CG algorithm eliminates the need to compute the
Jacobian matrix for each iteration, thereby improving the poor
real-time performance of the protection method due to the use
of iterative algorithms, while maintaining the fitting accuracy.

2. Propagation characteristic of TWs
2.1. TW propagation characteristic

When a DC fault occurs, the fault-induced TW voltages U and
currents / propagate from the fault point along the lines, which can
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be expressed as [16]:
U=Ae"™ + Ay =U; + Uy,

I:ﬂe_”‘—ﬁey"zﬁ—ﬂzlf+lb, W

Zc Zc Ze Zc
where x is the location along the line. A; and A, are the frequency-
dependent constants determined by the DC line boundary conditions.
e™7* and e’ denote the propagation functions of TWs. y denotes the
frequency-dependent propagation constant, and Z denotes the charac-
teristic impedance. U; and U, denote the forward traveling wave (FTW)
and backward traveling wave (BTW) voltages, respectively. I; and I,
denote the FTW and BTW currents. We assume that the direction of the
FTWs is from the converter station to the line. In contrast, the direction
of the BTWs is from the line to the converter station.

The propagation constant y in (1) is defined as [17]:

y=a+jf=vVR+joL)G +jwC), 2)

where w denotes the angular frequency. The frequency-dependent
terms R, L, G, and C represent the resistance, inductance, conductance,
and capacitance per unit length, respectively. The real part, a, denotes
the attenuation constant. The imaginary part, f, denotes the phase
constant. They can be expressed as:

a,ﬂ=g\/i(RG—szC)+\/(R2+w2L2) (G2 + 02C?). 3

The propagation function e”/ = e ¢3! is used to express the
attenuation, distortion, and delay of the initial fault BTWs with a
propagation distance /. When substituting the TWs velocity v = w/p,
we have:

e—yl — e—ale—jwl/v. 4

Then, substituting jo = s, the S-domain expression for the propa-
gation function is derived as [18]:

efy(s)l — efa(s)lefsl/u’ (5)

where e~*@ denotes the attenuation and distortion of TWs and e~5!/?
denotes the delay. The analysis and derivation in this paper focus on the
time-domain TWs characteristics, which can be directly extracted from
the measured voltages and currents in practice. However, as shown in
(3), deriving the time-domain expression of e~ directly using the
inverse Laplace transform is complicated, especially deriving expression
e~*®) Hence, a rationalization method for e=*®) is first introduced.

2.2. The rationalization method based on the VF algorithm

With the advantages of reduced iterations, fast computations, high
fitting precision, and a wide frequency range, the VF algorithm offers
an approach to fit S-domain expression F(s) with the summation of a
series of rational fractions [19]:

N

F6) = Y < f’p_, ©)

i=1
where i € {1,..., N} denotes the sequence number, N € Z* is the

positive number of the rational fractions, r; represents the residue and
p; represents the pole of F(s), respectively.

Assuming that the poles of F(s) are py, ..., py, the auxiliary function
o(s) can be constructed as:
N r
i
o(s)F(s) ; 5= P
~ , @)
o(s) N
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Fig. 1. The fitting accuracy of the VF algorithm: (a) Fitting results; (b) RMSE.

where ry, ..., ry and 7|, ..., Fy are the residuals of o(s)F(s) and o(s),
respectively. They can be obtained by solving the following nonlinear

least square (LS) problem:
2

N
r
min |[6(s)F(s) — Y —— ®
gf S=h
Then, we can reformulate (8) into:
Ny N FF(s)
F(s) = Ly 2 L F(s)=P-R", 9
(s) Zs_,a,. Zs_,;,_* (s) ©

i=1 i=1

where the expressions for R can be solved with the known F(s) and P
using the LS method. The P and R are:

P_[ 1 1 F@) __F(s)
Py ey T
R=[r1,,,.,rN,Fl,...,FN]

(10)

With the obtained residuals ry, ..., ry and 7, ..., Fy in (9) and
(10), the o(s)F(s) and F(s) can be rewritten as:

N N -
N S—2Z; . S—2Z;
o()F(s) = h%, o(s) = % an
Hi:l (S—ﬁ,-) Hl’:] (5_17,')
where z,, ..., zy and Z;, ..., Zy denote zeros of o(s)F(s) and o(s),
respectively. 4 is the amplitude coefficient.
The expression for F(s) can be obtained from (11) as:
N
. S—Z;
o) = COFG _ hl'L;l (s-z) 12
o(s) I15 (s—z)

As shown in (12), the poles p; of F(s) are exactly the zeros z; of 6(s),
which have been calculated in (11).
Replacing F(s) as e"*®), it can be fitted as:

N
™ x 3K, /(1 +5T)),

13
i=1

where K; = —r;/p;, denoting the attenuation coefficient and 7; = —1/p;,

denoting the distortion coefficient.

Thus, by applying the VF algorithm, ¢=7 is rationalized as:
N
K.

=y — ,—a()] ,=sl/v ~ i —sl/uh 14
e e e ; T+ ST'[ e ( )

By doing so, the e’ can be conveniently transformed into the
time domain. For validation purposes, the expression e~*¢ is initially
derived in the S domain following (3). Taking / = 100 km as an
example, =%V is depicted in Fig. 1(a), utilizing parameter values of R,
L, G, and C. Also, the fitting results of e~*®) using the VF algorithm are
provided in Fig. 1(a). Besides, the accuracy of the fitting is quantified by
root mean square error (RMSE), and the results with different values of

I and rational fraction number N are presented in Fig. 1(b). The RMSE
of the concerned frequency bands can be calculated with:

| M N g 2
— —a(sj)l_ i
M <e > 1+sz,> :

j=1 i=1
where j and M denote the sequence number and length, respectively.
s; represents the concerned frequency point.

In (6), the larger N gives better fitting accuracy. However, this also
significantly increases the computational complexity from (7) to (12).
Therefore, an appropriate N must be selected to balance the fitting
accuracy and the computational complexity. As shown in Fig. 1(a), the
fitting results for a polynomial of N € {1,2} obviously mismatch the
original e~*®  while the fitting results of N € {3,4,5} are almost the
same as the original e~**)!, Besides, as shown in Fig. 1(b), for each I,
the RMSE decreases as N increases, indicating that the higher values
of N lead to higher fitting accuracy. Yet, increasing N from 3 to 4
or 5 does not result in a significant reduction in RMSE (all RMSE less
than 1 - 107*). Based on these findings, a value of N = 3 is chosen in
this work, considering the trade-off between the fitting accuracy and
computational complexity.

RMSE = (15)

3. Fault analysis for the MTDC system
3.1. Configuration of the MTDC system

Fig. 2 depicts the configuration of the benchmark MTDC system
recommended by the Cigre B4.57 working group. The rated DC voltage
is +£320 kV. The MMCs utilize half-bridge sub-modules (SMs) and are
interconnected by cables through a protection device (R) and a VSC-
assisted resonant current (VARC) DC circuit breaker (CB) installed at
each terminal [20]. The number of SMs is 200, and each SM capacitor
is 15 mF. The bridge equivalent arm inductance and resistance are 5
mH and 0.5 Q, respectively. These values are the same for each MMC.
The rated capacity of each MMC is 1000 MW, and the length of each
cable is 200 km.

The Cableyy is the studied cable, and the Ry, is the studied
protection unit in this work. As such, F1 is the internal fault, F2 is
the external fault that occurs at bus N in the positive direction, F3
is the external fault that occurs in the adjacent cable Cabley in the
positive direction, and F4 denotes the external fault at bus M in the
opposite direction. Notably, unlike typical MTDC systems, boundary
components, like smoothing reactors at the cable terminals are not
used.

3.2. 1-mode backward traveling waves calculation

When a fault occurs, the initial BTWs generated at the fault point
propagate to both terminals and are the first TWs measured by Ryy;.
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Fig. 2. The configuration of the MTDC system.

Since initial BTWs represent the original characteristics of TWs, they
are chosen for the fault analysis.

To eliminate the pole-to-ground and pole-to-pole coupling, the fol-
lowing pole-mode transformation is used [16]:

o Y e Y A

where P and N denote the positive and negative poles, respectively,
and 0 and 1 denote 0 and 1 modes, respectively.

The 1-mode component, in contrast to the 0-mode component, uses
polar lines as its path, making it immune to the grounding conditions.
Thus, the following analysis focuses on the 1-mode BTW voltages, of
which the S-domain and time-domain expressions are defined as:

U(x,8)— Zci 1 (x,5)
Ubl(xs S) - 1 > C141 ,
) 17
u(x,1) = Zeyig(x,1) an
(X, 1) = > .

3.3. Fault analysis under internal faults

For internal faults F1, the S-domain expression for the 1-mode BTW
voltages Uy, (s.]) measured at Ry are [20]:

N
_Uni 0 Uri Ki

Ubtim(s, ) = ——e N — Z Tl 18)

where the subscript int denotes internal faults, and / denotes the fault

distance. Ug, is the initial value of the 1-mode TW voltages at the

fault point. For a typical positive pole-to-ground (PPTG) fault, negative

pole-to-ground (NPTG) fault, and pole-to-pole (PTP) fault, the Uy, is
determined by [20]:

PPTG: Uy, = _oV2zeU,
T Ze + Zoo + 4Ry
NPTG: U, = ﬂ 19)
Zey + Zoo + 4R;
-V2z.,0,
PTP: Uy, = %,

where U, denotes the DC rated voltage. R; refers to the fault resis-
tance. Z-, and Zg, represent the 1-mode and 0-mode characteristic
impedances, respectively.

The expression for the Uy, ;,, in (18) can be rewritten as:

N
KU,
Uptim (s 1) = < - Z S+ 1;;" ) e, (20)

where A, = Z,’i , K;Ug, denotes the amplitude of Uy, ;, and tq = [ /v
represents the TWs time delay.
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The time-domain expression for u,; ;, (#,/) can be obtained using the
inverse Laplace transform from (20) as:

N
Uy ing (1, 1) = <Aim - Z KiUFle_t/Ti> et —14), (2D
P

where €(f — t,) is a step function with a time delay ¢,.

As shown in (21), if F1 occurs, u,; ;,, contains two components: both
step waves and exponential waves. The amplitude of w; ;, is deter-
mined by the step waves, and the exponential waves will attenuate to
zero. To eliminate the impact of the Ry, u,; ;,, can be further normalized

as the normalized 1-mode BTW Voltages Uy ine 35 follows:
U int (7, 1) Ke /T
. ()= ———=|1- — Je(t—t,). 22)
bl,int Aint ; leil K,
To demonstrate the relationship between “bl @D and /, Uy, lm(s, 1))
is first derived in the S domain from (18):
. Uprim(s.D 1 1 &K
Uy (5o = ——— = Y e, 23)

Ai s 2,111 K, = 1+5T,

According to (14), when supplementing s, we can obtain
SNUK /(L +sT) = e and ¥ K; = ¢ . Hence, (23) can be
rewritten as:

1
bmt(s = e —e st/ =

—[a(x) a(0)]/ —xl/u 24
Se—nt(())l n 4

The derivative of ¢~[¢®)-2Ol with respect to I can be obtained as:
—[a(s)—a(O)]/
deT —[a(s) — a(0)]e xO= OV < ¢ (25)
It is clear that the derivative de™>!/?/dI < 0, and a(s) is higher than

a(0) at any frequency (according to (3)). Thus, we have:

dUp, 1 (55D dutg 5 (0D
<0

i R m <0. (26)

Based on (26), we can conclude that u* decreases as [ increases,

when internal faults F1 occur.

bl,int

3.4. Fault analysis under external faults

When F2 occurs DC bus N, the 1-mode BTW voltages uy,) ¢, (the
subscript ext denotes external faults) measured at Ry;y; match the uy; ;,
of F1 occurring at the end of Cabley;y. This is due to their identical
faulty circuits when CB impedance is neglected. Thus, the uy, ., under
F2 can be represented by (21), but the fault distance / is the cable length
I,.

When F4 occurs at the DC bus M in the opposite direction, only
FTWs are injected into Cableyy, and the u,; o, remain zero until the
TWs are reflected to Ry, from the bus N [21].

The uy,; ¢, of F3, which occurs in Cableyq, will be derived in detail
as follows. According to Fig. 3, the S-domain expression for Uy .,
measured at RMNI under F3 can be expressed as [16]:

Uptext(5:1) = Up o (.1 = 1)e 77O
_ 2 Zumc Il Za ol gy’ =10)
s Zei+ Zumve | Zey @7
Ug Zci = Zvmic |l Ze TN

- @e—ﬂ’ _ ZC1 - 2MMe T 2CL
s s Zey+ Zywe I Ze,

where the subscript ext denotes external faults. Ugl o Tepresent the
1-mode BTW voltages measured by Ryy,. /. is the length of Cableyy
and /' denotes the fault distance from Ry, to the fault point of F3
in Cableyg. Zyyc denotes the equivalent impedance of MMC, which
contains equivalent resistance R, inductance L and capacitance

eq?
Ceql22].
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Fig. 3. The system model and equivalent circuit with F3: (a) System model; (b) Equivalent circuit.

Comparing (18) with (27), it is found that Uy, ., contains a similar
part as Uy, ;.. Therefore, (27) is rewritten as:

Ubtext(8:1') = U ing(5:1') = Up aa (5. 1') < Uy e (5. 1), (28)

where Uy, (s,!") is the Uy, of F1 with a supposing fault distance

', and Uy 4q(s.!") denotes the difference between Uy, ., (s.!’) and

Up1ine (5, .
Substituting the expression for Zy,,c and the rationalization of
e 7O Uy 4aa can be derived as:
Uri Zci = Zvmic | Zey
Up1,4dd (1) = Upting = Uple = — 55— ¢ *
s Zei+ Zyve | Ze

N (29)
_Ug Zc Ki g

TS Zoy +2sLeg + Reg + 1/5C,q) &4 1+ 5T,

The expression in (29) can be rewritten as:

N

Kii Kin Kis —si' Ju

Ut aaa(s: 1) = < iy el 30)
. ,=21 s+ /T,

§—=355 S—38p

where s, = (=RyCoqq — ZcCoo/2 % Vaye - L, 4Ceq)> and
A= (RyqCoq + ZcCog /2% =4+ LeyCoq

Substituting (20) and (30) into (28), Up) ext 18 obtained as:

N
K;Ug, o
Ubl,ext(s’l’) = (_ - Z s+ l/T > Y

N
_ Ki Kin + Kis e—st:j
S\s—s; s—sp s+1/T, ’

(3D

where A = Z,'i | K;Ug, is the amplitude of Uy, ., when an external
fault F3 occurs. tél =1’ /v denotes the time delay.

Using the inverse Laplace transform, the time-domain expression for
Uy exe can be derived as:

N
ubl,cxt(t’ l,) = <Acxt - Z K; U, et/Ti> et - t,d)
i=1

(Kipe*'' + Kpe'' + Kize™/T) et — ).

(32)

|
.MZ

i

It is visible that if fault distance / (for internal fault) equals to I’ (for
external fault), the A, in (20) equals to the A, in (31). Therefore,
according to (28), we can derive:

s, 1)< U, “m(s, . (33)
where U*

blext Ub] exl/Aext and U, bl Jint Ub],int/Aint'
Then, based on (26) and (33), we can establish the following
relationship:

{ blext(s l)< bl, mt(s l)< bl, mt(s le )< bl, ml(s’l)’
W) <wg o (1) <ufy o (1) <upy o @D,

bl ext

(34

bl ext bl,int

where I, is the length of Cableyy, and I <, < /.

As shown in (34), uE] ext of F1
occurring at the end of Cableyy.

Thus, based on the analysis of external faults F2, F3, and F4, the

of F3 is always smaller than uy, .

Uy ot under different scenarios can be summarized as:
F2: ulﬁl cxl(t’ IC) = ”E] im(t’ Ic)’
F3: bl exl(t r )< ubl ml(t )’ (35)
FAT (00 =

According to (35), the “b Le under any external faults is less than or
equal to the u; , of internal faults F1. And among them, F2 is the most
severe external fault because the ubl , under F2 has the largest value.
As such, this characteristic of the normahzed 1-mode BTW voltages u;

could be used to identify the faulty zone.

1

4. Non-unit protection method based on normalized backward
traveling waves

4.1. The fitting method based on the DF-CG algorithm

In actual HVDC engineering, the sampled u;, are not continuous
signals but discrete data. To obtain the amplitude of u;,, the discrete
data are fitted using the parameter fitting method, to solve the non-
linear least squares problem. The DF-CG algorithm is selected for that
it converges quickly, requires minimal memory, and does not need to
calculate the Jacobian matrix [23].

The error function F(X) is defined as:

Nt

F(X) =uy,(t)) - <A -y Bieci’/>, J€{1,2, .., N s (36)
i=1

where X = [A,B,,..., By, .Cy, ... ,CNm]T denotes the fitted variable.

Ny is the size of the fitted variable. Ny,, is the size of sampled data.

Due to the different numbers of exponential waves as given in (21)
(Ng; = N) and (32) (Ng;, = 4N), the formulations of F(X) vary for
Uy ine @nd uy; o - Here N has been set as 3 in Section 2.2. A fixed Ny is
utilized because internal/external fault cannot be identified beforehand
in practice. When fitting the u,, under different faults with a fixed
number Ny; of exponential terms, only B; and C; in X are affected, not
the amplitude A, as shown in (21) and (32). Since merely A is what we
are concerned, the error function (36) with a fixed Ng;, can be used to
normalize the u,, as u’ , under different faults. Besides, in this work,
we selected Ny = N.

The principle of the DF-CR algorithm is described as:

Step 1: Set the sequence of iterations k (starting from 0), the
vector initial value X, the tolerance error e, the maximum number
of iterations k., and the parameters 6, o, 7, and p.

Step 2: Check whether the error | F(X,)|| exceeds e. Also, ensure k
does not exceed k.. If both conditions are met, continue to the next
iteration; otherwise, terminate.

b1’
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Step 3: Calculate the direction vector d, and the conjugate coeffi-
cient 4, according to:

- F(Xy),
dy = T

k=1 <1+MkF(Xk) dkz_l
IF& I

IFx |l
S, k> 1.
[dy

Step 4: Calculate the trial step A, and trial point Y, using:

A = p&™, (38)
Y, = X, + id,.

k=0

37
FX)+md,_,, k>1

where y, =7

where m, is the smallest non-negative integer, which satisfies:

—F(X, + ps™d)" > cps™ ||d,]|. (39)

Step 5: Calculate X, according to:
_ FY )T (X, - Y OF(XY})

! 40)
[Fa ol

Xk+l = Ak

Step 6: Increase k, and return to Step 2.

In this work, the values for e, k.., 6, 0, 1, and p are set to 107, 50,
0.5, 0.01, 1, and 1, respectively [23]. Using the iterations from (37)—
(40), the amplitude A of u, is fitted. Then, the normalized 1-mode BTW
voltages uy, shown as (22) can be obtained for protection design.

4.2. The proposed non-unit protection method

To form a complete protection method, the criteria of start-up,
faulty zone identification, and faulty pole identification are studied
as follows. Among them, the faulty zone identification criterion is the
core, corresponding to the fault analysis in Sections 2 and 3.

4.2.1. Start-up criterion
The start-up criterion is designed based on the absolute variation of
the 1-mode voltage Au;, which can be expressed as:

|Aul(k)| > ‘};1’ ‘};1 = 1'611 ! |Aul|max ’ (41

where k denotes the sampling sequence. &, refers to the threshold.
rel; represents the reliability factor and is set to 1.2 [20]. |du;|,,,
is the maximum allowed variation |4u,| due to the change of system
operation.

4.2.2. Faulty zone identification criterion
According to (35), the ”;1 under external faults are less than or

Jext
equal to the u? . of internal faults. In addition, u;, is independent of

resistance Ry, in contrast to uy,. Therefore, uy, is pbi‘eferred to identify
faulty zone, using the criterion as:
M-1
intg_ul’gl(k) = Z up (k= NIy > &, & =rely - intg_u;;l’max, 42)
j=0
where ¢&, is the threshold. intg_u;lmX denotes the integral of u;, when
the most severe metallic external fault occurs at the bus N (correspond-
ing to the maximum u; ). j denotes the counting order. M is the sample
data size within a window of 0.5 ms, ensuring both the detection speed
and accuracy. T, represents the sampling interval. rel, is the reliability

factor set to 1.2.

4.2.3. Faulty pole identification criterion
The criterion for faulty pole identification is:

PPTG: intg_uy(k) < =&3,
NPTG: intg_uqy(k) > &,
PTP: —¢&; <intg uy(k) < &,

& =rely - [intg_ug| 0y - (43)

where intg_u, denotes the integral of 0-mode voltage variation Au.
&3 denotes the threshold, and rel; denotes the reliability factor set as
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1.2. The |intg_u|,,,, refers to the integral determined by the maximum

allowed variation Au,. Then, intg u, can be obtained according to:
M-1

intg ug(k) = Y Aug(k — )T, (44)
j=0

4.3. The auxiliary faulty zone identification criterion

According to (35), when an internal fault F1 occurs at the far end
(N) of Cableyy, the normalized 1-mode BTW voltages Uy int measured
by the protection Ryy; are similar to uy, -~ of external faults F2/F3,
with the same fault parameters. Hence, the protection range of the
proposed non-unit protection method cannot cover the full length of
Cableyy, and an auxiliary faulty zone identification criterion is needed
in extreme scenarios.

The auxiliary criterion can be written as:
Pyk)=1 & Pylk+ky—ky) =1 (45)

where ky; and ky denote the sampling points when TWs arrive at Ry
and Ryn,- Py and Py are the integral polarities of the 1-mode current
variation 4i; measured by Ry, and Ry;n,, which can be expressed as:

1, intgi; > &,
P(k)={0 gy >¢&

intg i} <&,
where intg_i; (k) = Z/.Aial Aij(k — j)T, denotes the integral of 4i;. &,
denotes the threshold. rel, denotes the reliability factor and is set to 1.2.
|intg_iy |,,.x refers to the integral determined by the maximum allowed
Aiy.

The auxiliary faulty zone identification criterion requires commu-
nication between Ry, and Ryn,. However, since criterion (45) only
requires communicating the polarity P (1 or 0), the economic cost is
far less than that for transmitting voltage or current signals.

Besides, this method is primarily demanded when an internal fault
occurs near the far end (N) of Cableyy and (42) is not met. In such
cases, the time ry; for TWs propagation to Ry, is similar to the sum
of the time ry for TWs propagation to Ry, and the time 7, for data
communication between Ry, and Ry, via fiber optic. Time delay
can be derived from:

I N A

tielay = INFl.—IM=—+———=——+ — — — 47
delay N c M v Ve ) v 0, v 47

& =rely - |intgiy | . (46)

ldelay

where [y; and Iy represent the distance from the fault point to the
terminal M and N, respectively. The TWs velocity v and communication
speed v, are 200 km/ms, and /. is 200 km.
Consequently, the unit protection causes negligible economic costs
and time delays under distant internal faults, which are hard to identify.
The flowchart of the complete proposed protection method is shown
in Fig. 4, combining Sections 4.2 and 4.3.

4.4. Threshold setting

According to the operation requirements, each pole’s voltage and
current fluctuations in the steady state should be lower than 0.05
p.u. [24]. Therefore, for &, &, and &,;, the maximum values of Au,
Aug, and 4i; are 0.071 p.u. according to Eq. (16). In this case, & is set
to 0.085 p.u., for the start-up criterion (41). Besides, the integration
time windows in (42), (44), and (46) are set to 0.5 ms. Hence, M is
10 with the initial sampling frequency setting to 20 kHz. In this case,
both &; and &, are set to 0.043 p.u.- ms, for the faulty pole identification
criterion (43) and the auxiliary faulty zone identification criterion (45),
respectively.

For the faulty zone identification criterion, as summarized in (35),
the ”;; 1 ext of F2 are closest to the u;l.im of F1, so F2 is the external fault
scenario where the protection is most likely triggered by mistake. Thus,
F2 is the scenario used for setting &,, and intg_up, can be analytically
calculated as 0.279 when substituting /. into (22) and using the VF
algorithm. In this case, the value of &, is set to 0.335 p.u.- ms according
to (42).
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Table 1
Identification results under different scenarios.
Scenario | Au, | A intg_uy, Eq.(42) Eq.(45) intg_u,
/p.u. /p-u. /p-u. - ms met ? met ? /p.u. - ms

F1_PPTG_0% 0.621 —-0.621 0.500 Y Y -0.324
F1_PTP_0% 1.244 -1.244 0.500 Y Y —-0.001
F1_PPTG_20% 0.140 —-0.522 0.451 Y Y -0.259
F1_PTP_20% 0.281 —-1.046 0.455 Y Y —-0.001
F1_PPTG_40% 0.337 -0.477 0.419 Y Y -0.250
F1_PTP_40% 0.674 —-0.955 0.428 Y Y 0
F1_PPTG_60% 0.225 —0.440 0.390 Y Y -0.215
F1_PTP_60% 0.449 —-0.881 0.402 Y Y 0
F1_PPTG_80% 0.138 —0.406 0.357 Y Y —-0.184
F1_PTP_80% 0.276 -0.818 0.367 Y Y 0
F1_PPTG_90% 0.104 —0.386 0.361 Y Y -0.171
F1_PTP_90% 0.209 -0.791 0.354 Y Y 0
F1_PPTG_100% 0.089 —-0.363 0.335 N Y -0.159
F1_PTP_100% 0.177 —-0.766 0.337 Y Y 0
F2_PPTG 0.088 —-0.363 0.322 N N /
F2_PTP 0.178 —-0.766 0.333 N N /
F3_PPTG_10% 0.104 —0.342 0.312 N N /
F3_PTP_10% 0.127 —0.704 0.328 N N /

F4 PPTG 0.706 0 / N N /
F4_PTP 1.414 0 / N N /

I Step 1: (16 - 17) | |Ca1culate uy, uy, I, iy and uy,

%tepsl (22) (41)

Step 3 2: (44 - 45)

’Flt A of uy, and calculate u;, | Calculate lnthl and P |

Y

Step 4: (42 - 43)

A

PPTG Fault

=& <intg_ u, <&,

PTP Fault

Fig. 4. The flowchart of the protection method.

NPTG Fault

5. Simulation and analysis in PSCAD

The simulations are carried out using an electromagnetic transient
PSCAD/EMTDC platform for the MTDC system depicted in Fig. 2. The
Ry is the studied protection device. For internal faults F1, the R; is
set at values of 0, 10, and 100 Q. While for external faults F2, F3, and
F4, R; is set to 0 . A larger R; results in the weak fault characteristic
that even fails to satisfy the criterion (41) and to activate protection,
and is therefore not considered. All simulated faults initiate at 0 ms and
last for 100 ms. The sampling frequency is 20 kHz.

5.1. Simulation analysis

The simulated BTWs uy,; and uy; of the metallic faults with different
fault distances / are provided in Figs. 5 and 6, and the verification

results are shown in Table 1. In Fig. 5 and Fig. 6, the numbers in the

legend indicate the proportion of / relative to the full length /.. Here
0% represents F1 occurring at the near end (DC bus M) or F4, while
100% denotes F1 occurring at the far end (DC bus N) or F2.

As shown in Fig. 5, comparing the simulated u,, with the fitted
uy,;, it is evident that the DF-CG algorithm is effective in fitting the
amplitude A of u,,. Additionally, when fitting u,,, using the parameter
values for e, k.., 6, o, n, and p that are the same as [23], the
calculations converge, and the fit is accurate, proving the adaptability
and rationality of the parameter values.

In Fig. 5, the mismatch among the waveforms mainly comes from
the difference between the actual and selected values of the fitting size
Ny, for exponential waves in (36). Ny, is set to 3 in this work according
to Section 4.1. However, when F1 occurs with / = 0, only step waves
are generated and exponential waves do not exist, so the actual Ny, is
0. Besides, when F3 occurs, there are four groups of exponential waves
(see (32)), so the actual Ny;, is 4N = 12. This mismatch does not affect
the fitting of amplitude A, because A is determined by the step waves,
rather than the exponential waves in uy,.

As shown in Fig. 6(a), the attenuation and distortion of the simu-
lated u,; are more obvious when distance / increases (with time delays
being neglected). With the fitted A, the w,, are normalized to uj , of
which the amplitudes are 1, as shown in Fig. 6(b). As the fault distance /
increases, the arrival time of uy, is delayed, and the waveform becomes
smooth, validating the derivations in Sections 3.3 and 3.4.

For all scenarios in Table 1, |4u;| (minimum is 0.088) exceeds the
threshold ¢, meeting the start-up criterion in (41), and the protection
is activated. In the case of F1, intg_u’gl decreases as [ increases, which
is consistent with the findings reported in Section 3.3. Besides, there
is no observable difference between the intguy, of PPTG and PTP
faults because the effect of the faulty poles is eliminated when u,
is normalized to ubl For F1, the maximum intg_ul’;1 is 0.500 when a
metallic fault occurs with a distance / = 0% - /.. While the minimum
intg_uy, is 0.335 when a PPTG fault occurs with a long distance / =
100% - I.. Based on the &, set in Section 4.4, the intg uy meets the
criterion in (42), when I is less than 90% of the cable length /.
In contrast, the F1 fault occurring at a longer distance / cannot be
identified from external faults by using the proposed non-unit method,
as discussed in Section 4.3. However, this challenge can be effectively
addressed by the unit protection method described in (45), since the Py,
and Py are the same when F1 occurs, while they differ for F2, F3, and
F4. Furthermore, the intg_u, (maximum is —0.159) under PPTG faults
are less than &;, while the intg_u, under PTP faults are near 0, enabling
the accurate identification of faulty poles under F1.
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Fig. 5. Simulations and fitting results of BTWs u,, under different scenarios: (a) F1_PPTG_0%; (b) F1_PTP_0%; (c) F1_PPTG_20%; (d) F1_PTP_20%; (e) F1_PPTG_40%; (f) F1_PTP_40%;
(g) F1_PPTG_60%; (h) F1_PTP_60%; (i) F1_PPTG_80%; (j) F1_PTP_80%; (k) F1_PPTG_100%; (1) F1_PTP_100%; (m) F2_PPTG; (n) F2_PTP; (o) F3_PTP_10%; (p) F4_PTP.
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Fig. 6. The simulations of BTWs with different fault distances: (a) Original BTWs u,,; (b) Normalized BTWs u;,.

5.2. Robustness analysis

The robustness of the protection method is analyzed when various
parameters are altered, and noise is introduced. Due to the space
limitations, only the results for the key characteristic, the integral of
normalized BTW voltages intg u;,, are provided.

5.2.1. Robustness against fault resistance

The results for PPTG and PTP faults with various R; are provided in
Fig. 7. In the case of internal faults F1, intg_u, decreases as / increases.
For each tested value of /, there is no noticeable difference (less than
0.05 p.u.) among the intg_u* under F1 with different R;, as the effect

bl
of the Ry is eliminated when uy, is normalized to uy,.

For external faults, the maximum intg_ul’;] values are 0.322 (PPTG
fault) and 0.333 (PTP fault) when F2 occurs at the bus N. Besides,
all intg_u;] for external faults are below the threshold &,. Hence, the
protection will not be tripped.

For metallic internal faults F1, intg_u;1 are 0.346 (PPTG fault) and
0.350 (PTP fault) when F1 occurs at 90% of the cable length /.. Both
values meet the criterion in (42). Thus, F1 can be identified as an
internal fault when / does not exceed 90% of /., which indicates the
protection range of the proposed non-unit protection method.

Similarly, when R; = 10, the protection range is 90%, with
intg_ul’;1 values of 0.339 and 0.345. For R; = 1002, the protection
range is 70%, and the intg u;, values are 0.337 and 0.343. The fault

F1 occurring at a more distant location must be identified using the
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Fig. 7. The integrals of the normalized 1-mode BTW voltages with different fault resistances: (a) PPTG faults; (b) PTP faults.
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Fig. 8. The integrals of the normalized 1-mode BTW voltages with noise for: (a) PPTG faults; (b) PTP faults.

auxiliary criterion, leading to a trigger delay of up to 0.2 ms (R; = 10 £2)
and 0.6 ms (R; = 100 £2), as derived from (47).

5.2.2. Robustness against noise

Noise is one of the main causes of transient voltage and transient
current in power transformers and current transformers. The Gaussian
white noise (GWN) with a signal-to-noise ratio (SNR) of 35 dB is
added to the sampled data. The results under PPTG and PTP faults are
provided in Fig. 8.

The GWN is random and notably influences the calculated u,.
However, the proposed method identifies faults using the integral of the
data over a time window. The impact of random noise can be mitigated.
Hence, there is no noticeable difference between the intg_ul’;I values of
the faults with the same parameters, when comparing Fig. 8 with Fig. 7.

For external faults F2, the maximum int g_ul’;1 values are 0.319 (PPTG
fault) and 0.332 (PTP fault). All the intg_u;;l for external faults are less
than the threshold &,. Thus, the protection will not be triggered.

For the internal fault F1 with R; = 0, the values of intg_uz1 are
0.337 (PPTG fault) and 0.354 (PTP fault), when F1 occurs at 90% of
the cable length /.. Both values meet the criterion in (42). Thus, F1 can
be identified as internal faults when / does not exceed 90% of /.

Similarly, the protection range is 80% when Ry = 10 2, with intg_u,
values of 0.338 and 0.348. While the protection range is 90% when
Ry =100 £, with intg_u;;1 values of 0.344 and 0.356. The internal fault
F1, occurring at more distant locations, needs to be identified using
the auxiliary criterion, leading to a tripping delay of up to 0.4 ms
(R =10£) and 0.2 ms (R; = 100 £2), as derived from (47).

5.2.3. Robustness under lower sampling frequency

Considering a lower sampling frequency of 10 kHz, the results of
PPTG and PTP faults are provided in Fig. 9.

The change in the sampling frequency affects only the intervals
between sampling points but not the time-window length. Since the
proposed method utilizes the integral in a fixed-length time window, no

noticeable difference is observed among the intg u;, values under the
faults with the same parameters, when comparing Fig. 9 with Fig. 7.

For external faults, the maximum intg_ulﬁl are 0.323 (PPTG fault)
and 0.326 (PTP fault) when F2 occurs at the bus N. All the intg_u’g1 of
external faults are below the threshold &,. Hence, the protection will
not be triggered.

For the internal fault, F1 with R = 04, intg_u;] are 0.345 (PPTG
fault) and 0.355 (PTP fault) when F1 occurs at 80% of the cable length
I.. Both values meet the criterion in (42). Thus, F1 can be identified as
internal faults when / does not exceed 80% of /., which indicates the
protection range of the proposed non-unit protection method.

Similarly, the protection range is 80% when R; is 10 £ (intg_u;, are
0.343 and 0.347), while the protection range is 80% when R; is 100
Q (img_u;I are 0.336 and 0.339). The internal fault F1 occurring at
a further distance needs to be identified with the auxiliary criterion,
leading to a trigger delay of up to 0.4 ms (R; = 10£) and 0.4 ms

(R; =100 £2), as derived from (47).
6. Validation and comparison study in RTDS
6.1. Test system in RTDS

To show the effectiveness of the proposed method for different
MTDC systems, a detailed three-terminal MMC-HVDC system is mod-
eled in RTDS, as depicted in Fig. 10. The rated DC voltage is + 200
kV. All three MMCs are modeled using detailed models, requiring three
Xilinx Virtex-21 FPGA boards (GTFPGA) for one MMC unit. All cables
adopt the frequency-dependent (phase) model. Ry;y; is the studied
protective relay. The sampling frequency is 20 kHz.

6.2. Results analysis
The results are obtained for fault resistance R; with values 0, 10,

and 100 Q. The results for PPTG and PTP faults are shown in Fig. 11. By
following the same threshold setting principle as applied in Section 4.4,



F. Xie et al.

International Journal of Electrical Power and Energy Systems 164 (2025) 110370

0.5 0.5
——F1 0Q ——F1 0Q
@0 - -F1_10Q é’ -e-F1 10Q
g ——FI1_100Q = ——F1_100Q
- 0.45 -¢-F2 . 045 -4 -F2
= —-F3 2 —-w--F3
=] — = =Threshold A = == -Threshold
P B
2 04 L= 04
3 3
o &b
: -2
2035 E0.35
0, e e S el s ) et Feo= SN . ¥ U S S,
== 2 F-0-0-0-0-—0-0-6-0-
0.3 0.3
0 20 40 60 80 100 0 20 40 60 80 100
1% 1%

Fig. 9. The integrals of the normalized 1-mode BTW voltages with low sampling frequency: (a) PPTG faults; (b) PTP faults.
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Fig. 11. The integrals of the normalized 1-mode BTW voltages in RTDS: (a) PPTG faults; (b) PTP faults.

the &, is reset to 0.297 p.u.- ms since the full length of tested cable /.
changes to 300 km in RTDS.

As shown in Fig. 11, for internal fault F1 (R; = 0£2), intg_u;1 are
0.304 (PPTG fault) and 0.304 (PTP fault) when F1 occurs at 90% of I,
and both of them meet the criterion in (42). Thus, F1 can be identified
as an internal fault when / does not exceed 90% of /., which indicates
the protection range of the proposed non-unit protection method.

Similarly, the protection range is 80% when R; = 102 (intg_u}, are
0.306 and 0.317), while the protection range is 70% when R; = 100 £
(intg_uzl are 0.300 and 0.334). Internal fault F1 occurring at a further
distance needs to be identified by the auxiliary criterion, leading to a
trigger delay of up to 0.4 ms (R; = 102) and 0.6 ms (R; = 100 ), as
derived from (47).

6.3. Comparison with other methods

The proposed method is compared with the existing non-unit/unit
characteristic-difference- and distance-based methods. The results are

10

presented in Table 2, and parameters are extracted from the cited
reference. The detection time refers to the execution time of protection
methods. A slash means that the indicator has not been mentioned in
the reference. C and O represent cable and overhead lines, respectively.
As seen from Table 2, the proposed u; -based method can eliminate the
dependence on boundary components, yet the compared methods can-
not apply to the boundary-component-free system in principle. Besides,
the proposed method has sufficient tolerance against fault resistance
(for cables), and its short detection time as well as low sampling
frequency requirement can improve identification efficiency and reduce
equipment investment.

Furthermore, the existing time-domain characteristic-difference-based
methods [10-12] shown in Table 2 are verified for severe conditions
and compared with the proposed method. The other methods in Table 2
are based on frequency-domain characteristic difference or impedance,
which are different from the type of the proposed method. The ver-
ified fault types are remote internal high-resistance PPTG fault (F1)
occurring at the 70% of Cableyy, and external metallic PTP fault (F2)
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Fig. 12. RTDS results: (a) BTWs of u,; (b) The absolute value of ROCOV; (c) The absolute value of ROTV; (d) The absolute variation of Auy,.

Table 2

Parameter comparison with different methods.
Method Rely on Sampling Resistance Detection
based on boundary? frequency tolerance time
u, (this work) No 10 kHz 100 Q (C) 1 ms
Transient voltage [7] Yes 10 kHz 300 Q (0) 2 ms
WTMM [8] Yes 25 kHz 500 Q (O) 1.3 ms
ROTV [10] Yes 10 kHz 400 Q (0) 1 ms
ROCOV [11] Yes 100 kHz 200 @ (0) 1 ms
Variation Au, [12] Yes 100 kHz 200 Q (O) 1 ms
TW distance [13] Yes 250 kHz 200 Q (0) /
Frequency [14] Yes 50 kHz 80 Q (C) 1 ms
Impedance [15] No / 100 Q (O) 25 ms
Curvature [16] Yes 10 kHz 800 Q (0) 1 ms
DWT [20] Yes 100 kHz 500 Q (C) 2 ms
SWT [21] Yes 20 kHz 500 Q (O) 1 ms
WTMM [24] Yes 250 kHz 400 Q (0) 2 ms

occurring on bus N. The sampling frequency is 20 kHz, and the data
window is 1 ms. The fault resistance (only for F1) is 100 £, and the
fault inception time is 0 ms. The simulation results are shown in Fig. 12.

As shown in Fig. 12(a), in the abovementioned scenarios, the am-
plitude of the w, ., when F2 occurs obviously exceeds the uy, ;, of
F1. In contrast, the proposed non-unit method can correctly distinguish
F1 from F2, even under severe conditions, as tested in Section 6.2.
Nevetherless, the characteristics of F2 are close to F1 (ROTV) or more
noticeable than F1 (ROCOV and 4uy,), as shown in Fig. 12(b) to
Fig. 12(d). In summary, for the other compared methods, the charac-
teristics of external faults are more obvious than, or similar to, those
of internal faults. Hence, it is challenging to set proper protection
thresholds, which may result in the protection device misidentifying
faults. The comparative analysis shows that the proposed method has
low requirements for boundary components and sampling frequency,
and has strong robustness against fault resistance.

7. Conclusion

DC transmission line protection is especially challenging for
boundary-component-free MTDC grids. This paper proposed a non-unit
protection method based on the normalized backward traveling waves
of 1-mode voltage. In light of the theoretical analysis and obtained
simulation results, we can conclude that:

1. The rationalized approximation of the propagation function
achieves its S-to-time-domain transformation and the analytical deriva-
tion of the traveling waves in the time domain, enabling the protection
thresholds pre-set without simulation.

2. For boundary-component-free MTDC systems, the normalized
backward traveling waves under internal faults are proven to decrease
as the fault distance increases, and they are more evident than those
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under any external fault. Besides, this feature can eliminate the effect
of fault resistance on the proposed protection method.

3. Simulated PSCAD/RTDS results and comparison with the existing
methods validate that the proposed non-unit method does not necessi-
tate boundary components and is robust to high fault resistance (100
Q for cables), noise disturbance (35 dB), and low sampling frequency
(10 kHz). The protection range covers at least 70% of the line length.
Besides, the auxiliary faulty zone identification criterion can address
the problem of discriminating further internal faults from external
faults, leading to a fully protected range.
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