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Abstract—In a DC grid with dedicated metallic return
(DMR), the coupling effects among the positive pole, negative
pole, and DMR conductors must be considered, which makes
fault identification particularly difficult. In addition, the identi-
fication of high-impedance faults remains a major challenge for
DC grid protection. To address these issues, this study proposes
an adaptive single-end protection method for DC grid based on
the transient mean value of the current limiting reactor (CLR)
modal voltage. First, a fault analysis model of the DC grid with
DMR is established using the Clarke transformation. The char-
acteristics of CLR modal voltage are then clarified. A fault pole-
selection method based on a novel modulus phase plane is next
proposed. A threshold scaling factor based on the differential of
DC bus voltage is then constructed to enhance the sensitivity
and rapidity of the protection, which can adaptively modify the
threshold according to the fault severity. Finally, a simulation
model of a four-terminal DC grid with DMR is developed in
PSCAD/EMTDC. The speed and reliability of the proposed pro-
tection method are verified by simulations and experiments.

Index Terms—Clarke transformation, modulus decomposi-
tion, DC grid, dedicated metallic return (DMR), DC grid protec-
tion, single-end protection, scaling factor, current limiting reac-
tor (CLR).
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I. INTRODUCTION

WITH the rapid growth of renewable energy genera-
tion, the modular multilevel converter (MMC) based

DC grids play an increasingly critical role in high-voltage
and large-capacity power transmission scenarios [1], [2]. In
recent years, an increasing number of DC transmission proj-
ects based on overhead lines (OHLs) have been implement-
ed [3]-[5], which pose significant challenges to DC grids.
On the one hand, the complex operating conditions of OHLs
greatly increase the probability of line faults. On the other
hand, a rapid increase in the fault currents significantly short-
ens the timescale of fault identification. In addition, the exist-
ing protection algorithms are inadequate with regard to the
accuracy of identifying high-impedance faults (HIFs) [6].

Previous studies have categorized protections for DC grid
lines into two types: single-end protection and pilot protec-
tion [7], [8]. Single-end protection is preferred as a primary
protection due to its shorter response time and reduced com-
munication delays [9]. Existing single-end protections can be
based on the following four technologies: travelling wave, ar-
tificial intelligence (Al), parameter identification, and electri-
cal transformation.

Using travelling wave signals for fault identification is an
effective method for multi-terminal flexible DC systems, as
demonstrated in [10]. However, this method can be easily af-
fected by measurement noises from sensors. In addition, the
protection methods based on traditional travelling wave may
fail due to transient fault resistance [11]. The wavelet trans-
form based time-frequency analysis algorithms are intro-
duced in [12] and [13] to enhance the protection reliability.

With the rapid development of Al technology, the protec-
tion methods based on AI have become available. These
methods utilize neural networks that incorporate transient
fault resistances and noises into the training process, thus im-
proving the protection accuracy [14], [15].

Researchers have also investigated protection methods
based on parameter identification. In [16], a fault model for
a single-conductor transmission line is constructed that uses
actual and estimated values to detect faults [16]. This model
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has been extended to multipole transmission lines, thus
broadening its application [17]. The aforementioned methods
all require a significant amount of data and are limited to
specific models, thus reducing their generalizability.

Several simple programs based on the average transient
current are proposed in [18] and [19]. However, they are not
sensitive to HIF. In [20] and [21], a protection method is de-
veloped based on the CLR voltage on the positive pole (PP)
and negative pole (NP). Nevertheless, these methods lack ro-
bustness against fault impedance and neglect the coupling ef-
fect between poles, making them difficult to apply in engi-
neering.

Considering the coupling in a grounded DC grid, [22] and
[23] utilize the modulus decomposition to decouple the cou-
pling relationships between the lines. In [22], a novel single-
end protection scheme is adopted for DC grids that utilizes
the derivatives of the common-mode (CM) and differential-
mode (DM) currents of the protection phase plane. The CM
and DM characteristics of the CLR voltage are analyzed for
different fault types in [23] and [24], where a DC grid pro-
tection scheme that could discriminate between different
fault types via analysis is proposed. Compared with the
grounded DC grid, the DC grid with dedicated metallic re-
turn (DMR) can prevent metal corrosion and high currents
flowing directly to the ground. However, this type of struc-
ture results in complex coupling relationships and fault types
[25]. Protection methods for DC grid with DMR are pro-
posed in [26] and [27], but it is challenging to distinguish
between a pole-to-ground fault and a pole-to-DMR fault.
Moreover, both protection methods in [26] and [27] are
based on the travelling wave, which is primarily affected by
the fault transition resistance.

To improve the accuracy and speed of protection for dif-
ferent fault types and to decouple the coupling relationship
between lines in the DC grid with DMR, this study proposes
an adaptive single-end protection method based on the tran-
sient mean value of CLR modal voltage. The contributions
of this study are described as follows.

1) The equivalent modulus circuit of the DC grid with
DMR is derived, which facilitates the characteristic analysis
of CLR modal voltage, DC fault identification, and threshold
settings. The CLR modal voltage expression specific to each
fault type is obtained through mathematical analysis.

2) A novel single-end protection method is proposed,
which uses a pole-selection phase plane composed of the
transient mean values of 0-mode (OM) and 2-mode (2M)
voltages. This method identifies different fault types in a DC
grid and provides fast fault identification with robust reliabil-
ity even when the fault circuit parameters vary significantly.

3) A threshold scaling factor is introduced, which adjusts
the protection threshold according to fault severity. This
adaptive method can enhance the recognition speed of criti-
cal faults and increase the sensitivity of HIF recognition.

The remainder of this paper is structured as follows. Sec-
tion II presents comprehensive derivations of the MMC mod-
ulus circuits and fault transition resistance along with CLR
modal voltage expressions for various fault types. Section III
describes the protection procedure and adaptive method for

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 13, NO. 3, May 2025

the proposed protection method. Simulation and experimen-
tal results are presented in Section IV. Section V concludes
this study.

II. MopULUS COMPONENTS OF DC GRID

A. Equivalent Modulus Circuits of DC Grid Components

As shown in (1), the 1-mode (1M), 2M, and OM compo-
nents of the currents and voltages at the PP, NP, and DMR
poles during a DC fault can be obtained using Clarke trans-
formation. This finding is consistent with the results in [25].

N Yo 30 3|
y2 :A ym = g 1 _2 1 ym (1)
Yo Y 2.2 21y,

where y denotes the voltage or current; the subscripts 1, 0,
and 2 indicate the 1M, OM, and 2M components, respective-
ly; A is the modulus transformation matrix; and the sub-
scripts p, m, and n denote the PP component, DMR pole
component, and NP component, respectively.

According to (1), y, flows only from the PP and returns
from the NP, indicating the symmetric operating component
of the system. By contrast, y, flows equally from the PP and
NP and returns from the DMR, which indicates whether the
system operates asymmetrically. In addition, y, has the same
distribution in the PP, NP, and DMR, which indicates wheth-
er the system has a ground fault.

The structure of the DC grid with DMR is illustrated in
Fig. 1 [26], [27]. MMC, is the grounding point of the sys-
tem. In Fig. 1, p, m, and n denote the PP, DMR pole, and
NP, respectively, which are symmetrically arranged; L, is the
inductance of CLR; f, and f; denote the backward external
fault (BEF) and forward external fault (FEF) of the DC line,
respectively; f, denotes the internal fault (IF) on the DC line;
and x is the ratio to the total line length. In the case of a
fault at f,, x=0%, whereas the fault at f, corresponds to x=
100%.

Based on the assumption that the MMC is not blocked in
the event of a DC fault, it can be represented as an RLC se-
ries circuit [18]. The equivalent resistance and inductance of
the MMC bridge arms are denoted as R, and L,, respective-
ly. In addition, the equivalent resistance and inductance of
MMC bridge arm after parallel connection satisfy L,=2L, /3
and R,=2R,/3, respectively.

Figure 2 shows the modulus circuit of MMC in the DC
grid, where Z,(s)=R,+jX, and U,(s) are the equivalent im-
pedance and voltage of MMC, respectively; i, and i, are the
input and output currents of MMC, respectively; U is the
output voltage of MMC; and the subscripts 1, 0, 2, p, m,
and »n have the same meanings as those in (1).

The voltages and currents in Fig. 2 are expressed as:

U,($)=U, ()= U () +Z, ()i, (5) =1, (5))
U, (9)=U, ()= U () +Z, (s)y, (5)= 1, (5))
Ly () F 14, (8)+1,, ()= 1, ()1, () + 1, (5)

Simplifying (2) with (1), the modal currents and voltages
of MMC can be obtained as:

2
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ground fault, PP-to-DMR fault, NP-to-ground fault, and NP-
to-DMR fault, respectively. As Fig. 3 illustrates, the fault
currents and voltages satisfy different conditions under differ-
ent fault types.
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Fig. 3. Equivalent circuits under different fault types. (a) PGF. (b) PMF.
(c) PNF. (d) NGF. (e) NMF.

The equivalent modulus circuit of fault transition resis-
tance can be obtained by applying (1) to different fault
types, as shown in Fig. 4.

AC AC
grid grid
4 3
AC AC
grid grid
1 2
~n CLR; X DC circuit breaker (DCCB); @ Fault position

Fig. 1. Structure of DC grid with DMR.
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Fig. 2. Modulus circuit of MMC in DC grid.
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The DC line in the polar-component coordinate system
can be transformed into the modal-component coordinate sys-
tem using a modulus transformation matrix, as shown in (1).
In the polar-component coordinate system, the mutual cou-
pling exists among the PP, NP, and DMR poles. However, in
the modal-component coordinate system, each modulus is in-
dependent of the others. The modal equivalent model of DC
line is described in [25].

The fault types can be divided into pole-to-ground, pole-
to-DMR, and pole-to-pole faults. Figure 3 shows the equiva-
lent circuits under different fault types, where U, and i, are
the fault voltage and current, respectively; and R, is the fault
transition resistance. As an example of various pole to-pole
faults, the PP-to-NP fault (PNF) is used for analysis. Be-
sides, PGF, PMF, NGF, and NMF are short for the PP-to-

iry(s) iry(s) iry(s)
o o + 0
Uy (s) Uy (s) U/](S)Qﬂ
- -0 ZR/. —
) 3ipy(s) N i(8) * i(s)
Unts) 2R [] 30000 7 )
- -0
O T +O
U ] e Y ot i)
- O -0
(a) (b) (c)
—ipi(s) iy(s)
~Un(s)

+ .
Unts) > 28,[

+ Lsi + O -
Uty ) Uy
(d) (e)

Fig. 4. Modulus circuit of fault transition resistance under different fault
types. (a) PGF. (b) PMF. (c) PNF. (d) NGF. (e) NMF.

B. Composite Equivalent Modulus Circuits

Based on Fig. 1, this study presents composite equivalent
modulus circuits for different IFs, which synthesizes the 1M,
2M, and OM circuits as previously derived. Figure 5 shows
the equivalent modulus circuits under PGF, PMF, and PNF,
where Z,=R,+jX, is the impedance of MMC,
(k=1,2,3,4); Z,-./_k:R,-./._k‘i‘_]X/ . 1s the total impedance of
the line from MMC, to MMC, in the i-mode circuit
(i=0,1,2, j,k=1,2,3,4, and j#k); L;, , is the inductance of
CLR on the line from MMC, to MMC;; and U, , is the i-
mode voltage of CLR on the line from MMC, to MMC,. As
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NMF and NGF have structures similar to PMF and PGF, re- When an IF occurs on the line from MMC, to MMC,, the

spectively, they are not depicted here. IM voltage of CLR U, ,_, satisfies:
U _ sLy, .U, B er]_zZAqu
M2 Z g+ Zy+ 2 JIZ))  (Zg+ Zy+ Zy 12\ 2oy + Zy)
4)

where Z,, is the equivalent impedance for PGF, PMF, and
PNF when ¢=1,2,3, respectively; and Z,-Z, and Z, (q=
1,2,3) are the frequency-dependent functions that satisfy:

Z,=(1=-x)Z, ,+sLyr \+Z,

Zy1.4/3 J[rJ”~2~"2,

Ly,,/3
na g B (102,403 Z,=sL,, ,+xZ,, ,
Za/9 3Up o ' %)
Zy=XxZ, | ,+SLy ,+2Z,
_('_JLT,O,I-Z_ Z4:SLT,2-1 +(1 _x)Zl,l-z
2L;,,/3 2L7,4/3
T2 0xZ0, )3 T 2102, 53 T Zy=2R+ %(Zm//zoz)"' %(ZQI//ZZZ)
2Z,1.4/3 275,43 Zy=2R+ 3Z,,/1Z,,) (6)
Z,,=0.5R,
Ly =xLy 2+ 2oy atSLpy R
Zp=(1-X)Zy, 1+ Zy5.3+5Ls;
U, 1
Zy= gzal +SLT,I-2+XZ2,1-2
; ®)
Zy= §Za2+SLT,2-l +1-x)2Z,,.,
[J2%, N ,
" o In addition, when an IF occurs on the line from MMC, to
3Zyy 301002y, T ! MMC,, the 2M and OM voltages of CLR satisfy (9) and
3Up Za (10), respectively.
i sLp, ,UyZyZ, "
3 (Za1+ZZ+ZAq//Z1)(ZZZ+Z21)(ZAq+Zl)
SLyy,252,U, PGE
(Zp+2Z, +ZAq//ZB WZyp+2Zy, )(ZAq +Z3)
Uirai2= SLy, U2y 2, n
(Za] +ZZ+ZAq//Z] WZyp+2Z,y, )(ZAq+Zl )
SLyy2,252,U, PMF
(Zoa+ Zy+ ZyJ1Z3 N2y + 2y WLy + Z3)
0 PNF
©)
Uiro1-2=
2sLy, U, ZyZ, .
Z,+7Z, +ZAq//Zl WZo+Zy, )(ZAq +Z))
2sLy, 2 Z,Z,,U, PGE
NZp+Zy+ ZAq//Z3 W2+ 2y, )(ZAq +7Zy)
0 PMF or PNF
Ly xZy 15 (1-x)Z, Ly (10)
" J‘o o Figures 4, 5(a), and 5(b) show that the amplitudes of the
Zora ! Zo2s 2M and OM voltages of CLR under an internal NGF are the
I same as those under an internal PGF but with opposite polar-
© ities. This also holds for the internal NMF. In this study,

Fig. 5. Composite equivalent modulus circuits under different IFs. (a) PGF is used as an illustrative example of IF.
PGF. (b) PMF. (c) PNF. Figures 5(a) and 6 show that the main difference between
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the EFs and IF is the polarity of the CLR voltage and line
inductance. Specifically, in the case of BEF, the 1M voltage
of CLR has negative polarity. However, the 1M voltage of
CLR assumes a positive polarity in the presence of an IF or
FEF. Considering the boundary effect of CLR, the amplitude
for the 1M voltage of CLR is higher when an IF occurs than
that when an FEF occurs.

291249 []2R,

27y,4/3

(b)
Fig. 6. Composite modulus circuits under different EFs. (a) BEF. (b) FEF.

III. PROPOSED PROTECTION METHOD

A. Protection Initiation Principle

During the normal operation, the differential of the 1M
voltage on the DC bus dU,,/dt is 0. When a DC fault oc-
curs, the amplitude of dU,,/d¢ is much larger than 0, which
is used as the protection initiation criterion, as shown by:

dU
‘TLI >pset (11)

The sampling rate is set to be 100 kHz and the protection
is activated when |dU Ll/dt| exceeds the threshold value p,,,.
In this study, p,,, is set to be 0.5 kV/us.
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B. Fault Detection Method Based on Modal Voltage

The previous analysis of the 1M voltage of CLR reveals
that U, ,_, is negative when a BEF occurs and is positive
when an IF or FEF occurs. Because of the boundary effect
of CLR, the amplitude of U,;,,., is greater under an IF
than that under an FEF.

Through the methods described in [18] and [28], (4) can
be simplified and the time-domain expression for U, ., in
the case of IFs can be derived as:

U2 (0)=L u _ daoRer L +12 e
LT,1,1-2 T1-2 dc 2 szquF dcd
(—asin(wt + f)+ o cos(wt + B)) (12)

where U,, and /,, are the initial voltage of C, and initial
current of L, respectively. The remaining relevant parame-
ters satisfy:

o= Req, IF
2L eq, IF
21,
=arctan S
ﬁ ( (2’ Uch - Idc() Req,, IF )wLeq. IF ( 1 3)

w= 1 _ R gq. IF
L eq,IF Ca 4L gq’ IF

6Ly, 4+ 18L,, ,+10L, +6xLy, ,+9xL,, ,+3xL,, ,
Leq,]F: 9

6R), 4+ 18R, +10R,, +6xR,, ,+9xR, | ,+3xR,, ,
Req,lF: ] 9

ZU
Rﬂ: 1 n 2 ZR./'
Zl+ 32224- §ZO2
1 2

Zy=Z\+Zy+ §(221+ZZZ)+ ?(Zm""Zoz)

(14)
As shown in Figs. 5(a) and 6(b), the main difference be-
tween the FEF and IF is the CLR on the DC line. Therefore,
when an FEF occurs, the time-domain expression for
U1\, 1s similar to that when an IF occurs.
To reduce the noise effect, the transient mean value of
CLR modal voltage p(U,) is used as the protection index, as
expressed by:

AT
J.o ULTA,Ll.z(T)dr
PUD= =

where AT is a specific time period.

Using (12)-(15), we can calculate the value of p(U,) for
the HIF (R,=300 Q) at x=100% and the solid FEFs. In this
study, the protection threshold p, is set with the boundary
for identifying the HIF (R,=300 Q) at x=100%, where p,
should be greater than the value of p(U,) for metallic FEFs
to ensure the accuracy of protection. In this study, p, is 100 kV.

Based on the previous analysis of the 2M and OM voltag-
es of CLR, we can see that the polarities of the 2M and O0M
voltages have different characteristics under different fault
types, as listed in Table I.

(15)
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TABLE I
POLARITIES OF 2M AND OM VOLTAGES OF CLR

Polarity
Fault
2M voltage OM voltage

PGF + +
NGF - -
PMF + 0
NMF - 0
PNF 0 0

As Table I shows, the polarity of the OM voltage of CLR
can distinguish between pole-to-ground faults, and the polari-
ty of the 2M voltage of CLR can distinguish between PMF
and pole-to-pole faults. Using the transient mean value of
CLR modal voltage does not affect the polarity of the modal
voltage and reduces the effect of noise. Therefore, the tran-
sient mean values of 2M and OM voltages, i.e., p(U,) and
p(U,), respectively, are used to identify the faulty poles. Tak-
ing p(U,) and p(U,) as the axes, the pole-selection phase
plane is constructed, as shown in Fig. 7.

p(Up)
P2, | P2
]
] I
i E PGF
| |
PNF 1 | 1
I I p
77777 NMF"""AF’ T !
,,,,,,,,,,,,,,,, i PME _ p(Uy
VT ~Po
I |
I |
NGF .
]
I |
I I

Fig. 7. Pole-selection phase plane based on p(U,) and p(U,).

As shown in Fig. 7, different fault types can be assigned
to different regions of the phase plane, where p, and p, are
the corresponding protection thresholds, which are ideally 0.
However, in practical engineering, possible measurement er-
rors and voltage levels should be considered. In this study,
p, and p, are set to be 1.5 kV.

C. Adaptive Protection

The single-end protection method is prone to the bound-
ary effect of CLR, which may lead to a misjudgment of IF
and fail to operate when an HIF occurs at x=100%. This
study proposes a novel solution to address this problem by
introducing a threshold scaling factor K, based on the initial
fault information, as defined in:

K-K_,
- “Pmin < .
O'S(Kmax - Kmin ) K_ O.S(Kmax + Kmm )
Kﬂ = (16)
KoK sk ek
O.S(Kmax —Km],n ) . max min

where K is the peak value of the differential of 1M voltage
on DC bus under a fault; and K, and K, are the maxi-

X n
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mum and minimum values of K under a solid fault at x=0%
and an HIF (R,=300 Q) at x=100%, respectively.

When a fault occurs, the value of K is collected and the
corresponding value of K, is calculated. The adaptive protec-
tion threshold p,_, is then calculated (p, ,=p,K,). The more
minor the fault is, the closer K is to K ;.. In addition, at this
time, K, and p, , are smaller. As the adaptive protection
threshold p, , decreases, the HIF initially rejected by protec-
tion can be sensitively recognized. Similarly, the more se-
vere the fault is, the closer K is to K, ,,, and the smaller K,
and p, , are. As the adaptive protection threshold p, , de-
creases, the fault identification conditions are satisfied and
the protection can be activated, both at a faster rate. To pre-
vent an improper protection operation caused by very small
values, this study sets the saturation value of the threshold
scaling factor K, to be 0.5.

D. Protection Process

Figure 8 illustrates the protection process based on the
transient mean value of CLR modal voltage. First, the bus
voltage and CLR voltage are obtained. The value of
’dU Ll/dt’ is then calculated, and whether the protection is ac-

tivated is determined. If the conditions for protection activa-
tion are satisfied, the corresponding CLR modal voltages
and threshold scaling factor K, are calculated. The adaptive
protection threshold p, , is then calculated, and the location
of the fault is determined. The fault is recognized as an IF
when p(U,) exceeds the adaptive protection threshold p, ,. If
the fault is then recognized as an IF, the corresponding fault
pole is identified according to Table I and Fig. 7. Only the
DCCBs on the fault lines are tripped. The protection signal
is sent when the corresponding fault conditions are satisfied
by eight sampling points.

IV. SIMULATION RESULTS

A multi-terminal DC grid with DMR is constructed on the
PSCAD/EMTDC platform, as shown in Fig. 1. Table II lists
the MMC parameters. The OHL is modeled using a frequen-
cy-dependent model, as shown in Supplementary Material A.
The specific parameters of OHL are given as follows. The
unit resistance and inductance on the OHL are R=32
mQ/km and L=1.8 mH/km, respectively. The grounding and
phase capacitors are 0.0078 and 0.0085 pF/km, respectively.
The lengths of lines between MMCs are /,,=219 km,
1,,=66 km, [,,=227 km, and /,,=126 km. The inductance
of CLR is 0.15 H. The operating time of DCCB is 2 ms.

A. Fault Pole Selection

Figure 9(a) and (b) shows p(U,) and p(U,) under different
IF types, respectively. Here, x=80%, the fault transition re-
sistance R, is 50 Q, and p, and p, are both set to be 1.5 kV.

The polarities p(U,) and p(U,) are different under differ-
ent IF types: PGF and PMF have a positive polarity of p(U, ),
whereas NGF and NMF have a negative polarity of p(U, ). In
addition, under the PNF, p(U, )=0. For p(U, ), a positive polari-
ty characterizes the PGF, whereas a negative polarity charac-
terizes NGF. Under the PMF, NMF, and PNF, p(U, )=0.
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Calculate |[dU,,/df|
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‘ Internal PGF ‘ ‘Internal NGF‘

‘ Internal PNF ‘ ‘Intemal PMF‘ ‘ Internal PNF ‘

End

Fig. 8. Protection process based on transient mean value of CLR modal

Figure 10 illustrates the pole-selection phase plane for the
IF. Different fault types are clearly distinguished by the
boundaries.

B. Adaptive Protection Verification

The characteristics of U, and p(U, ) are investigated when
the PGF occurs at x=10% and x=100%. As shown in Fig.
11(a) and (b), R, varies from 0 to 300 Q. With a solid fault
at x=10%, if a fixed threshold in the original protection
method p,=100 kV is used, eight sampling points are re-
quired to satisfy p(U,)>100 kV. If a threshold scaling factor
K, is introduced, the adaptive protection threshold is reduced
to p, ,. Eight sampling points are only required to satisfy
pU,)>p, - The time required to satisfy the identification
condition of IF is reduced, and the protection can be activat-
ed more quickly.

Figure 11(c) and (d) shows the variations in |dU Ll/dt’ and
pU,) for HIFs at x=100% with different R,, respectively.
When R, is 500 Q, the protection fails to operate with a
fixed threshold. However, after the threshold scaling factor
K, is introduced, the adaptive protection threshold decreases
to p,.;,=50 kV. Accordingly, there are sufficient sampling
points to satisfy the fault identification condition, and the
protection can operate successfully.

voltage.
TABLE 11
MMC PARAMETERS
MMC Rated capacity Rated DC Rated AC Transformer ratio Leakage Bridge arm Submodule Submodule
(MW) voltage (kV) voltage (kV) reactance (p.u.) inductance (mH) capacitance (mF) number
MMC, 1500 +500 500 525 kV/260 kV 0.15 88 7 233
MMC, 1500 +500 500 230 kV/260 kV 0.15 44 7 233
MMC, 3000 +500 220 230 kV/260 kV 0.15 44 15 233
MMC, 3000 +500 220 525 kV/260 kV 0.15 88 15 233
200 150 —R=0Q
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Fig. 9. p(U,) and p(U,) under different IF types. (a) p(U,). (b) p(U,). 250 —R~=100 Q
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Fig. 10. Pole-selection phase plane for IF.

|dU,,/dt| when x=10%. (b) p(U)) when x=10%. (c) |dU,,/dt| when x=
100%. (d) p(U,) when x=100%.



822

C. Other Pole-to-pole Faults

Various pole-to-pole faults exist, including PP-to-DMR-to-
NP faults (PMNFs), PP-to-DMR-to-NP-to-ground faults
(PMNGFs), and PNFs. To ensure that pole-to-pole faults can
be accurately identified, two other pole-to-pole faults
(PMNGF and PMNF) are investigated in this study.

Figure 12(a) and (b) shows pole and modal voltages, re-
spectively, when a PMNGF (x=50%, R,=0 Q) occurs in DC
system. Both the 2M and OM voltages are 0, so the pole-to-
pole faults are identified. Figure 13(a) and (b) shows the
pole and modal voltages, respectively, when a PMNF occurs
(x=50%, R,=0 Q), which is similar as that under a PMNGF
or PNF. Therefore, the proposed protection method can iden-
tify pole-to-pole faults.

1000 -U, 100 -
-,
) o +U
2 2 °
(%] (%]
g 2 0
2 2
-1000 . . -100 . .
0.500 0.501 0.502 0.500 0.501 0.502
1(s) 1(s)
(a) (b)
Fig. 12. Pole and modal voltages under PMNGF. (a) Pole voltage. (b)

Modal voltage.

1000 100 -

~ ~ U

) Z °

(%] 9]

%D 0 %1) 0

2 2

-1000 - . -100 - .
0.500 0.501 0.502 0.500 0.501 0.502
1(s) 1(s)
(a) (b)
Fig. 13. Pole and modal voltages under PMNF. (a) Pole voltage. (b) Mod-

al voltage.

D. Effects of Distributed Parameters

To analyze the effects of distributed parameters on protec-
tion, we change the line length L from 300 to 600 km.
When a PGF occurs at the end of the line with R,=0.2 Q,
the modal voltage changes, as shown in Fig. 14.

Despite the increase in line length, |dU,,/d¢|, p(U,), p(U,),
and p(U,) all exceed their thresholds of p,,, p,, p,, and p,, re-
spectively. As Fig. 14 illustrates, the number of sampling
points that conform to the PGF criteria decreases as the line
length increases. In addition, the modal voltage changes at a
later time as the line length increases. Therefore, the time re-
quired for the protection to recognize faults gradually in-
creases from 1 to 2.5 ms. Even when the line length is in-
creased to 600 km, the fault recognition conditions are still
satisfied.

E. Effects of CLR

Figure 15 shows the modal voltages under different induc-
tancecs of CLR when a PGF (x=100%, R,=300 Q) occurs.
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As Fig. 15(a) illustrates, the change in the inductance of
CLR has little effect on the change in the bus voltage and
does not affect the protection activation. However, Fig. 15(b)-
(d) shows that as the inductance of CLR decreases, the CLR
modal voltages also decrease. When the inductance of CLR
is 0.05 H, the fault can still be accurately recognized as an
IF due to the adaptive protection threshold. In addition, there
are sufficient sampling points satisfying p(U,)>p, and
pU,)>p, Thus, the protection can accurately identify the
fault pole. Moreover, the inductance of CLR is usually great-
er than 0.05 H. Therefore, a change in the inductance of
CLR does not cause the protection method to fail.



WANG et al.: ADAPTIVE SINGLE-END PROTECTION FOR DC GRID WITH DEDICATED METALLIC RETURN BASED ON...

F. Effects of Sampled Noise

The proposed protection method is based on data analysis,
so its effectiveness is sensitive to the sampled noise. The
noise intensity is generally measured using the signal-to-
noise ratio (SNR), where a small SNR indicates strong
noise. This subsection investigates the effect of sampled
noise on the protection with an SNR of 10 dB. The fault is
set at x=100%, the fault type is PGF, and R,=300 Q.

As shown in Fig. 16, the effects of sampled noise on the
protection are negligible, and more than eight sampling
points fall in the corresponding pole-selection phase plane
within 1 ms. In the practical applications, multiple continu-
ous noise-sampled points in the same fault area hardly hap-
pen, which ensures noise immunity of this method.

1.4 - . 180
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Fig. 16. Pole-selection phase plane under sampled noise. (a) ‘dULl/dt | (b)
p(U)). (¢) p(U,) and p(U,). (d) Phase plane.

G. Comparison with Existing Methods

We compare the proposed protection method with existing
methods in four respects: sampling frequency, ability to iden-
tify HIFs, noise immunity, and whether DMR is considered,
as provided in Table III.

In [26], a protection method using the single-end rate of
change of voltage is proposed for a DC grid with DMR.
When different fault types occur at x=80% with R,=50 Q,
the line modal voltage changes, as shown in Fig. 17. Figure
17(a) and (b) shows that the OM voltages of PMF, NMF, and
PNF are all unchanged. Therefore, it is not possible to effec-
tively identify the corresponding fault poles.

In [32], a fault pole identification criterion is constructed
using the OM voltage. Figure 18 shows the OM voltage
when PGF, PNF, and PMF occur. The OM voltage of PGF is
less than 0, and that of PNF is equal to 0. When a PMF oc-
curs, the OM voltage is also equal to 0. Therefore, the protec-
tion method in [26] cannot distinguish between pole-to-pole
and pole-to-DMR faults.
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TABLE IIT
COMPARISON WITH EXISTING METHODS
Sampling Is DMR
Method frequency (kHz) R (@ SNR (dB) considered?
Proposed 100 500 10 Yes
[20] 100 380 No
[22] 20 300 30 No
[23] 100 200 10 No
[26] 40 300 30 Yes
[29] 20 200 50 No
[30] 1000 300 No
[31] 200 500 40 No
[32] 500 500 30 No
[33] 100 500 25 No
[34] 100 300 No
[35] 50 200 35 No
Ir 025
2 0 pd o
241 1 2 015}
Z 2t Z 0.05]
— 3t =
S 4 | 3 -0.05}
~ _5 L ~
2 %) v 3 015k
-7 . . -0.25 . )
0.5000 0.5005 0.5010 0.5000 0.5005 0.5010
t(s) 1(s)
(a) (b)
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Fig. 17. Line modal voltage variation under different fault types. (a)

|dU,, /dt|. (b) |dU ,/dt |
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(a) (b)
Fig. 18. OM voltage under different fault types. (a) PGF and PNF. (b) PMF.

In [34], a fault identification criterion is constructed based
on the difference in the line transient traveling wave (TW)
power. Figure 19(a) and (b) shows the transient TW power
under the PGF (x=100%, R,=500 Q) and the solid FEF, re-
spectively. The peak value of differential transient TW pow-
er is —210 MW when a PGF occurs. When a solid FEF oc-
curs, the peak value of differential transient TW power is
—470 MW. The power amplitude corresponding to FEF is
greater than that corresponding to PGF. Accordingly, the pro-
tection method cannot effectively identify external faults.

H. Experiment

To demonstrate the applicability of the proposed protec-
tion method, we construct an experimental platform for a bi-
polar DC system with DMR based on the real-time simula-
tion system, i.e., RT-LAB, as shown in Fig. 20.
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Fig. 19. Transient TW power under different fault types. (a) PGF. (b) Me-
tallic FEF.

Fig. 20. Experimental platform based on RT-LAB.

The experimental platform can simulate controller charac-
teristics through hardware-in-the-loop experiments and real
samples by extracting measurement data from an oscillo-
scope. Table IV lists the parameters of the experimental plat-
form, where U,, and U,, are the DC voltages at two ends
of lines.

TABLE IV
PARAMETERS OF EXPERIMENTAL PLATFORM

Parameter Value Parameter Value
U,, kV) 100 C, (mF) 1.2
U,, kV) 100 L, (mH) 1
L, (mH) 10 R (Q) 1
R, () 0.01 L (mH) 40

Figure 21 shows the CLR pole voltages when different
fault types occur at x=0% (R,=0 Q). The CLR modal volt-
ages are obtained by calculating the collected data, as shown
in Fig. 22. It can be observed that the 2M voltage can distin-
guish asymmetrical faults, whereas the OM voltage can dis-
tinguish ground faults. Figure 23 shows the phase plane con-
sisting of CLR modal voltages, where different fault types
are classified into different regions. Therefore, this phase-
plane based protection method can effectively identify fault
poles.

Figure 24 shows the CLR pole voltages when an external
fault (R,=0 Q) and an internal HIF (R,=100 Q) occur, and
the fault type is PNF. The CLR modal voltages are obtained
by calculating the collected data, as shown in Fig. 25. The
two figures show that the amplitude of the 1M voltage can
be used to distinguish between internal and external faults.
The 2M and OM voltages are approximately 0, and therefore
the fault pole can be identified.

Fault occurence Fault occurence
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= =
21 [ —— > T ]
~ b 1% ;
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Fig. 21.  Experimental results for CLR pole voltages under different fault

types. (a) PMF. (b) PGF. (c) NMF. (d) NGF.
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Fig. 22. CLR modal voltages under different fault types. (a) 2M voltage.

(b) OM voltage.
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Fig. 23. Phase plane consisting of CLR modal voltages.
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Fig. 24. Experimental results for CLR pole voltages at different fault posi-
tions. (a) External fault. (b) Internal HIF.

V. CONCLUSION

This study proposes a novel single-end protection method
for DC grids with DMR based on the transient mean value
of CLR modal voltage.
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Fig. 25. CLR modal voltages at different fault positions. (a) 1M voltages.

(b) 2M and OM voltages.

The modulus circuits are developed for the MMC, DC
transmission lines, and R,. Integrated circuits are then deter-
mined to reveal the voltage characteristics of the CLR. The
simulation and experimental results are summarized as fol-
lows.

1) The proposed protection method can accurately identify
different fault types under the pole-selection phase plane,
which is constructed by 2M and OM voltages of CLR. The
IM voltage of CLR can effectively distinguish between inter-
nal and external faults, and the proposed protection method
can reliably activate the protection.

2) A threshold scaling factor is proposed to improve the
protection capabilities in identifying HIFs with a fault resis-
tance of 500 Q. In addition, the proposed protection method
identifies faults within 1 ms and is immune to 10 dB of
SNR.

3) The line length and the inductance value of CLR affect
the performance of the proposed protection method in identi-
fying faults. As the line length increases, the time required
for protection to detect a fault increases. The ability to de-
tect HIFs is weakened if the inductance of CLR is too low.

4) Compared with other single-end protection methods,
the proposed protection method has robust noise immunity,
outstanding fault pole identification capabilities, and profi-
ciency in detecting HIFs.
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