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ABSTRACT Due to the pseudo-bipolar structure of the flexible DC distribution network, the short-circuit
current caused by a pole-to-ground fault is weak. The fault characteristics, particularly the steady-state fault
characteristics, are not prominent. Therefore, pole-to-ground fault diagnosis and protection have become
more challenging. This paper theoretically studies the short-circuit current characteristics of pole-to-ground
fault in the flexible DC distribution network, derives the analytical expression of the short-circuit current,
and analyzes the directional characteristics. Then, a novel pilot protection scheme based on fault direction
comparison is proposed. This scheme compares the positive and negative half-wave integral values of the
short-circuit current fault components to judge the fault direction. The fault directions on both sides of the
feeder are obtained through the pilot protection channel, thereby distinguishing internal and external faults.
The simulation results show that the proposed scheme can reliably identify the faulty feeder and has an
excellent ability to perform with high transition resistance. Moreover, the scheme does not require sampling
synchronization, which is easy to be applied in engineering.

INDEX TERMS Fault characteristics, fault direction judgment, flexible DC distribution network, pilot
protection, pole-to-ground fault.

I. INTRODUCTION

Compared with the traditional AC distribution network, the
flexible DC distribution network (FDCDN) has the advan-
tages of large transmission capacity, low loss, and flexibility
in operation and regulation [1], [2], [3], [4], [5]. It is incred-
ibly convenient for flexible access to new energy power
sources, energy storage equipment, and DC loads. Therefore,
the FDCDN has become an important development direction
for distribution network construction [6], [7]. In the actual
operation of FDCDN, various faults may occur, mainly pole-
to-pole (PTP) faults and pole-to-ground (PTG) faults, among
which PTG faults are the most common [8]. Due to the
pseudo-bipolar structure of the FDCDN, the neutral point of

the converter is usually grounded through a large resistance.
When a PTG fault occurs, the short-circuit current is mainly
the capacitance current with small amplitude and complex
characteristics, which brings severe challenges to fault diag-
nosis and protection. It has become a critical problem to be
solved in the application of FDCDN engineering.

Various research has been carried out on PTG fault char-
acteristic analysis and protection schemes. In studying PTG
fault characteristics, [9] studies the voltage and current
variation characteristics by simulation, but the theoretical
analysis is insufficient. Zhao et al. [10] establishes a mathe-
matical model of the grounding resistance circuit. However,
this model ignores the influence of the distributed capac-
itance, so the transient fault characteristics are difficult to
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reflect. Daietal. [11] analyzes the fault pole capacitance
and grounding resistance circuits separately but ignores the
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non-fault pole capacitance discharge circuit. Li et al. [12] and
Chen et al. [13] establish high-order mathematical models of
the PTG fault. They also propose corresponding iterative
solution methods that can accurately calculate the fault cur-
rent in the time domain. However, the models are complex
and cannot be solved analytically, so the short-circuit cur-
rent’s variation characteristics cannot be directly reflected.

Regarding PTG fault protection in FDCDN, Liu et al. [14]
and Song et al. [15] propose using the change rate of fault
current and bipolar voltage for faulty feeder identification.
However, these methods rely on boundary elements at both
ends of the feeder, which is challenging to be applied.
Lietal. [16] uses the transient differential current to calcu-
late the amount of transferred capacitance charges to locate
the fault section. Bietal. [17] proposes a PTG fault line
identification method based on the short-time energy of the
differential current. However, due to the high frequency of the
fault current, these two methods have stringent requirements
for sampling synchronization. They need dedicated optical
fibers to form a communication link, which is costly and
challenging to apply in FDCDN. Yang et al. [18] proposes
a faulty feeder detection scheme based on the frequency
domain characteristics of transient zero-mode current. How-
ever, the scheme puts high requirements on the sampling
frequency. In addition, when a high-resistance ground fault
occurs at the end of the feeder, the fault may be misjudged.
He et al. [19] proposes a protection idea based on the ini-
tial polarity comparison of the current traveling waves. This
scheme does not require strict sampling synchronization.
However, due to the short effective time of the initial polarity,
it puts high requirements on the immunity of the protection.
In addition, the reference does not provide a specific protec-
tion criterion and implementation method, so its feasibility
needs to be further verified. Sun et al. [20] proposes switch-
ing the grounding resistance to amplify the fault signature
and thus reduce the difficulty of fault diagnosis. However,
this method requires additional equipment at the grounding
point, which increases the cost of construction, operation, and
maintenance. Xu et al. [21] proposes injecting unique signals
into the network by adjusting the MMC to facilitate fault
location. However, this method is complicated to control and
is only suitable for the radial network. It is challenging to
apply in the double-terminal or multi-terminal network.

Given the above problems, this paper systematically
studies the PTG fault current characteristics in the double-
terminal FDCDN, considering the influence of grounding
methods, distributed capacitance, and other factors. Then, this
paper proposes a novel directional pilot protection scheme
based on comparing the integral values of the short-circuit
current fault components to solve problems such as strin-
gent sampling synchronization, high sampling frequency, and
insufficient applicability in multi-terminal DC distribution
networks. Finally, a simulation model is built in PSCAD to
verify the correctness of the analysis method and the perfor-
mance of the directional pilot protection scheme.
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FIGURE 1. Schematic diagram of PTG fault in flexible DC network.

II. PTG FAULT CHARACTERISTIC ANALYSIS IN FDCDN

A. FDCDN STRUCTURE

The flexible DC transmission network generally adopts the
true-bipolar structure, as shown in Fig. 1(a). When a PTG
fault occurs, the ground return can help form the current
circuit. The large amplitude of the fault current is conducive
to fault detection. In contrast, the FDCDN generally adopts
the pseudo-bipolar structure, as shown in Fig. 1(b). The
neutral point of the converter is grounded through a large
resistance (2~3 k€2) to limit the grounding current (within
10 A), and the safety of personnel and equipment near the
fault point can be ensured [20]. The short-circuit current is
mainly capacitive, making fault detection difficult.

In the FDCDN, the PTG fault characteristics are related
to many factors, such as grid topology, converter structure,
grounding method, and grounding element parameters. The
double-terminal network can better meet the requirements of
economy and power supply reliability. It is easy and flexible
to operate and control and has been widely used in engi-
neering [6]. Therefore, this paper carries out the study in
the context of the double-terminal DC distribution network
shown in Fig. 2. In the figure, the modular multilevel con-
verter (MMC) realizes conversion between AC and DC. The
MMC adopts a mixed structure of full-bridge and half-bridge
submodules to achieve fault ride-through operation. At the
outlet of the MMC, the current-limiting reactor L is installed
to limit the short-circuit current of the PTP fault. B1~B4 are
DC buses, and L1~L3 are feeders. iy1p, io1n, io2p, and ipon
are the positive and negative measuring currents of MMCl1
and MMC2, respectively. igjp and igjn (k,j = 1, 2, 3, 4) are
the feeder’s positive and negative measuring currents between
bus Bk and Bj. It should be noted that the relay protection
requirements define the positive direction of the measuring
current from the bus to the line.

The DC distribution network generally adopts the pseudo-
bipolar structure. When the secondary winding of the con-
verter adopts star wiring form, its neutral point is grounded
through a large resistance, as shown in Fig. 1(b). If the
secondary side of the converter is a delta winding, the neu-
tral point can be constructed by a star-shaped reactance
and grounded through large resistance. When a PTG fault
occurs, the two grounding methods may lead to similar fault
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FIGURE 3. Equivalent model of negative PTG fault.

characteristics. In this paper, the neutral point is grounded
through large resistance as an example to study the PTG fault
characteristics.

B. EQUIVALENT MODEL OF PTG FAULT

In the PTG fault characteristic analysis, this paper takes the
negative PTG fault on the feeder L2 as an example (as shown
in Fig. 2). The equivalent model is shown in Fig. 3. The T-type
equivalent circuit is used for DC feeders. For the positive
line, Cy is the total equivalent capacitance; L, and R}, are the
equivalent inductance and resistance, respectively. Ly is the
current-limiting inductance. For the negative line, the feeders
between the fault point and the two MMCs are equivalent to
two T-type circuits. Cp19 and Cypg are the equivalent capaci-
tances of the feeders on both sides of the fault point; L1, Rip,
Ly, and Ry, are the equivalent inductances and resistances,
respectively. Ry is the grounding resistance of the neutral
point; Ly, is the bridge arm inductance of MMC1. up, and
uny (¢ = a, b, ¢) are the output voltages of the upper and
lower bridge arms of MMC1, respectively.

As shown in Fig. 3, when a negative PTG fault occurs
in the network, the distributed capacitance of the non-fault
pole (positive pole) and the fault pole (negative pole) will
discharge to the fault point. icp; and icpy are the positive
capacitance currents, and icn11, icn12, fen21, and icno are the
negative capacitance currents. The fault point will also form
a fault circuit with the convertor through the grounding resis-
tance, thus forming a steady-state short-circuit current as ig;
and ig. Since the neutral grounding resistance is generally
2~3 k€2, the current of this circuit, that is, the steady-state
short-circuit current, is only 3~5 A. Therefore, its influence
can be ignored.
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FIGURE 4. Equivalent circuit of negative PTG fault.

C. ANALYTICAL ANALYSIS OF PTG FAULT
CHARACTERISTICS
In the case of neglecting the steady-state short-circuit current,
Fig. 4 shows the equivalent circuit of the model in Fig. 3. The
fault characteristics are mainly influenced by the distributed
capacitance discharge circuit. In Fig. 4, Req and Leq are
MMC'’s equivalent resistance and inductance, respectively.
A PTG fault will not affect the operation of MMC so that
the MMCs can be replaced by the voltage source Ug.. The
meanings of other parameters are the same as those in Fig. 3.
As shown in Fig. 4, the circuit parameters on both sides of
the negative equivalent capacitance are significantly differ-
ent. Due to the effect of Lgq, when the capacitance discharges
through the positive line (as icp12 and icp22), the inductance
of the discharge circuit is relatively large. Furthermore, the
discharge current of Cpig (icn12) and Cpoo (icn22) weaken
each other in the positive line. Therefore, the negative (fault
pole) capacitance mainly discharges to the fault point. So the
current flowing through the protection on both sides of
the negative line is mainly the positive (non-fault pole)
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capacitance current. To reduce the network order and simplify
the analysis process, we ignore the influence of the fault pole
capacitance in the fault current solution. Fig. 5(a) shows the
discharge circuit of the non-fault pole (positive pole) capaci-
tance. Lxpi1, Rxp1, Lyp2, and Rypy are the total inductance
and resistance of the two discharge circuits, which can be
calculated from Fig. 4. Fig. 5(b) shows the discharge circuit
of the fault pole (negative pole) capacitance.

For the discharge current of the non-fault pole (positive
pole) distributed capacitance, the simplified discharge circuit
is a third-order network whose network equation is:

dudcp . .
p0 a —lepl — lep2
dicp1 . dicp2 .
LEpl%‘i‘RZpllcpl‘i‘Udc = LEpZ%"FRZ‘leCpZ‘i‘UdC
L dicpl R . Ui = . . R
>pl dr + Rxpiicpt + Ude = tdep — (lcpl + lcp2) f

ey

Before the fault occurs, the initial value of the discharge
current is zero. The Laplace transform of (1) can be obtained
as:

i 1 1 sCpo
sLyp1 + Rspi — (sLzp2 + Ryp2) 0
| sSLxp1 + Rzp1 + Ry R¢ -1
Icpl(s) CpOUdc/2
Iepa(s) | = 0 2
L Udcp(s) _Udc/s

Solving (2), we can obtain the complex frequency domain
expression of the current as:

[chm} ! [—CpoUdc (stpz+Rzpz)/2} 3)

Lopa(s) B G(s) —CpoUdc (SLEpl + R):Jpl)/2

In the formula, G(s) is expressed as:

G(s) = As® +Bs> + Cs+ D

A= L):plLEpZCpO

B = [(Lgp1 + Lyp2) Rt + RxpiLzp2 + RxpaLspi | Co

C = Lspi+ Lzp2 + Cpo (Rxp1 Ry + RypoRs + RxpiRsp2)

D = Rsp1 + Rsp

4)

The circuit resistances Ryp; and Ryp> comprise the feeder
resistance and the switching element on-resistance. The
feeder resistance is much smaller than the feeder inductance.

Therefore, the effect of the feeder resistance can be ignored,
and G(s) can be simplified as:

G(s) = LEplLZpZCpOS3 + (LEpl + LEpZ) RprOS2
+ (Lzpt +Lp) s &)

Let Lyeq = Lxp1Lxp2/(Lxp1 +Lyp2). Substituting (5) into
(3), we can obtain the complex frequency domain expression
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FIGURE 5. Simplified discharge circuit of distributed capacitance.

of the fault current as:

_LZPZCpOUdc
2(Lspi+Lsp2)
—Lyp1CpoUdc
2(L);p1+sz2)

|:Icpl(s):| _ 1
ICPZ(S) LEE:qCpOS2 + RprOS +1

(6

Doing the inverse Laplace transform on (6), we can obtain
the discharge current of the positive pole as:

icpl

= icp2
L2p2

_LZp2CpOUchU(2)
26Upl (L):pl +L2p2)

Ry < 2\/ LEeq/CpO
—LypCpoUdcl  _

Y R bt i (PPl - P [Lyeq/Coo 7)
2 (Lsp1 + Lyp2)

—Lsp CpO Udc w%
2wp2 (LEpl + LZpZ)
R¢ > 2,/Lzeq/cpo

e~ %! gin (a)plt) ,

o~ %!

sinh (a)pzt) ,

Among the formula: op = Ri/(2Lxeq), wp1 = (w(% — ag)lﬂ,

Wp2 = (0[5 - a)(2))1/2’ wy = (LZeqCpO)_l/z-

From (7), with different transition resistance, the discharge
current can be divided into underdamped, overdamped, and
critically damped. In the underdamped state, the current
is a decaying sine wave with a negative initial half-wave,
so the area of the negative half-wave must be larger than the
area of the positive half-wave. In the critically damped and
overdamped states, the current is constantly negative. The
schematic waveform diagram is shown in Fig. 6(a).

For the current characteristics of the fault-pole (negative
pole) distributed capacitance, from Fig. 5(b), we can see that
the circuit inductance is just the feeder inductance. It is much
smaller than the series inductance in Fig. 5(a). Moreover, the
discharge frequency of the RLC equivalent circuit mainly
depends on the formula 1/+/LC. Therefore, the fault-pole
capacitance current has a high oscillation frequency and is
challenging to use. In the protection design, the influence
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(b) Schematic waveform diagram
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FIGURE 6. Schematic waveform diagram of the non-fault pole discharge
current with different transition resistance.
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FIGURE 7. Equivalent circuit of positive PTG fault.

of the fault pole capacitance current can be eliminated by
filtering to facilitate the engineering application.

Similarly, when a positive PTG fault occurs, the discharge
circuit of the non-fault pole (negative pole) capacitance
is shown in Fig. 7. The difference between Fig. 5(a) and
Fig. 7(b) is only the sign of Uy.. Therefore, the characteristics
of the negative capacitance current are opposite to the above-
mentioned situation. When the current is underdamped, it is
a decaying sine wave with a positive initial half-wave, so the
area of the positive half-wave must be larger than the area
of the negative half-wave. In the critically damped and over-
damped states, the current is always positive. The schematic
waveform diagram is shown in Fig. 6(b). Therefore, the
non-fault pole capacitance current has explicit directional
characteristics.
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In summary, when a PTG fault occurs in FDCDN, the
steady-state information of the fault current is insufficient.
The amplitude of the current is small. Therefore, only the
transient capacitance current can be used for fault detection.
Furthermore, the non-fault pole capacitance current has a low
frequency and a relatively long duration, which can be mainly
used for fault protection. The analysis above shows that
the difference between the positive and negative half-wave
amplitudes is evident when a forward or reverse fault occurs.
We can use these characteristics to judge the fault direction
and then construct the directional pilot protection scheme to
identify the faulty feeder reliably.

Ill. DIRECTIONAL PILOT PROTECTION SCHEME BASED
ON THE DOUBLE INTEGRATION OF CURRENT

FAULT COMPONENTS

The directional pilot protection comprises the fault starting
element, the fault pole selection element, and the fault direc-
tion judgment element.

A. FAULT STARTING ELEMENT CRITERION

After the PTG fault occurs, the voltage traveling wave propa-
gates from the fault point to both sides of the line, causing the
positive and negative voltages to increase or decrease rapidly.
Therefore, the protection can be activated by using the rapid
change of the voltages. The specific method is to calculate
the variation of the positive and negative voltages. When one
exceeds the set threshold for three consecutive points, the
protection will be activated immediately, and the fault time
will be determined accordingly. The voltage variation starting
criterion is:

[ max {Audcp, Audcn} > AUset

’udcp(k) — udep(k — M)‘

— udepk — M) — uacp(k = 2M)[ | (8)
[tden(k) — uden(k — M)

A k) =
1aen ) = | etk — M) — ttgen(k — 200)

Al"dcp(k) =

In the formula, Augcp is the positive voltage variation.
Augen is the negative voltage variation. ugep is the positive
voltage sampling value. ugcq is the negative voltage sampling
value. k is the number of sampling points. M is the number
of samples in the mutation calculation data window, whose
typical value can be 10ms. AU is the set threshold of the
voltage variation, which can be taken as A Uge; =0.1UgcN, and
Ugcn is the rated voltage between poles.

B. FAULT POLE SELECTION ELEMENT CRITERION
DC distribution network faults mainly include PTP and PTG
faults, where the PTG faults can be further divided into posi-
tive and negative PTG faults. After the protection is activated,
different protection criteria shall be adopted according to
different short-circuit forms.

When the DC distribution network operates normally, the
voltage between poles is Ugcn. The positive PTG voltage is
Ug4cn/2, and the negative PTG voltage is -Ugcn/2. When a
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PTG fault occurs, the fault pole is clamped to zero potential,
and the voltage of the non-fault pole rises to twice its original
value. The voltage between poles remains unchanged. When
a PTP fault occurs, the voltage of the two poles drops together.
These features can be used to distinguish between PTP faults
and PTG faults. The criterion for PTP fault is:

Uden
> )]

The short-circuit current of PTP fault is relatively
large, and various protection schemes have been pro-
posed [22], [23], [24]. Once a PTP fault is judged to have
occurred, the relevant PTP fault protection scheme can be
used for fault location, and the tripping operation will remove
the fault. The details are omitted in this paper.

If the criterion for PTP fault (formula (9)) is not satisfied,
the pole selection for PTG faults will be performed. It is not
difficult to prove that when the positive pole is shorted to
ground, the positive PTG voltage drops from UgcN/2 to zero,
and the negative PTG voltage drops from -Ugcn/2 to -UgceN.
When the negative pole is shorted to the ground, the negative
PTG voltage rises from -Ugcn/2 to zero, and the positive PTG
voltage rises from Ugcn/2 to Ugen. These voltage variation
characteristics can be used for the pole selection criterion.

The positive pole selection criterion is:

Uden
|udcp| < Kiel—1 X > N |uden| < Krei—1 ¥

UdcN UiaeN
|ttdcp| < Kiei—1 x TC N luden| > Krei—2 x ——  (10)
The negative pole selection criterion is:

UdcN Uacn
[tden| < Krer—1 % =N |udcp| > Kpe1—2 X 2C (11)

Among the formula, K,.;—; and K,.;_> are reliability coeffi-
cients. Taking the 20% reliability threshold, we can take the
typical values as Ky,;—1 = 0.8 and K;oj—> = 1.2.

Once the fault pole is determined, the measuring current of
the fault pole can be used to identify the fault direction.

C. FAULT DIRECTION JUDGMENT METHOD BASED ON
THE DOUBLE INTEGRATION OF CURRENT

FAULT COMPONENTS

The fault analysis in this paper shows that when a PTG
fault occurs, the non-fault pole capacitance current (that is,
short-circuit current fault component) has clear directional
characteristics. The fault direction can be identified according
to the difference in the amplitude of the positive and negative
half-waves. Therefore, this paper proposes to compare the
positive and negative half-wave integral values to judge the
fault direction. This method could determine the fault direc-
tion based on only the local current information and has no
special requirements for sampling synchronization on both
sides of the feeder. It is easy to apply in engineering.

In order to avoid the influence of the fault-pole capaci-
tance current, it is necessary to perform low-pass filtering
on the measuring current. The frequency of the fault pole
capacitance current is much higher than that of the non-fault
pole capacitance current, and only the latter is needed for
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protection. In the design of the low-pass filter, we can set the
cut-off frequency higher than the frequency of the non-fault
pole capacitance current to reduce the loss of information.

The fault direction judgment method is as follows:

(1) Extraction of fault components: When the fault occurs,
we first subtract the pre-fault current from the measuring
current to obtain the current fault component. Taking the
positive current as an example, the calculation method of the
fault component is:

Aidcp(i) = idcp(i) - IOp

N
1 .

Iop = N E idep(0)(k)
k=0

12)

Among the formula, igcp(i) is the positive current sam-
pling value. Aigep(i) is the calculated positive current fault
component. Iop is the positive load current before the fault,
calculated by the mean value of igcp()(k), the sampling value
of the pre-fault current. N is the number of sampling points
in the mean calculation data window, and this paper takes it
as 5.

(2) Calculation of positive and negative half-wave sam-
pling values: In the under-damped case, the short-circuit
current provided by the non-fault pole capacitance is an
attenuated sine wave, as shown in Fig. 8(a). For the positive
measuring current, the calculation methods of the positive and
negative half-wave sampling values are as follows:

{AﬂwhﬂMm®+memﬂ
il i) = (| Aigep(i) — | Adacp()| /2
(+)
dep
sampling value of the current fault component. Aig;g(i) is the
absolute value of the negative half-wave sampling value. The
calculation result of (13) is shown in Fig. 8(b).

The positive and negative half-wave extraction methods
for the negative short-circuit current fault component are
analogous, that is:

[mgm=mmm+mmmwz
A = (1 Aigen(i) — | Aigen(i)I])/2

Among the formula, Ai; "(7) is the positive half-wave
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FIGURE 10. Schematic diagram of the fault direction criterion.

Among the formula, Aigcn(7) is the calculated negative

current fault component. Aigﬁg(i) is the positive half-wave

sampling value of the current fault component. Aig;:(i) is the

absolute value of the negative half-wave sampling value. The
schematic diagram is shown in Fig. 9.

(3) The fault direction criterion based on comparing posi-
tive and negative half-wave integral values: The positive and
negative half-waves of the measuring currents need to be
integrated to obtain the graph area formed by each waveform
and the horizontal axis. The time interval is normalized to
facilitate the comparison of integration results, so the summa-
tion operation is done directly on the sampling values. Taking
the positive short-circuit current as an example, the integral
calculation is as follows:

k
+) _ ()
Apk = E Aldcp(l)
i=1

x (15)

-) )i

A =D Nig (i)
i=1

Among the formula, Af;) and A;;) are the cumulative sum-

mation of Aifi';i(i) and Aifi;rz(i). They can be called ‘primary

integral values.” The subscripts i and k represent the sampling
value serial number and the integral data window length,
respectively.

From Fig. 10(a), the primary integral values of positive
and negative half-wave rise with time alternately, and the
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two values are relatively close at some moments. Therefore,
to improve the reliability of fault direction judgment, the
integral values are integrated again as:

m
+) _ (+)
Spm - ZApk
kel (16)
(=) _ (=)
Spm - ZApk
k=1

Among the formula, Sl%) and Sé;l) are the cumulative
summation of the primary integral values. They can be called
‘double integral values.” The subscript m represents the inte-
gral data window length of the double integration. Compared
with the primary integral values, the double integral values
shown in Fig. 10(b) increase the difference between the pos-
itive and negative half-waves, which helps to improve the
performance of the direction judgment elements.

According to the fault characteristic analysis mentioned
above, when a positive fault occurs, the positive measuring
current has a positive initial half-wave (under-damping) or
is constantly positive (critical damping and over-damping).
So when a forward fault occurs, the positive half-wave
integral value of the short-circuit current is larger than the
negative half-wave integral value. Therefore, the positive
direction criterion for positive PTG fault is:

Sl(f) > Krel—sS[(f) = a forward fault (17)

In the formula, K,.;—; is the reliability coefficient. Taking
the 25% reliability threshold, we can take the typical value
as 1.25.

If the result of pole selection shows that a PTG fault occurs
in the negative pole, the fault direction can be judged by the
measuring current of the negative pole. The positive direction
criterion is:

S > Koot = a forward fault (18)

D. THE DIRECTIONAL PILOT PROTECTION SCHEME

The directional pilot protection can be constructed according
to the fault direction judgment results. If the directional ele-
ments on both sides of the feeder judge that a fault occurs
in the positive direction, the feeder is faulty. If one side
judges the fault is in the positive direction and the other judges
the fault is in the reverse direction, the feeder is not faulty.
For MMC lead wires, internal and external faults can be
distinguished based on the fault pole selection result and the
judgment result of the lead wire directional element. There
is no need to obtain the information from other elements.
Fig. 11 shows the specific implementation flow chart. Once
the protection is activated, the fault pole selection element has
to determine whether it is a PTP or PTG fault. The current
characteristics of PTP and PTG faults are so different that
we have to use different protection schemes to protect the
network well. Suppose a positive or negative PTG fault is
judged to have occurred:
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FIGURE 11. Flow chart of the protection scheme.

(1) The fault component of the fault-pole measuring cur-
rent has to be extracted.
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> End )«

(2) A low-pass filtering method has to be used to eliminate
the influence of the fault pole capacitance current.
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FIGURE 12. Structure of the simulation system.
TABLE 1. Key parameters of the simulation system.
Parameter (Unit) Value Parameter (Unit) Value Parameter (Unit) Value
Transformer capacity (MVA) 20 Primary voltage (kV) 110 Secondary voltage (kV) 10.5
Transformer leakage reactance 01 Grounding resistance (kQ) 5 Current-lnmtmg 5
(pu) inductance (mH)
. Number of half-bridge Number of full-bridge
MMC capacity (MVA) 20 submodules > submodules 3
. Bridge arm inductance Bridge arm resistance
Sub-module capacitance (mF 8 8 0.1
pacitance (mF) (mH) @
C) of feeder (uF/km) 0.15 Ly of feeder (mH/km) 0.25 Ry of feeder (©/km) 0.02
Lenth of L1 (km) 4 Lenth of L2 (km) 6 Lenth of L3 (km) 4

(3) We can use the double integral values to judge the fault
direction, select the faulty line according to the protection
action logic shown in Fig. 11, and issue a trip or alarm signal
as needed.

According to the proposed protection scheme, the action
time of the protection mainly depends on the length of the
double integration data window. We could set the integration
data window length to 3 ms considering a certain reliability
margin. Therefore, the shortest action time of the protection
is 3 ms.

When the main protection or the circuit breaker fails to
operate, the fault cannot be removed reliably. In addition to
the proposed directional pilot protection, it is also necessary
to configure the corresponding backup protection. Due to the
small PTG fault current, the overcurrent protection principle
is hard to be used for backup protection. We can use the fault
direction judgment method proposed in this paper and a time
delay to form the backup protection. When the fault occurs,
and the directional element judges it as a forward fault, the
main protection must operate immediately. If the fault pole
voltage has not returned to normal and the fault has not
been removed after the set time delay, the backup protection
will operate to remove the fault. The set value of the time
delay can adopt the coordination method of the traditional
overcurrent protection. That is, the protections in the same
direction coordinate in a step-by-step manner to ensure the
selectivity of the protection.

IV. SIMULATION
A. SIMULATION OF PTG FAULT CHARACTERISTICS

The double-terminal DC distribution network simulation
model shown in Fig. 12 is built in PSCAD/EMTDC to verify
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the theoretical analysis conclusions of the PTG fault current.
The critical parameters of the simulation system are given in
Table 1. The parameters of the MMC and the converters on
both sides of the system are the same. MMC1 uses constant
DC voltage control, and MMC?2 uses constant power control
with an active command of 12 MW in the simulation system.
Bus B2 is connected to a5 MW load, and Bus B3 is connected
to a 3 MW load. Dy, (n = 1, 2) is the MMC outgoing
directional element, and Dj; (i, j = 1, 2,3,4) is the directional
element on both sides of the feeder connecting bus Bi to Bj.

A metallic ground fault fO is set at the midpoint of the
positive line of L2, and Fig. 13 shows the simulation wave-
forms and theoretical calculation results of the currents.
Fig. 13 (a)~(c) correspond to the fault currents on both sides
of L1~L3, respectively. The fault simulation waveforms
agree with the theoretical calculation results, proving the
correctness of the analytical analysis.

As Fig. 13(a), for the protection of L1 close to MMCI,
the fault O is a forward fault. The measuring current (i12p) is
a decaying sine wave, and the initial half wave is positive,
consistent with the theoretical analysis. For the protection
close to the fault point, fault fO is a reverse fault. The mea-
suring current (i21p) contains the discharge current of the
negative distributed capacitance and the high-frequency posi-
tive capacitance current of feeder L1. Once the fault current is
filtered, the measuring current will be mainly the capacitance
current provided by the negative pole (non-fault pole), which
is still an attenuated sine wave with a negative initial half-
wave. The result is also the same as the theoretical analysis.

As seen in Fig. 13(b) and 13(c), for feeder L2 with
internal faults, the measuring currents on both sides are
attenuated sine waves, and the initial half-wave is positive
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FIGURE 13. Simulation waveforms and calculation results of positive metallic ground fault.
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FIGURE 15. Simulation waveforms and calculation results of the positive pole-to-ground fault with 50-ohm
transition resistance.

after filtering. For feeder L3, the measuring current near fO is a reverse fault), while the current near the MMC2
the fault point (i34p) has a negative initial half-wave (so (i43p) has a positive initial half-wave (so fO is a forward
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FIGURE 17. Current fault components and the double integral values on both sides of L2 with a positive

metallic ground fault f4.

fault). In summary, the PTG fault current has clear directional
characteristics.

Fig. 14 and Fig. 15 show the simulation waveforms and
calculation results of the positive PTG fault currents with
10 © and 50 2 transition resistance, respectively. The cur-
rent waveforms in the figures are filtered to eliminate the
effect of high-frequency currents generated by the distributed
capacitance of the fault pole. As seen from the figures, the
theoretical calculation results agree well with the simulation
results for the case with transition resistance. In the case of
the PTG fault with transition resistance, the fault current still
has evident directional characteristics.

B. SIMULATION OF DIRECTIONAL PILOT PROTECTION
SCHEME

In order to better verify the applicability of the proposed
directional pilot protection scheme in the multi-terminal
FDCDN, the three-terminal simulation model shown in
Fig. 16 is constructed based on the double-terminal network
shown in Fig. 12. Here, MMC1 adopts the constant DC volt-
age control method, and the remaining MMCs adopt constant
the power control method. Active commands for MMC2 and
MMC3 are 15 MW and —5 MW, respectively. The parameters
of the MMCs, converters, and feeders have been given in
Table 1, and the length of the new feeder L4 is 10km.
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Taking the pilot protection of feeder L2 as an example,
we can test the performance of the pilot protection by sim-
ulating positive or negative PTG faults at different network
positions. The sampling frequency is 10 kHz. In the tests, the
external fault points are set at L1’s end (f1) and L3’s head
(f2), respectively; the internal fault points are set at L2’s head
(f3), midpoint (f4), and end (f5), respectively. For MMC lead
wire protection, taking the MMC?2 lead wire as an example,
we set an external fault point (f6) and an internal fault point
(f7) near MMC2. In addition to metallic faults, the PTG fault
with transition resistance is also considered for testing the
protection.

In the case of the metallic ground fault f4 occurring on
the positive pole, Fig. 17 shows the positive current fault
components (filtered) and their double integral values on
both sides. As seen in Fig. 17, both sides of the current
fault components have positive initial half-waves. The double
integral value of the positive half-wave is higher than that of
the negative half-wave. Hence, both sides of the directional
elements could judge that a forward fault has occurred. The
pilot protection will operate to trip and remove the faulty
feeder L2.

When a metallic PTG fault f4 occurs on the negative
pole, the negative current fault components and the double
integral values on both sides are shown in Fig. 18. The
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FIGURE 18. Current fault components and the double integral values on both sides of L2 with a

negative metallic ground fault f4.

TABLE 2. Judgment results of the protection with positive metallic ground faults.

Directional element D23 Directional element D32 Judgment
Fault location Judgment results Judgment results (;(:Zlégir?;
S8 of directional S8 of directional pilot
element element protection
Feeder L1 | fl 0.420 Reverse 2.084 Forward External
Feeder L3 | f2 1.654 Forward 0.410 Reverse External
3 2.904 Forward 2.132 Forward Internal
Feeder L2 | f4 1.770 Forward 1.903 Forward Internal
5 1.585 Forward 3.155 Forward Internal
TABLE 3. Judgment results of the protection with negative metallic ground faults.
Directional element D23 Directional element D32 Judgment
Fault location Judgment results Judgment results ;;Ztgig;
S /8% of directional SO /8% of directional pilot
element element protection
Feeder L1 | f1 0.421 Reverse 2.072 Forward External
Feeder L3 | f2 1.566 Forward 0.423 Reverse External
3 3.032 Forward 2.072 Forward Internal
Feeder L2 | f4 1.805 Forward 1.880 Forward Internal
5 1.566 Forward 3.164 Forward Internal

fault components on both sides have negative initial half-
waves. The double integral value of the negative half-wave
is higher than that of the positive half-wave. Both sides of the
directional elements could also judge that a forward fault has
occurred, and the pilot protection will operate to trip correctly.
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When the metallic PTG fault occurs at different positions,
the judgment results of the protection are shown in Table 2
and Table 3. The judgment results of the MMC?2 lead wire
protection are shown in Table 4. As seen from the tables, the
directional elements constructed in this paper can correctly
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TABLE 4. Judgment results of the mmc lead wire protection.

Directional element D34 Directional element D43 Directional element D02 Judgment
Fault location J udglrtnen; J udglrtnen; J udglrtneng c;eril(l:ﬁ?) 1(1);1
ositive pole S /g6 results o NG results o NGNS results o >
(positive pole) P P directional P P directional P P directional pilot
element element element protection
Feeder L3 | f6 1.740 Forward 2.487 Forward 0.402 Reverse Fe?gﬁ{tL3
MMC.2 2 1.723 Forward 0.543 Reverse 1.841 Forward MMC2 lead
lead wire wire fault
Directional element D34 Directional element D43 Directional element D02 Judgment
Fault location J udglrtnenft J udglrtnen; J udglrtnenft (Lerzlégso 1(1)::1
4 1 ©) o results o ) 7 o) results o ©) 1 o) results o :
(negative pole) 5/, directional 5718, directional 515, directional pilot
element element element protection
Feeder L3 | f6 1.737 Forward 2.555 Forward 0.391 Reverse Feefgﬁitm
MMC.2 2 1.753 Forward 0.537 Reverse 1.862 Forward MMC2 lead
lead wire wire fault
TABLE 5. Protection for a positive PTG fault with transition resistance.
D23 D32 Judgment
Fault Transition Judgment Judgment results of
location resistance | S'7 /S re sult.s of S /85 r,esulFS of | directional pilot
directional directional protection
element element
0Q 0.420 Reverse 2.084 Forward External
10Q 0.170 Reverse 5.206 Forward External
fl 250 0.029 Reverse 30.479 Forward External
50Q 0 Reverse Inf Forward External
75Q 0 Reverse Inf Forward External
0Q 1.654 Forward 0.410 Reverse External
10Q2 4293 Forward 0.171 Reverse External
2 25Q 42.164 Forward 0.014 Reverse External
50Q Inf Forward 0 Reverse External
75Q Inf Forward 0 Reverse External
0Q 1.770 Forward 1.903 Forward Internal
10Q 4.456 Forward 4.946 Forward Internal
4 250 77.832 Forward 38.346 Forward Internal
50Q Inf Forward Inf Forward Internal
75Q Inf Forward Inf Forward Internal

judge the direction of the fault in 3 ms and have a large mar-
gin. The directional pilot protection can distinguish between
internal and external faults and reliably remove the faulty

feeder.

Tables 5 and 6 give the judgment results of the direc-
tional elements and the protection for faults with transition
resistance. As seen from the tables, with the increase in
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transition resistance, the decay of the current fault com-
ponent accelerates, and the difference between the positive

and negative half-waves becomes more apparent (Sngr) /Slgf)

and SI(,f)/SI(f) increase). The reliability of the directional

criterion and performance of the protection has been fur-
ther improved. When the transition resistance reaches a
considerable value, the short-circuit current will enter the
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TABLE 6. Protection for a negative PTG fault with transition resistance.

D23 D32
Fault Transition J udg]men; J udg]men; Juggmfp ¢ relsu.li[ StOf
: ; - + results o - + results o 1rectional pio
location resistance Sr(‘ '/ S‘g ) directional S‘i g Sr(‘ ) directional protectiolzl
element element

0Q 0.421 Reverse 2.072 Forward External

10Q 0.169 Reverse 5.167 Forward External

f1 250 0.026 Reverse 32.619 Forward External
50Q 0 Reverse Inf Forward External

75Q 0 Reverse Inf Forward External

0Q 1.566 Forward 0.423 Reverse External

10Q2 3.857 Forward 0.182 Reverse External

2 25Q 31.898 Forward 0.015 Reverse External
50Q Inf Forward 0 Reverse External

75Q Inf Forward 0 Reverse External

0Q 1.805 Forward 1.880 Forward Internal

10Q 4.166 Forward 5.030 Forward Internal

f4 25Q 74.775 Forward 37.227 Forward Internal
50Q Inf Forward Inf Forward Internal

75Q Inf Forward Inf Forward Internal

TABLE 7. Judgment results of the protection with positive arc faults.

Directional element D23 Directional element D32
Judgment results of
Fault location +) 1 <) J udgment results *) 1 @) J udgment .results directional pilot
S, 7S, of directional S§7 1S, of directional protection
element element
Feeder L1 | fl 0.384 Reverse 2.209 Forward External
Feeder L3 | f2 1.760 Forward 0.376 Reverse External
Feeder L2 | f4 1.830 Forward 1.956 Forward Internal

over-damped state, and the fault component will be biased to
one side of the time axis (as shown in Fig. 6). The difference
between the positive and negative half-waves becomes more
prominent (S[(,'H /SI(>_) and S,(l_) /S,(1+) tend to infinity), and
the protection can correctly distinguish between internal and
external faults. In summary, the pilot protection scheme based
on comparing positive and negative half-wave integral values
of short-circuit current fault components could perform well
with high transition resistance.

Arc faults sometimes occur in the network. Due to the
susceptibility of arc resistance to various factors such as arc
voltage, fault current, and arc length, it is nonlinear and time-
varying. However, the change in arc resistance mainly affects
the decay rate of the capacitance current. It does not change
the current polarity and directional characteristics. At the
same time, the arc resistance is small in the initial stage of
the fault, while the action time of the protection is short.
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Therefore, the impact of the time-varying arc resistance on
the protection is relatively small. In order to further assess
the impact of arc faults on the protection scheme, we conduct
simulation tests using an arc model [25]. Table 7 shows
the judgment results of the protection scheme with positive
arc faults. From Table 7, it can be seen that when an arc
fault occurs, the directional characteristics of the fault current
will not change, and the protection scheme can still operate
correctly.

C. COMPARATIVE ANALYSIS WITH EXISTING PROTECTION
SCHEMES

In order to further verify the performance of the proposed
protection scheme, we make a comparison with existing
protection schemes. The protection scheme based on the fre-
quency domain characteristics of transient zero-mode current
proposed in [18] has high requirements on the sampling
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TABLE 8. Judgment results of the protection scheme in [16] with positive metallic ground faults.

Fault location
(for the differential
protection of feeder L2)

the amount of transferred
capacitance charges

Judgment results

Feeder L1 fl -0.323 External fault
Feeder L3 2 -0.401 External fault
Feeder L2 4 1.851 Internal fault
Fault location the amount of transferred Judement results
(for MMC2 lead wire) capacitance charges &
MMC?2 lead wire f7 / /
0 0.35
DA [ 025: " ‘ '
02t H Il \
‘ o H"“w‘w‘\‘
g 03f g 01} ‘M'Hl“‘\l‘.‘tb
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FIGURE 19. Simulation results of the feeder L2 differential protection when positive PTG fault occurs at f2.

frequency (not less than 25kHz). It is hard to apply in
engineering. He et al. [19] proposes a protection idea based
on comparing the initial traveling wave polarity. However,
the reference does not give specific protection criteria and
implementation methods. At the same time, the valid time
of the initial traveling wave is short, so the reliability of the
protection needs to be improved. Therefore, we select [16],
the differential current protection, and compare it with the
directional pilot protection proposed in this paper.

Li et al. [16] uses the transient differential current to
calculate the amount of transferred capacitance charges to
distinguish between internal and external faults. Suppose
the current sampling on both sides of the feeder is strictly
synchronized. The simulation results of the protection with
positive metallic faults are shown in Table 8. The simulation
results show that when a PTG fault occurs, the protection
could operate correctly in most cases. However, when the
fault occurs at the MMC lead wire (f7), the differential pro-
tection will fail to remove the fault since only one side current

VOLUME 11, 2023

can be obtained. In contrast, the protection scheme proposed
in this paper can still operate correctly, as shown in Table 4.

Another major problem in the practical application of
the protection scheme is the strict requirement for sampling
synchronization on both sides of the feeder. If there is an
error in sampling synchronization, it may lead to protection
rejection or misoperation. Taking the occurrence of positive
PTG fault at point f2 in Fig. 16 as an example, the sim-
ulation results of the feeder L2 differential protection are
shown in Fig. 19. From the figure, the amount of transferred
capacitance charges is negative in the case of strict sampling
synchronization. The fault can be correctly judged as exter-
nal, and the protection does not operate. When the sampling
synchronization error is 0.2ms, the calculated amount of
transferred charges is positive. The fault will be misclassified
as internal, causing the protection misoperation. In contrast,
the direction element proposed in this paper only needs the
local information to judge the fault direction without sam-
pling synchronization. It is convenient for engineering.
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In summary, compared with the transient current differen-
tial protection scheme, the directional pilot protection scheme
proposed in this paper has superiority regarding grid line
applicability and sampling synchronization requirements.

V. CONCLUSION
According to the characteristics of FDCDN, this paper studies

the PTG fault characteristics and the novel protection scheme.
The main contributions and conclusions are as follows:

(1) According to the structure and characteristics of
FDCDN, an equivalent PTG fault model is established, and
the analytical expression of short-circuit current is derived.
The simulation results of the fault current verify the cor-
rectness of the theoretical analysis method, which lays the
foundation for PTG fault characteristic analysis and protec-
tion scheme research.

(2) The fault analysis results show that the steady-state
short-circuit current is very small and hard to detect due to
the pseudo-bipolar structure. Therefore, for the PTG fault,
it is appropriate to use the transient fault component of
the short-circuit current for fault detection. The transient
fault component is mainly the distributed capacitance cur-
rent, of which the non-fault pole capacitance current has a
low frequency and a long duration. At the same time, the
difference between its positive and negative half-waves is
prominent in the case of forward or reverse faults. Therefore,
the non-fault pole capacitance current has prominent direc-
tional characteristics and can be used to determine the fault
direction.

(3) This paper proposes a novel directional pilot protec-
tion scheme based on the double integration of short-circuit
current fault components. The scheme determines the fault
direction by comparing the double integral values of positive
and negative half-waves. The simulation results show that the
scheme can reliably identify faulty lines and perform well
with high transition resistance. Also, the directional elements
on both sides of the feeder only use local information to
determine the direction of the fault without sampling synchro-
nization. They do not need the current information from the
opposite side. The protections on both sides of the feeders
only need to exchange logical information about the fault
direction judgment results. The communication volume is
low, and the influence of communication time delay and jitter
is small. There is no requirement for special compensation,
and wireless communication can be used at a low cost. There-
fore, the scheme is easy to be applied in engineering.

For PTG fault protection in FDCDN, this paper proposes
a novel directional pilot protection scheme and verifies its
feasibility by simulation. Next, we will carry out further
research in the following aspects:

(1) An outstanding advantage of the protection scheme is
the low requirement for the communication system so that
wireless communication technology can be used. In the next
step, we will combine wireless communication technology
to research relevant communication interfaces, protocols, etc.
For possible problems like incorrect and lost codes, we will
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TABLE 9. Definitions.

FDCDN | Flexible DC distribution network
PTG Pole-to-ground

PTP Pole-to-pole

MMC Modular multilevel converter

propose relevant solutions to meet the application require-
ments of the protection.

(2) We will research the corresponding relay protection
devices based on the proposed protection scheme. To realize
their engineering application, we will conduct comprehensive
experimental tests on the devices in terms of protection per-
formance and device reliability.

APPENDIX
The definitions used in this paper are shown in Table 9.
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