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Abstract—Existing line protection methods for multi-terminal
direct current (MTDC) systems are constrained by the placement
and values of boundary elements. To overcome this limitation,
this paper proposes a non-unit DC line protection method based
on the normalized backward traveling waves (BTWs) of the
1-mode voltage. Firstly, this article studies the traveling wave
characteristics and derives the expressions for the normalized
BTWs. Then, the Levenberg-Marquardt algorithm is used for
amplitude fitting and normalization calculation. Based on the
normalized BTWs, a non-unit protection method is proposed.
Finally, the proposed method is evaluated with a simulation
model on the PSCAD/EMTDC platform. The results demonstrate
that the proposed method can accurately identify faults of
different resistances and distances without requiring boundary
devices, and is robust against noise disturbances (35 dB).

Index Terms—Multi-terminal DC grid, Modular multilevel
converter, Non-unit protection, Traveling wave, Levenberg-
Marquardt algorithm.

I. INTRODUCTION

ODULAR multilevel converter (MMC)-based HVDC

technology has the benefits of independent active and
reactive power control, flexible and adjustable power flow,
and no commutation failure [1], [2]. Hence, it is suitable
for constructing multi-terminal DC (MTDC) grids and has
been proven to be a successful solution for the integration of
renewable energy into the power system. Due to the lack of
inertia in MTDC, fault currents will increase and propagate
rapidly, endangering the security of power electronics [3].
Therefore, fast and reliable line protection is crucial for the
operation of the systems [4].

DC protection includes unit and non-unit protection. The
former uses multi-terminal electrical quantities, requiring long-
distance signal communication and precise synchronisation
[5]. The latter, which can escape the aforementioned require-
ments and speed up fault identification by using only local
measurement, is the focus of this work. Currently, the non-unit
line protections for the MTDC systems mainly concentrate on

This work was sponsored by the Key Research and Development Program
of Shaanxi Province (N0.2022GXLH-01-06) and the China Scholarship Coun-
cil (N0.202206280073).

979-8-3503-9678-2/23/$31.00 ©2023 IEEE

the differences between internal and external faults in the time
domain or frequency domain caused by boundary devices, e.g.,
the smoothing reactors and DC filters [6].

The protection methods based on frequency-domain charac-
teristics mostly use algorithms such as fast Fourier transform,
wavelet transform (WT), and empirical modal decomposition
to analyze and extract the energy distribution in different
frequency bands. In [7], wavelet filters separate the DC current
into detailed coefficients, representing the frequency-domain
difference between internal and external faults. In [8], the
Mallat algorithm processes voltage to produce detail coeffi-
cients at the selected level, then the peak energy of high-
frequency transient voltage is computed to identify faults.
In [9], the amplitudes of high-frequency voltage traveling
waves (TWs) are compared between internal and external
faults, and the WT modulus maximum is utilized to quantify
the fault characteristic. However, these methods are generally
constrained by the placement and values of the boundary
devices, and they are vulnerable to high-frequency noise.

The protection methods based on time-domain characteris-
tics mostly use differential and integral calculations to deter-
mine numerical characteristics, such as the rate of change of
voltage (ROCOV) and the ratio of transient voltage (ROTV).
The reactor serves as the boundary of the DC lines and offers
the high-frequency component for a high-impedance channel,
resulting in a clear difference between the reactor’s ROTV
during internal and external faults [10]. As analyzed in [11],
the reactor power discontinues at the boundary devices and
distinguishes significantly between internal and external faults.
Therefore, a protection method is proposed based on this
feature. In [12], a hybrid detection strategy is proposed. After
the sensor measurements of line currents and reactor voltages,
a learning algorithm chooses the optimal fault detector from a
detector pool. However, these methods also rely on boundary
devices due to energy distribution differences in the frequency
domain. Furthermore, the threshold settings generally depend
on numerical simulations, and the sensitivity is insufficient for
faults with transient resistance.

This work presents a non-unit DC line protection method
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based on the normalized BTWs of 1-mode voltage for MTDC
systems to address the aforementioned issues. It has been ver-
ified that the proposed method can accurately identify various
faults in a system without boundary devices. Furthermore, its
performance is unaffected by fault resistance, and thresholds
are chosen using analytical calculations.

II. FAULT ANALYSIS FOR THE MTDC SYSTEM
A. Configuration of the MTDC System

Fig.1 depicts the configuration of the four-terminal MMC-
HVDC system, which is benchmarked 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 with a protective relay (R) and a DC circuit breaker
(CB) installed at both terminals [13]. For each MMC, the
number of submodules (SMs) is 200, the SM capacitor is 15
mF, and the bridge arm inductance and resistance are 5 mH
and 0.5 €, respectively. The rated capacity of each MMC is
1000 MVA, and the length of each cable is 200 km.

The Cableyy is the studied cable in this work. As such,
fault F1 is an internal fault for Ryin1 and Ryine, while faults
F2, F3, and F4 are external faults. Notably, no boundary
devices, such as smoothing reactors, are installed at the cable
terminal, unlike in typical MMC-based HVDC systems.

Cablewmr

£
-7
P

3

GA
Fig. 1. The configuration of the four-terminal MMC-HVDC system.

B. Fault Analysis Under Internal Faults

The forward traveling waves (FTWs) and BTWs form the
voltage and current along the cable, and because the initial
BTWs are not refracted or reflected, they can represent the
original TWs from the fault point. In addition, the electrical
quantities in this work are transformed to 1-mode and 0-mode
as follows, for eliminating the coupling between the poles [14]:

Uo| _ 1 j1 1| |Up| [Lo| _ 1 (1 1]/[Ip
Ul 2|1 —1] [Ux|' |1 V2|1 -1] |In
1
where the subscript P/N denotes poles, and 1/0 denote modes.

In case of F1, the S-domain expression for the 1-mode
voltage BTWs Uy, int measured in Ry is:

@6_7(5).1 ~ UF1 1—kl _S.UL

Ubl,int(sal) = Tme 2

2

where [ denotes the fault distance, and e~7(*)! is the propaga-
tion function. For easy transformation to time domain, e~ ()l
is further approximated [15]. Index %k denotes the amplitude
attenuation per unit length, and 7 denotes the waveform
distortion per unit length. Ug; is the initial values of the 1-
mode TWs at the fault point. For a typical positive-pole-to-
ground (PPTG) fault, negative-pole-to-ground (NPTG) fault,
and pole-to-pole (PTP), the Ur; is determined by [16]:

7\/§ZC1 Ur
Zci+ Re
_\/§ZC1 Ur
Zc1 + Zeo + ARg
where U, denotes the DC rated voltage, Ry denotes the fault
resistance, and Z¢ denotes the characteristic impedance.
The expression for Uy, ine in (2) can be rewritten as:

1 —s-l/1
s-l/vy 4
s+1/71)e ’ @)

where Aj,y = up1(1l — kl) and vy denotes the 1-mode TWs
velocity.

Using the inverse Laplace transform, we have the time-
domain expression for Uy in¢ as:

PTP: Ur; =
3)

PPTG/NPTG: Ur; =

1
Ub1,int(8,1) = Aing (s -

Ubl,int(tyl) = Aint <1 - ei(til/vl)/ﬁrl> . (5)

In (5), if fault F1 occurs, w1 in¢ Will have two components:
step waves and exponential waves. Among these components,
the amplitude of up1 iny is determined by the step waves, and
the exponential waves will attenuate to zero. To eliminate the
impact of the R, up1,ine can be further normalized as the
normalized 1-mode voltage BTWs ), ;

ubine(t,) o 1o/t
Aint ’
Furthermore, the derivative of u,*;l,im can be obtained as,
dugy ine(t,1) e~ (t=t/v)/7l

d R

As proven in (7), up ;, decreases while [ increases.

(6)

Ubing (8 1) =

<0, (N

C. Fault Analysis Under External Faults

In the case of F2, the 1-mode voltage BTWSs w1 ex¢ are
the same as w1 ine Of F1, which occurs at the end of the
protected cable because their faulty circuits are the same when
neglecting CB impedance. In contrast, when F4 occurs in the
opposite direction, only FTWs are injected into the protected
cable, and the upq et stays at zero until the reflected waves
reach from the other end.

According to Fig.2, the Up cxt measured in Ryni under
external fault F3 can be expressed in the S domain as follows:

2k

Zyivce || Zea
Zci + Zavc || Zea
- @6—7(8)'1/ _ Uri Zer = Znmne | ZCle—v(S)-l’

s s Zc1+ Zwmc || Zea

Ubl,cxt(sal/) eiﬂf(S)'l/

S

®)

)
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where I’ denotes the fault distance, and Zynic denotes the
equivalent impedance of MMC, which contains equivalent
resistance Rq, inductance Lo, and capacitance Ceq [17], as
shown in Fig. 2(b).

(2) (b)

Fig. 2. The system model and faulty circuit when F3 occurs. (a) System
model; (b) Faulty circuit.

Comparing (2) with (8), it is found that U}, ¢y contains the
similar equations as Uy int. Therefore, (8) is rewritten as:

Ubl,ext(sa ll) = Ubl,int(57 l/) - Ubl,add(Sv l/); (9)

where Up1 int(s,1") i8 Up1,iny of F1 with a fault distance I/,
and U1 aqq 18 the difference between Uy ext and Ui int.

Substituting the expression for Zynic and the approxima-
tion of 6’7(5)'1/, we have Uy a44 as:

Ub1,add(s,1")
Ur1 Zci 11—kl
N TS Zor+ 2(5Lheq + Req + 1/5Ceq) L+ 5701

_L
51!
)

(10)
The expression for Uy ext in (10) can be rewritten as:

Ay Ay As _g. L
+ e " v,
s—s1 s—8y s+ 1/7U
(1)

where A1, As, and A3 are the numerators of rational fractions,

s and s, are the poles.
Substituting (4) and (11) into (9), we obtain Uy ext as:

—s-Tgq
> ‘ (7

12)

Ub1,add(s,1") = (

Aext + A3 _ Al
s+

S — 81

Az

S — S2

Aext _
S

Ubl,ext (57 l/) = (

Text

where Agyy = up1(1 — k'), Toxe = 70/, and Tg = 1" /v;.
Using the inverse Laplace transform, we have the time-
domain expression for Uy ext:

/

t Slt Szt
Text —Ale —A2€

= Aext_ ;
(13)

Ub1,ext (ta l/) (Aext + AB)ei
where t' =t — Tjy.

Comparing (4) and (12), we have that A, equals Agyg,
when fault distances are the same. This is because Zymvc
merely modifies the exponential waves of uj; but not step
waves, which determine A;,; and A... Hence, according to

(9) and (7), the inequality relationship can be obtained as:
ultl,ext(t7 l/) < ultl,int(t’ l/) < ultl,int(tv lC)’ (14)

where [. denotes the length of the protected cable.

3

As shown in (14), uj; ., of F3 are constantly smaller than
Up; it Of F1 occurring at the end of the protected cable. In
case of external faults, the u;, .., can be summarized with:

F2: u;l,ext(t7l ) bl mt(t ! )
F3: ulf)l,ext(t’ l/) < ubl mt(t l ) (15)
F4: u?;l,cxt(t 0)

According to (15), the uy; ... under external faults F2, F3,
F4 are smaller than wuy, ;. of internal fault F1. As such, this
feature could be used to identify the faulty zone.

III. NON-UNIT PROTECTION METHOD BASED ON
NORMALISED BACKWARD TRAVELING WAVES

A. Levenberg-Marquardt Algorithm

Voltage BTWs uy,; can be first obtained from the 1-mode
voltage u; and current i; as,

up(t) — ch(t)il(t)'

ubl(t) = 5

Then, to calculate uj,, the amplitude A is identified using
the L-M algorithm [18], of which the error function F'(x) is
defined as:

F(x) =

(16)

F(A,7) = up () — A (1 _ e_t/T> Can

Based on (5) and (13), different formulations of F'(x)
should be utilized for i ing and upiexy due to different
numbers of exponential terms. Nevertheless, in practice, only
one F(x) is utilized since the fault type cannot be identified
in advance. Additionally, the computation of w;; is unaffected
since the simplification only impacts the fit of 7 (but not the
fit of A).

The iteration goal is to find the optimal solution xj that
minimizes || F(x)||°. At each iteration k, the extended Jacobi
matrix Jy, and trial step dj are computed, and the parameters
for the subsequent iteration are derived as follows [19]:

{

(JiJe +\eD)dy, = —J} Fy,

(18)
Tp41 = Tf + dy,

where \j |Fr||> denotes the L-M parameter. If the
condition HJ kaH < 1075 is satisfied, or k has reached its
upper limit (set to 10), the iteration is terminated.

B. The Proposed Non-Unit Protection Method

The proposed protection method contains three steps. The
details are introduced as follows:

1) Step 1: Protection Start-up Criterion: The protection
start-up criterion is designed based on the 1-mode voltage
absolute variation, which can be expressed as follows:

|Auq| > €1, €1 =rely - |Auy| (19)

max ’

where Aw; denotes the 1-mode voltage variation, €1 refers
to the threshold, rel; represents the reliability factor set as
1.2 [16]. Value |Auq]|,,. is the maximum system allowed
variation |Aw;| due to the change of system operating mode,
which is generally considered as 5% of rated voltage.
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2) Step 2: Faulty Zone Identification Criterion: According
to (15), the uf,; . under external faults is less or equal to
Uy ing Of the internal fault. In addition, uf; is independent of
Ry, in contrast to uy,;. Therefore, uy,; is preferred to identify
faulty zone using the criterion as follows:

intg_up, = Z upy(n) > €2, €2 = rely - intg_up; .y, (20)

n=1

where intg_uf, denotes the summation of w;,, n denotes
the sampling order, N denotes the summation upper limit,
which is set to 5 to guarantee both the detection speed and
accuracy [16]. €2 denotes the threshold, rels = 1.05 denotes
the reliability factor, and intg_uy; ,,,,, denotes the integral of
uy, when F1 occurs at the cable end.

3) Step 3: Faulty Pole Identification Criterion: The crite-
rion for pole identification is:

PPTG: intg_ug < —es,
NPTG: intg_ug > €3,
PTP:

g3 = rels - |intg_uo|

max ’
—e3 < intg_ug < €3,
(2D
N
where intg_ug = Y ug(n) denotes the summation of 0-mode

voltage summationii:g denotes the threshold, and rely = 1.2
denotes the reliability factor. Similarly with |Awq| ,  in
(19), the |intg_ug,,,, refers to the maximum system allowed
variation of |intg_upg|.

C. Protection Working Principle

The flowchart of the proposed protection method, which
consists of three steps, is shown in Fig. 3. To begin with, |Awu, |
is calculated to determine whether the start-up criterion is met
according to (19). If the protection is activated, it moves to the
next step that fits the A of up; using the L-M algorithm and
calculates the u; to identify the faulty zone according to (20).
Once an internal fault is specified, the intg_uy is calculated to
determine the specific faulty pole according to (21). Finally,
the commands will be tripped to the corresponding DCCB
for fault current interruption. Otherwise, the protection will
be reset.

IV. SIMULATION AND VERIFICATION

The MTDC system depicted in Fig.1 is simulated in
PSCAD/EMTDC. All simulated faults are set at 0 ms and
last for 100 ms, and the sampling frequency is 20 kHz. The
thresholds €1, €2, and €3 in equations (19)-(21) are set to 0.04
p.u., 3.00 p.u., and 0.20 p.u., respectively.

Various fault scenarios are simulated to verify the pro-
posed protection method. For internal faults F1, Ry €
{0.01,10Q}. While for external faults, Ry = 0.01(2. The
fault location [ varies from 10% to 90% of the cable length.
Simulated waveforms for metallic PPTG internal faults F1
occurring at different fault distances and metallic PTP external
faults F2 and F3 are provided in Fig.4. As indicated, for the
uy,; of F1, the arrival time is delayed, the amplitude attenuates,
and the waveform turns smooth as the fault distance increases.

4

Sampling signals

| Calculate u,, u,, i, i, and uh1

Stepl
| Fit 4 of u,, using L-M algorithm and calculate u;,
Y
Step3

> <>

PPTG Fault PTP Fault NPTG Fault
Y
( End )

Fig. 3. The flowchart of the protection method.

Meanwhile, for the wuf;, of F2 or F3, the aforementioned
change are more intense, and the w;; is less than F1, which
is in alignment with the analysis in Section II.

1.0 -
3 0.8
= F1_PTP_10%
i ——- F1_PTP 20%
S 0.6 - F1_PTP_30%
=z Y ~ F1_PTP_40%
!5 — - F1_PTP 50%
- F1_PTP_60%
g 04+t —— F1_PTP_70%
= ——- F1_PTP_80%
g —-— FI_PTP 90%
=}
Z 02 F F2_PTP

— - F3_PTP_10%
. . .
0 2.0 2.5 3.0

Time ¢/ ms

Fig. 4. The simulations of uy; under different faults.

The results are shown in Table I. For all simulated scenarios,
|Auq | exceeds the threshold 1, satisfying the start-up criterion
in (19), and the relays are activated. In the case of F1, the
largest intg_u;, = 4.55 when a PTP metallic fault occurs with
a small distance [. In contrast, the smallest intg_uy, = 3.14
when a PTP fault occurs with a long distance [ and a large fault
resistance Ry. Furthermore, the intg_uy under PPTG and PTP
faults are distinctively different, allowing the correct selection
of faulty poles. In contrast, when F2, F3, and F4 occur,
criterion (20) is not satisfied, demonstrating the selectivity of
the proposed method in identifying external faults.

Gaussian white noise (GWN) with a signal-to-noise ratio
(SNR) of 35 dB is added to further analyze the robustness
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of the proposed protection method. The results are shown in
Table II. For all scenarios, the |Auy| exceeds threshold &1,
and the start-up criterion (19) can be satisfied correctly. It
is seen that GWN has a random effect on intg_u;,, but it
can be weakened by summation with a time window. Hence,
the intg_uj, is above the threshold e in all cases of F1,
and the faulty zone is detected correctly. Similarly, intg_ug
of PPTG or PTP faults can activate the criterion for faulty
pole identification, respectively, even with noise interference.
In contrast, the criterion (20) is not satisfied when F2, F3, and
F4 occur, demonstrating the superior selectivity performance
of the proposed method against the noise.

TABLE I
IDENTIFICATION RESULTS UNDER DIFFERENT SCENARIOS

. R = 0.01 Q R = 10.0 Q
Scenario - - : e
|[Auq| intg_uy; intg_uo |Aui] intg_u;; intg_ug
F1_PPTG_10% 0.46 4.55 -2.83 0.23 4.03 -1.53
F1_PPTG_50% 0.23 4.27 -1.72 0.11 3.57 -0.94
F1_PPTG_90%  0.10 3.42 -0.98 0.05 3.22 -0.60
F1_PTP_10% 0.93 4.28 -0.02 0.61 3.89 -0.01
F1_PTP_50% 0.46 4.10 0.01 0.30 3.83 -0.01
F1_PTP_90% 0.19 3.43 -0.01 0.12 3.14 0.01
F2_PTP 0.15 2.92 / / / /
F3_PTP_10% 0.11 2.80 / / / /
F4_PTP 0.97 0 / / / /
TABLE II

IDENTIFICATION RESULTS WITH 35DB NOISE

. Ry =0.01 © Ry =10.0 Q2
Scenario - - - -
[Auq| intg_uf, intg_uo |Aui| intg_uf; intg_uo
F1_PPTG_10% 0.46 4.34 -2.80 0.22 4.03 -1.47
F1_PPTG_50%  0.27 4.15 -2.11 0.14 3.74 -1.13
F1_PPTG_90%  0.18 3.45 -1.40 0.09 3.12 -0.97
F1_PTP_10% 0.85 4.33 -0.01 0.61 3.86 0.01
F1_PTP_50% 0.45 4.02 -0.01 0.32 3.90 -0.01
F1_PTP_90% 0.21 3.22 0.01 0.15 3.38 -0.01
F2_PTP 0.25 2.82 / / / /
F3_PTP_10% 0.20 2.77 / / / /
F4_PTP 0.91 0 / / / /

V. CONCLUSION

DC line protection is essential for developing large-scale
MTDC systems. This paper proposed a non-unit DC line
protection method based on the normalized backward trav-
eling waves of 1-mode voltage, and theoretical analysis and
simulation verification conclude that:

1. When internal faults occur, the normalized backward
traveling waves decrease as the distance increases. When
external faults occur, none of their normalized backward
traveling waves are greater than internal faults.

2. Levenberg-Marquardt algorithm is effective for fitting
the amplitude of the backward traveling waves and thus
calculating the normalized backward traveling waves.

3. The proposed protection method can correctly identify
faults without boundary devices and is robust to noise. Fur-
thermore, it has been verified that the method performance

5

is unaffected by fault resistance, and the thresholds can be
pre-set using analytical calculations.
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