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The power-electronized distribution network is the trend with the emergence of widespread adoptions of con-
verters, sparking innovative opportunities for investigating arc suppression. As a future alternative low-
frequency transformer, the Power Router (PR) also needs grounding, which can realize arc suppression with
well design. Therefore, this paper introduces a novel arc suppression technique for single-phase grounding (SPG)
faults in distribution networks directly connected with a PR. Firstly, the distribution network connected with the
PR is presented, where the PR operates with grounding in the medium-voltage DC side. Then, the principle of
flexible voltage arc suppression through the PR is analyzed, considering the power transfer capability and the
impact on circulating current. The multivariable decoupling control under the dq0 synchronous rotating frame
(SRF) is applied to regulate the zero-sequence voltage, achieving active arc suppression. Furthermore, the article
considers various fault conditions and different system-to-ground damping rates. Finally, the simulation results

validate the flexibility and effectiveness of the proposed arc suppression method.

1. Introduction

The distribution network is characterized by its large scale, diverse
structure, operating in a complex environment, and the fault rate of
feeders remains high consistently, seriously affecting the safety and
stability of its operation [1,2]. Among the faults in the distribution
network, approximately 80 % are single-phase grounding (SPG) faults. If
not promptly eliminated or suppressed, these faults can lead to rapid
fault propagation, resulting in equipment damage, electrical fires,
electric shocks, even widespread and prolonged power outages. Such
incidents threaten life and property safety, exacerbated environmental
degradation, particularly in regions such as forests, grasslands, cities,
industrial and mining areas [3-5]. In recent years, with the rapid
development of new power systems, the characteristics of power elec-
tronics dominated distribution networks have become more prominent,
with more diverse forms. Domestic power systems attach great impor-
tance to the rapid disposal of grounding faults in distribution networks.
This is critical to prevent grounding faults from reducing power supply
reliability [6-9], disrupting continuous electricity consumption, and
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ensuring the quality of power supply, as well as public safety. Therefore,
it is imperative to carry out comprehensive research on arc suppression
technologies in sophisticated distribution networks.

According to the different control objectives, the current arc sup-
pression mechanisms for distribution network grounding faults can be
categorized into current compensation and voltage suppression. The
traditional method of using Arc-Suppression-Coils (ASCs, also known as
grounding fault compensation devices in the United States) for arc
suppression belongs to current compensation. Since the invention of
ASCs by Peterson from Germany in 1916, it has been widely used due to
the low cost and simple technology. However, in actual distribution
networks, the fault points contain not only reactive power frequency
components but also active power components and harmonic compo-
nents; the current compensation effect of ASCs is limited [10]. More-
over, the grounding parameters vary greatly in urban areas, coal mines,
and other power grids. In order to cope with the variations, relevant
researchers have successively proposed automatic tracking and adjust-
ing methods for neutral grounding impedance, such as air gap adjust-
ment inductance [11], turn adjustable [12] and magnetic bias [13]
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ASCs, high short-circuit impedance transformer [14]. However, the
compensation of these methods for active power and harmonic com-
ponents in fault currents is not sufficient.

In order to solve the problems, experts and scholars have further
proposed passive power frequency current compensation and active full-
current compensation. The full compensation of passive fundamental
current is realized by adding additional bias components. In [15], it
proposes a method of neutral point resistance grounding leading phase
inductance, neutral point reactance grounding lagging phase capaci-
tance or leading phase inductance. This method needs to adjust the
neutral point grounding impedance and the impedance of the bias
element at the same time; the operation is slightly complicated. Active
full current compensation utilizes an active inverter to inject full current
from the neutral point to achieve zero residual current of the grounding
fault [16]. Reference [17] proposes a new master-slave ASCs based on
the single-phase active filter technology; reference [18] introduces a
residual current full-compensation device. They both require
high-accuracy online measurements of the zero-sequence currents or
parameters to the ground of the distribution network.

Due to the limited effectiveness of current compensation arc sup-
pression and the need for extensive research, experts and scholars have
studied voltage suppression arc suppression. The essence of grounding
fault arc extinguishing in the distribution network is that the recovery
speed of the insulation medium at the fault point is faster than the fault
voltage [19]. If the phase voltage of the fault point is consistently sup-
pressed to below the arc reignition voltage, then effective arc suppres-
sion of the SPG fault can be achieved [20,21]. Related experts regulate
the neutral point voltage through the power electronic voltage source to
suppress the fault phase voltage to zero [22], without requiring
real-time measurements of zero-sequence currents and ground param-
eters of the distribution network. A special arc suppression device is
proposed in [23], the new neutral point is constructed by full bridge
modules, the influences of the line impedance on arc suppression is
considered, and the residual voltage compensation is added based on the
traditional neutral injected voltage arc suppression. The fault phase
transfer technology, which is easy to operate, is introduced in Reference
[24]. If the phase selection fails due to unpredictable factors, the SPG
fault will become a two-phase grounding fault. The arc suppression of
grading voltage regulation intervention through a grounding trans-
former requires the development of a special transformer, which can
flexibly regulate the fault phase voltage by grading and shorting tapping
contacts of the special grounding transformer [25].

In line with the development of new energy dominated advanced
power systems [26], utilizing existing power electronic equipment in
modern distribution networks to handle faults provides new possibilities
for arc suppression of SPG faults. Many engineering projects have
already been put into operation, such as Xiaoertai hybrid AC/DC dis-
tribution systems which uses high-voltage MMC technologies [27].
Reference [28] proposes the utilization of the power router for
self-healing of distribution network faults to enhance resilience. Guo
et al. [29] proposes a flexible arc suppression method for grounding
faults in the distribution network based on three-phase cascaded
H-bridge (CHB) grounding, which does not require fault phase selection.
In [30], it utilizes three independent arc suppression converters con-
nected directly to three-phase lines of the distribution network, with
alternating arc suppression between two non-fault phases. This method
requires dedicated compensation converters and measurements of pa-
rameters to ground. Reference [31] analyzes the voltage characteristics
and zero-sequence current transmission path when the SPG fault occurs
in an active AC/DC hybrid distribution network. By preventing the flow
of zero-sequence current between converters in the distribution
network, the impact on differential protection based on zero-sequence
fault current is reduced, but grounding fault arc suppression is not
involved.

This article proposes a flexible voltage arc suppression method based
on high-voltage stage zero-sequence regulation of the MMC-type power
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router (MMC-PR) for the modern distribution network with the power
router (PR) directly connected. The main contributions of this paper can
be summarized as follows:

1) A novel flexible voltage arc suppression method based on the power
router is proposed. Since the zero-sequence control of the trans-
former MMC is limited, the transformerless MMC has been selected
as the high voltage stage of PR.

2) Afeasible zero-sequence component control strategy is proposed that
does not affect the DC bus voltage and reactive power compensation
of the PR. And the normal voltage output of the PR ports won’t be
affected.

3) The derivation of the principle of flexible voltage arc suppression is
given through the zero-sequence analysis. Including the analysis of
grounding the interpole DC for the zero-sequence injection.

4) An improved V4.Q control adopted by the power router have been
proposed. And the implementation of the control and the simulations
of SPG arc suppression considering damping impacts based on the
high-voltage stage is given in this paper.

The derivation of the principle of flexible voltage arc suppression is
given through the zero-sequence analysis of the distribution network
with three-stage transformation PR directly connected to the feeder.
Using multivariable decoupling control in the dg0 synchronous rotating
frame (dq0 SRF), the zero-axis vector is tracked without a static differ-
ence, and the system zero-sequence voltage is adjusted in real-time.
Then, the arc suppression of the SPG fault is achieved by the active
voltage reduction, and the fault property can be determined. And in
order to ensure the applicability of the proposed method, this paper
considers various operating conditions, and conducts modeling and
simulation analysis, which verifies that the proposed method can realize
arc suppression effectively and reliably.

2. Distribution network topology with PR

It is one of the main forms of new distribution networks that power
electronic devices such as PR, which are connected to distribution net-
works. As shown in Fig. 1, three feeders are in the typical distribution

network with PR, and Ea, Eg and E¢ are phase voltages of the three-
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phase power supply. Ua, Ug and U are the voltages of the three-phase.
Iavi, Inyi and Icy; are the ground currents of the three-phase lines on the
feederi(i=1, 2, 3). Raj, Rgj and Rc; are the earth resistances of the three-
phase lines on the feeder i (i = 1, 2, 3). Caj, Cpj and Cg; are the earth
capacitances of the three-phase lines on the i feeder (i = 1, 2, 3). F1, F2,
and F3 are three representative grounding fault points located in
different lines. Ry is the fault transition resistance of the fault, Uy is the
neutral point offset voltage during the SPG fault in the distribution
network, and Ir is the fault current. In the topology diagram shown in
Fig. 1, there is no connection transformer at the high-voltage side outlet
of the PR, which is directly connected to the end of feeder 1; K1 is the
control switch for grounding the DC side of the PR.

2.1. Requirements of fault disposal

The safe and stable operation of the distribution network is an
important guarantee for sustainable and reliable power supply. As one of
the equipment supporting new type distribution networks, the PR
should not only have the ability to switch between different operating
modes and operate safely, but also have the functions of internal and
external fault perception, suppression, isolation and self-protection
when accessing distribution network, and manage the power quality,
compensate the grid voltage and realize the fault self-healing of the
network when needed. At present, the effective suppression or arc
suppression of the SPG fault in the 10 kV distribution network is mainly
realized by regulating the zero-sequence component. Therefore, the PR
contained in the distribution network shown in Fig. 1 is grounded to
ensure the zero-sequence current circuit when the fault occurs.

2.2. Topology of PR

The choice of the PR grounding mode is closely related to the to-
pology of its main circuit. At present, the main circuit topology of the PR
mostly adopts two mainstream schemes: MMC and CHB. The CHB to-
pology lacks the interface of medium and high-voltage DC, and it is
difficult to adapt to the development trend of the AC/DC distribution
network. The MMC-PR with high and low-voltage AC/DC ports is more
in line with the development of AC/DC power grid in the future, and the
modular structure has good flexibility and scalability, which is suitable
for high-power applications of medium and high-voltage AC/DC
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distribution network [32]. It can be used as both a grid-following and a
grid-constructing device.

The main circuit topology of the PR is developed from the topology
of the solid-state transformer. Considering the power modules losses, the
number of modules, the control characteristics and the functional
characteristics, it can be concluded that the PR of the three-stage
transformation structure has the maximum control flexibility and
function scalability [33]. In this paper, the three-stage structure is
adopted. As shown in Fig. 2, the three-stage structure has high-voltage
AC (HVAC) port, high-voltage DC (HVDC) port, low-voltage DC
(LVDC) port, and low-voltage AC (LVAC) port. In order to make the PR
easier to achieve redundant control, the high-voltage stage adopts a
three-phase MMC topology. And each phase is composed of upper and
lower bridge arms (SMy, ..., SMy) and two bridge arm inductors (Lyc) in
Fig. 2. Each bridge arm is connected in series with N sub modules, and
the number of sub modules is designed according to the voltage level on
the high-voltage side [34].

When the high-voltage AC port (HVAC) of MMC-PR is directly con-
nected to the distribution network, in order to make the PR and the
distribution network form a zero-sequence circuit during a grounding
fault so that it can give full play to the regulatory role in the zero-
sequence circuit, a neutral point is set on the MMC-type high-voltage
DCside. In Fig. 2, the inter-electrode capacitance grounding is set on the
high-voltage DC side of the input stage, and K2 and K3 represent the
control switches for the DC-side capacitance grounding, respectively. Of
course, the IGBT module can also be connected in series to control the
grounding charge and discharge current and voltage properly so as to
avoid the impact on the DC side operation when grounding and ensure
that the small current grounding property of the distribution network
that may be changed does not change by controlling the zero-sequence
component of the system. When the SPG fault occurs in the 10 kV small
current grounding AC distribution network connected to PR, if PR sets
the DC-side grounding, the zero-sequence component of the distribution
network system can be flexibly regulated by PR to realize the active and
effective arc suppression of the SPG fault and does not affect the oper-
ation of the system, which can ensure the continuous power supply
when the SPG fault occurs.
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Fig. 2. Topology of MMC-PR with three-stage structure.



L. Jiang et al.

3. Principle of proposed arc suppression

This Section provides an equivalent simplification of the distribution
network with PR directly connected, combines with the analysis of the
system zero-sequence circuit after a fault, explains the conditions for
suppressing SPG faults to arc extinction, and the principle of flexible
voltage arc suppression through the directly connected PR.

3.1. Analysis of zero-sequence

When the single-phase grounding fault occurs on phase C in feeder 1
in the distribution network shown in Fig. 1, according to Thevenin’s
theorem and Norton’s theorem, the circuit of the PR high-voltage stage
together with the grounding part of the high-voltage DC side can be
simplified. In the research of this paper, because the line impedance of
the distribution network is small, the influence on the analysis of the
proposed method is small, which can be ignored in the analysis process.
As shown in Fig. 3(a), the current feeding into the distribution network
is selected as the reference direction, and the PR high-voltage MMC is
equivalent to the grounding equivalent controlled current source. The
corresponding bridge arms are simplified as internal impedance Zya,
Znp and Zyyc, respectively. The zero-sequence current output to the 10
kV distribution network is the grounding equivalent controlled current
source of Iy, Ivig, and Iy, respectively. The sum of the internal
impedance is Zy;, and the sum of the injected zero-sequence current is
Iyo. If the system parameters are set symmetrically, the amplitude of
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Fig. 3. Equivalent circuit of distribution network in phase C grounding fault.
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each output zero-sequence current is equal.
According to Fig. 3(a), the KCL equation for node D can be obtained
as follows:

—(YaUn+YeUp +YcUc) = Iua + Ivs + Inc + It (€D)]
that is,
7IM0 = (YAEA+YBEB+YcEc)+(YA+YB+Y(7)UQ+If (2)

In (1), Ya, Yg and Y¢ are the admittance to earth of the distribution
network respectively, and Yp = 1/Za, Yg = 1/Zp, Yc = 1/Z¢. Uy is the
system zero-sequence voltage, and I is the current flowing through the
grounding fault branch.

Suppose Y = Yp = Y, then YAEA + YgEg + YcEc = 0. Substitute into
Eq. (2), we can get:

—IM() = (YA+YB+Yc)U0 JFIt (3)

From the above derivation, Fig. 3(a) can be further simplified. From
the AC outlet of the PR high-voltage stage, the zero-sequence equivalent
circuit of the SPG fault can be equivalent to that shown in Fig. 3(b),
where Yy is the total admittance of line to ground, Ys = Yao + Yp + Yc. —
E( is the virtual power supply voltage at the fault point when the C-
phase fault occurs; Iy, is the fault phase current to ground. From Fig. 3
(a) and (b), it can be seen that:

—Iya = YaUp = YsUy/3 @

At this time, the PR high-voltage stage is equivalent to a controlled
current source and forms a zero-sequence circuit of the fault distribution
network with admittance to the earth, fault branch, distribution lines,
etc. The sum of the current Iy injected by PR to the network is
controllable. Considering Eq. (3), regulating Iyo can not only avoid the
sudden increase of fault current when the SPG fault occurs in the dis-
tribution network but also achieve effective arc suppression.

3.2. Zero-sequence voltage regulation

The theoretical arc extinguishing condition of the voltage arc sup-
pression method in this paper is that when the fault point voltage Uc =
Ec+ Uy =0, that is Uy = —Eg, the grounding arc is extinguished, and the
fault point current is reduced to 0, that is Ir = 0, then:

—Ivo = (Ya+Ys+Yc)U %)
Substituting (4) into (5), it can be seen that:

—YsUp = 3lya = Iwo (6)
That is to say, when U = E¢ + Uy = 0, i.e., Uy = —Eg, there is:

Ivo = —YsEc )

Therefore, although when Eq. (7) is satisfied, the fault point voltage
U can also be reduced to 0, it is difficult to accurately measure the
parameters to earth of the distribution network; this situation would be
more serious when the fault occurs. Since the power source electro-
motive force of the distribution network is constant, this article proposes
to regulate the system zero-sequence component through the MMC-PR
so that the zero-sequence voltage of the distribution network is equal
in amplitude and opposite in phase to the power source electromotive
force. The fault point voltage of the distribution network line is sup-
pressed below the arcing voltage so as to keep the electric field intensity
of the weakest point of the fault point lower than the insulation break-
down strength. Thereby achieving the purpose of the arc suppression
and effectively preventing the arc reignition, eliminating the fault cur-
rent, and without requiring measurement of ground parameters.

3.3. Consideration of power transfer capability

Generally, the zero-sequence current is several tens of amperes, and
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it is related to the distribution network topology and parameters.
Therefore, during fault arc suppression, the zero-sequence current flows
through the MMC-PR, thus occupying a portion of the power trans-
mission capacity. Assuming the zero-sequence current is 30 A, and the
MMC-PR is transmitting 2 MW of active power P, the current in the
bridge arm considering the transmission of active power current at this
time can be expressed as Igc + Ipac, and I is the DG circulating current,
Ipac is the RMS of arm AC current, there is

1P

Jo == —
© T3V

(8)
And Vq. is the interpolar voltage, U is the effective value of AC

voltage, I, is the AC current, so

P

P =\3UlL—>le = —— 9
- N (C)]

1
]pac = 5 \/Elac (10)

Then the proportion 7 of the zero sequence current occupying the
bridge arm current can be obtained,

Iy

0 - an
]dc +]pac 1

Calculating by substituting the assuming numerical values into Egs.
(8)-(11), the result 5 indicate that during the fault arc suppression,
approximately at most 30 % of the transmission capacity is occupied.
Therefore, when designing the MMC-PR, it is necessary to consider an
adequate capacity margin. In this paper, the capacity margin of the
power router has been fully considered while designing.

4. Implementation and control

This section explains the multivariable decoupling control in dg0 SRF
is used to track the zero-axis vector without static error, the flexible
voltage arc suppression control is realized, and the power allocation
control of PR is not affected during arc suppression. After about 150 ms
of dissociation, the fault phase voltage would be linearly reduced to
determine whether the grounding fault has been eliminated.

4.1. Control of voltage reduction

The precise control of zero-sequence voltage is the guarantee of safe
and fast arc suppression. In order to realize the non-static error control
of the sinusoidal AC signal, this paper converts the three-phase AC into
DC and uses the PID controller to track the sinusoidal signal. Since the
SPG fault has little effect on the transmission of PR active power, the
converter can increase the zero-sequence component control strategy on
the basis of maintaining the original control mode and completing the
voltage arc suppression control of the SPG fault.

1 1 1
2 2
u u
a 2 A
ug | = 3 0 @ —é ug 12)
Uy 2 2 uc
1 1 1
V2 V2 V2

In order to facilitate the regulation of zero-sequence components and
meet the transformation requirements of zero-sequence components, it
is necessary to further perform the dq transformation based on the
traditional af transformation. At the same time, a zero axis orthogonal
to the af plane is extracted in the af stationary coordinate system. This
is achieved by adding a constant row to the Clarke transformation ma-
trix, as shown in Eq. (12). Then, a row of all 1 needs to be added to the
Park transformation matrix to achieve the transformation of the zero-
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sequence component in the three-phase coordinate system to the dq0
SRF containing a zero axis through (12) and (13), which can meet the
demand of regulating the zero-sequence component in dq0.

1 1 1
2 2
Uy cos(f) sin(d) 0 ua
ug | = | —sin(6) cos(d) 0 X% 0 é 7£ ug 13
Uy 1 1 1 2 2 uc
1 1 1
V2 V2 V2

It is easy to obtain that the third row of the transformation matrix is
linearly independent of other rows, indicating that the regulation of the
zero-sequence component does not affect the positive and negative
components. Then, the instantaneous values of three-phase AC voltage
at the port of PR connected 10 kV distribution network can be repre-
sented by ua, up and uc, and the instantaneous values of three-phase AC
current can be represented by ia, ig and ic. As shown in (12), after the
instantaneous values of the three-phase voltages are transformed by the
constant amplitude Clarke transformation, further perform the Park
transformation as shown in (13), obtaining the values uq, uq, and ug in
the dqO SRF at the PR port. Among them, uj represents the zero-axis
voltage, which is the zero-sequence component.

The control target command value u*y = —ec, among them &c is the
instantaneous value of the power source electromotive force E¢ of the C-
phase power supply of the distribution network, then there is:

= —€c 14

Constant DC voltage and reactive power (V4.Q) control is a common
control mode for converter devices. In order to effectively track the zero-
sequence component of the system with neutral point grounding be-
tween DC poles, to achieve accurate zero-sequence component tracking
without static error, and not to affect the control of positive and negative
sequence components, an improved V4.Q control structure is given in
this paper, as shown in Fig. 4. It can also be clearly seen from Fig. 4 that
in the improved control method adopted by the PR high-voltage stage
proposed, the control of V4. and Q has been decoupled from the control
of uy.

upes is the zero-axis voltage obtained after steady-state tracking
without static error. After modulation by the PR high-voltage stage, the
compensation voltage can be output to regulate the zero-sequence
voltage of the system and make it meet uy = —éc, so as to realize the
voltage reduction of the SPG fault in the distribution network. It can be
seen from Fig. 4 that the arc suppression control based on the PR high-
voltage zero axis does not require additional communication support. As
can be seen from Fig. 4, the arc suppression control based on the zero
axis of the PR high-voltage stage proposed in this article does not require
additional communication support because the power supply radius of
the distribution network is not large, the line impedance is small, and
the instantaneous value of the generator terminal voltage ec can be
obtained from the PR port voltage. The zero-axis reference value igy is
obtained by the PID controller to upys + ¢ = 0, and the 0-axis voltage
reference value up is generated by the outer-loop controller. After the
inverse transformation from the dqO to the abc coordinate system, the
fault phase voltage is suppressed below the arc reignition voltage,
thereby realizing the flexible voltage arc suppression of the SPG fault in
the distribution network.

4.2. Implementation aspects

The implementation process of flexible voltage arc suppression of the
distribution network with MMC-PR directly connected is shown in
Fig. 5.

Through real-time measurement of the zero-sequence component
and its variation in the distribution system, PR can determine whether
the SPG fault occurs in the distribution network. Based on the grounding
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Fig. 4. Control diagram of arc suppression for flexible voltage reduction based on the improved V4.Q controller with zero-sequence control.
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Fig. 5. Process of flexible voltage arc suppression for distribution network
based on PR high-voltage stage with the improved V4.Q controller.

mode or compensation degree, the voltage variation value of each phase
can be analyzed to determine the grounding fault phase. Based on the
selection result, the command value u* of the zero-sequence voltage of
the PR output is determined through the fault phase voltage and zero-
sequence voltage, and the arc suppression control based on the dq0
SRF is implemented to regulate the system zero-sequence voltage and
suppress the fault phase voltage to below the arcing voltage, achieving
SPG fault voltage reduction and arc suppression. Refer to the automatic
reclosing and consider the withstand capacity of the converter, after

about 150 ms of dissociation, PR gradually linearly raises the fault phase
voltage by linearly changing the zero-sequence voltage instruction value
and detects whether the zero-sequence current of the system linearly
changes with the control instruction value. In this way, the nature of the
SPG fault is determined. If the system’s zero-sequence current changes
linearly with the command value, it is judged as a transient SPG fault,
and PR withdraws from the flexible arc suppression control. If it changes
nonlinearly, it is judged as a permanent SPG fault, and the grounding
fault arc may reignite, which can further determine the fault feeder and
isolate the fault.

4.3. Impact on circulating current

When the SPG fault occurs, the phase voltage of the faulty phase will
decrease. During the arc suppression, the fault phase voltage will be
further regulated to zero, and the non-fault phase will further rise to the
line voltage. At this time, the DC circulating current component can be
used for MM-PR phases balance control, so the circulating current of the
MMC will be affected during the fault and the arc suppression. However,
arc suppression control is generally invested for a short period of time.
Although it will affect the distribution of circulation to a certain extent,
the maximum amplitude of circulation will not exceed the designed
current withstand limit. Moreover, as shown in Fig. 5, if the AC line has a
permanent fault or the arc suppression fails, the power grid automation
and relay protection system will be activated, and the fault will be iso-
lated, resulting in a power outage on the fault line, so the corresponding
PR port will be blocked. There will be no circulation issues. Therefore,
the impact of arc suppression on the circulating current will not affect
the operation of the PR or damage components.

For a neutral ungrounded system 10 kV AC distribution network,
during the SPG fault, MMC-PR injects zero-sequence current into the
grid, causing the system zero-sequence voltage to be opposite to the fault
phase power supply electromotive force. Taking the SPG of phase A as an
example, the unbalanced voltage of the 10 kV AC system at the time can
be expressed as:

0
. 2
Usa ta Tt sin (a)t - —”) — sin(wt)
uyp | = | uj, +uo | = U, 3 15)
Use u + ug

. 2 .
sin( wt + 5) - sin(wt)

Where, ug,, ugp, Usc is the three-phase voltages of the AC port, equal to
ua, up, uc and the other variables are the same, ug,, ugh, ug. is the positive
sequence voltage, and Uy is the peak value of the phase voltage.

For grid-side currents, negative sequence current suppression control
is generally adopted. As a result, the AC port of the MMC-PR primarily
contains positive sequence current ig, is, is. and zero sequence current
ip, which can be expressed as:
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sin(wt + 67)
oL
Isa Iy, T o . . 2 sin(wt + 6p)
i | = | iy +io| =1 " (“” O3 ) | 1o | sin(ar + 0o)
ige i+ o sin(wr + 6p)
sin (wt +6F + ?)

(16)

At this time, Pg,, Py, and Py is the three-phase active powers. The
MMC-PR three-phase grid-connected active power Pg; can be expressed
as:

0 sin(wt + 6;)
PY{I

V3. ( St 2w
——sin| wt — — i +_ =t
P, | = %U.J.; 5 3 sin (a)t +6; 3 )
V3
2

P, . 5 . 2
; sin <a)t + l) sin <wt +0 + —”)
6 3
17)
0
V3 5z sin(wr + 6p)
1 ——sin (a}t — —) )
+§U:ID 2 6 sin(wt + 6p)
\/75 sin (wl + %) sin(wz + 6o)

Ignoring the system loss, according to the conservation of DC power
in each phase of MMC-PR, the DC circulating current of the bridge arm
can be defined as Iqj (j represents a, b, c), which should satisfy

Py

Ua (18)

Idcj =

Based on the analysis above, it can be seen that the zero-sequence
voltage component causes part of the active power to be unevenly
distributed among the three phases of MMC-PR, thereby causing dif-
ferences in the DC circulating current of the bridge arms. Although the
arc suppression affects the circulation distribution, it does not impact
the operation of the equipment or damage the components.

5. Results
5.1. Parameters

The typical distribution network model with PR shown in Figs. 1 and
2 is built in the software simulation environment, and a variety of SPG
fault conditions are simulated to verify the effectiveness and reliability
of the proposed flexible voltage arc suppression method. The built model
includes three feeders and one MMC-PR with a midpoint grounded be-
tween the poles of the high-voltage DC side; the simulation model pa-
rameters are shown in Table 1. Among them, the ground damping rate of
the distribution network changes with the change of the operation state
and structure of the distribution network.

The system-to-ground damping ratio d of the distribution network,
which is the ratio of the active current component in the residual current
to the capacitive current, is equal to the ratio of the ground leakage
current to the capacitive current in the neutral point ungrounded sys-
tem. If the network structure changes, such as a feeder outage mainte-
nance, the network-to-ground damping rate will also change, and the
flexible voltage arc suppression of the distribution network grounding
fault also needs to consider the change in the damping rate. The flexible
arc suppression method based on the improved V4.Q control proposed in
this article has good adaptability to the changes in the damping rate.

5.2. Results and analysis

In the case of a neutral point ungrounded distribution network, using
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Table 1
Simulation model parameters of typical distribution network with PR.
Parameters Values
System rated voltage Uy 10 kv
Number of feeders: n 3
Ground conductance of three-phase lines Gy 3.0x10°%s
Ground capacitance of 31.5 pF

three-phase lines Cs

Ground damping rate d 3 %, 3.5 %, 4.5 %

Capacity of PR 2.5 MVA
Inductance of bridge arm L, 50 mH
Grounding capacitance 1000 pF

on DC side C;
Fault resistance Ry (Q)
Fault location
Outer loop of Vg
Current loop of Vg
Outer loop of Q
Current loop of Q
Outer loop of Uy
Current loop of Uy

10, 100, 1000, 2000, 5000
F1, F2, F3

K, = 60, K; = 2

K, =0.145,K = 6
K,=0.167,K =1

K, =0.145,K = 6

K, = 0.8, K; = 3, K4 = 0.02
K, = 0.15,K; = 1.2, Kq = 0.01

the built simulation model, considering the change of the damping rate,
the C-phase SPG fault with different fault resistances is set at each fault
point, and the proposed method will be verified through simulation.

When the damping rate is 4.5 %, while only the feeder connected
with PR is operating in the built simulation model of the distribution
network, if a C-phase SPG fault occurs at F1 from 0.5 s, then the PR is
adaptively put into flexible arc suppression control from 0.6 s. The
simulation results are shown in Figs. 6-8.

From Fig. 6(a) and Table 2, it can be seen that when a 10 Q low-
resistance SPG fault occurs at 0.5 s, the fault phase voltage Uc sud-
denly changes and rapidly drops to approximately 190 V. And this is the
characteristic of SPG fault, the sound phase voltage increases and the
fault phase voltage decreases. After the PR is put into the arc suppression
control to adjust the fault phase voltage from 0.6 s, the fault phase
voltage is reduced to close to 0 V. This is because after the arc sup-
pression control shown in Fig. 4 is put into operation, a zero-sequence
voltage quantity is injected into the distribution network, causing the
total zero-sequence voltage component in the distribution network to be

Time/s
(a) Voltage waveforms of three phases

L - L - I —

Time/s

(b) Current waveforms of three phases

I/A

=W s U O N

o=

045 0.5 0.6 0.7
Time /s

(c) RMS value of fault current

Fig. 6. Waveforms of voltage and current when a fault of 10 Q occurs at F1
with a damping rate of 4.5 %.
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Fig. 7. Waveforms of voltage and current when a fault of 100 Q occurs at F1
with a damping rate of 4.5 %.

Time /s

(a) Voltage waveforms of three phases
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Time /s

(b) Current waveforms of three phases

N
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Lo

0.45 0.5 . 0.6 0.7
Time /s

(c) RMS value of fault current

Fig. 8. Waveforms of voltage and current when a fault of 2000 Q occurs at F1
with a damping rate of 4.5 %.

opposite to the electromotive force of the fault phase power source, that
is, to make the fault phase voltage close to 0. From Fig. 6(b), after the
fault, the fault phase current gradually recovers after a brief fluctuation,
and after the arc suppression control is put into operation, the symmetry
of the current can also gradually recover. Since the phase currents are
greatly influenced by many other factors such as load types, and they
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Table 2
Voltage and circuit RMS values at different fault resistances before and after the
F1 fault with a damping rate of 4.5 %.

Damping ratio &  Fault Fault voltage / kV Residual current / A
fault point ist: Q
auitpon resistance / Before After Before After
input input input input
4.5 % 10 0.19 0.01 19.02 0.90
F1 100 1.79 0.01 17.92 0.15
1000 5.47 0.01 5.49 0.01
2000 5.68 0.01 2.86 0.00
5000 5.76 0.01 0.84 0.00

have no direct relationship with the arc suppression, this article will not
provide further analysis, and will only serve as graphical presentations,
as auxiliary explanations to illustrate the system can be still operating
normally. From Fig. 6(c) the fault current is also effectively suppressed,
and the RMS value of the residual current at the fault point F1 is
continuously suppressed to below 1A, then the arc will be extinguished.
Also, it can be seen that, there is a short sudden increase of the residual
current, this is influenced by the controller’s response process. The
reason for Fig. 9(c) is the same.

Fig. 6 shows that in the neutral point ungrounded distribution
network, PR can independently achieve arc suppression, even without
other arc suppression devices.

As shown in Figs. 7 and 8, when the fault resistance for grounding
faults is 100 Q and 2000 Q, respectively, the natural reduced level of
fault phase voltage is obviously less than the degree of low resistance 10
Q as shown in Fig. 6, which is consistent with the fault characteristics.
And the PR arc suppression control quickly suppresses the fault phase
voltage U to below the arc reignition voltage from about 0.6 s because
of the injection control of zero sequence quantity, then the residual
current at the fault point is reduced to less than 1 A, resulting in the
effective extinguishing of the SPG fault arc.

Table 2 and Figs. 6-8 indicate the proposed arc suppression method
is effective for SPG faults with different transition resistances.

A comparison between Figs. 6-8, together with the Table 2, they
reveal that when the fault resistance of the SPG fault is 1000 Q or even

=210

0.45 0.5 0.6 0.7
Time /s

(b) Current waveforms of three phases

0.45 0.5 0.6 0.7
Time /s

(c) RMS value of fault current

Fig. 9. Waveforms of voltage and current when a fault of 10 Q occurs at F1
with a damping rate of 3 %.
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5000 Q, although the voltage drop of the fault phase itself is relatively
small after the fault, the PR arc suppression control can still suppress the
fault phase voltage U¢ to below the arc reignition voltage with good
results. Additionally, although the current at the fault point is relatively
small because of the larger fault resistance such as 2000 €, the proposed
arc suppression method can still reduce the residual current at the fault
point to below 20 mA. This indicates that, when the fault ground current
is small, the proposed controller in Fig. 4 still has good tracking per-
formance, and the PR directly connected voltage arc suppression also
has good performance for grounding faults with various fault
resistances.

If the damping rate of the distribution network is still 4.5 % when the
SPG fault occurs at the bus, a C-phase SPG fault occurs at F2 from 0.5 s,
and then PR is put into flexible arc suppression control from 0.6 s. The
simulation results are shown in Table 3.

As can be seen from Table 3, after the fault, before the arc suppres-
sion control is put into operation, the fault phase voltage U¢ at F2 is
basically the same as that at F1 under the same damping rate, and the
fault current only has a slight difference between 2000 © and 5000 Q.
This is because, in this paper, the line impedance is ignored as the
analysis of Section 3.1, and only the influence on the ground impedance
distribution is considered. After arc suppression control is enabled, the
fault phase voltage is suppressed to below the arc reignition voltage
under this condition, and the fault residual current is close to zero. The
results show that when the fault point is F2 at the bus, the fault voltage
and current are basically the same as those at F1. The proposed arc
suppression method based on PR control can also effectively suppress
the single-phase grounding fault at the bus. It indicates that when the
fault point is F2 on the bus, the fault voltage and current are basically the
same as point F1. The proposed arc suppression method based on PR
control can also effectively suppress the arc in the event of the SPG fault
at the bus, that means the method in this paper is adaptable.

When the damping rate is 3 %, that means all three feeders in the
built distribution network simulation model are in operation; If a C-
phase SPG fault occurs at F1 from 0.5 s, the PR will automatically input
flexible arc suppression control at 0.6 s, the sound phase voltage will
increase and the fault phase voltage will finally decrease to near
0 because of the corresponding fault characteristics and zero-sequence
injection. It is the same as the other fault conditions. Simulation re-
sults are shown in Figs. 9 and 10.

By comparing Fig. 9(c) with Fig. 6(c), it can be seen that the fault
residual current increases to 3 times as much as it before, which is
caused by the increase of the system capacitance to ground. However,
the PR can still effectively compensate the residual current and achieve
arc suppression. This is due to, the arc suppression capacity of the
traditional dedicated arc suppression device is generally small, and the
compensation range is limited. And as a power transmission device that
supplies power to loads, the PR can provide a larger capacity for arc
suppression and has a larger redundant arc suppression capacity.

As shown in Fig. 10(a) and (c), when the damping rate is 3 %, the
proposed PR arc suppression control can also suppress the fault phase
voltage Ug to nearly 0 V, and the residual current at the fault point is
almost zero, indicating good arc suppression performance.

Table 3
Voltage and circuit RMS values at different fault resistances before and after F2
fault with a damping rate of 4.5 %.
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Fig. 10. Waveforms of voltage and current when a fault of 100 Q occurs at F1
with a damping rate of 3 %.

Compared with Figs. 7 and 9, combined with Tables 2 and 4, after
analysis, when the damping rate is 3 % and 4.5 %, the fault phase
voltage can be reduced to nearly 0 V for fault resistances of 10 Q, 100 €,
1000 Q, 2000 Q, and 5000 Q, and the residual current at the fault point
can be suppressed to nearly zero, which can effectively suppress the arc.
It indicates that the arc suppression method proposed in this paper will
not lose its adaptability to the size of the transition resistance, even if the
damping rate changes; and also it will not lose the adaptability to the
damping rate, even if the transition resistance changes.

Benefit from the fast tracking response capability of the proposed
control method, although the conductance and capacitance of the dis-
tribution network to the ground are small, and the damping rate of the
system to ground is also slight, the PR arc suppression method can adapt
to different damping rates of the distribution network, fast respond to
regulate and reduce the fault phase voltage with excellent dynamic
performance, demonstrating good arc suppression effectiveness for
distribution network with different damping rates.

When the damping rate remains at 3 %, change the location of the
fault; if the fault occurs at a different feeder other than the one to which
the PR is connected, for example, a C-phase SPG fault occurs at F3 from
0.5 s, PR will automatically input flexible arc suppression control at 0.6
s. The simulation results are shown in Fig. 11. From comparing Figs. 10
and 11, as well as Tables 4 and 5, it can be seen that under the same
damping rate, the fault phase voltage U can be suppressed to below the
arcing reignition voltage, and the residual current at the fault point is
close to zero, no matter whether the fault occurs on the feeder which PR
is connected to or on the other feeders. It indicates that the proposed PR

Table 4
Voltage and circuit RMS values at different fault resistances before and after the
F1 fault with a damping rate of 3 %.

Damping ratio &  Fault Residual current / A

fault point resistance / Q

Fault voltage / kV

Damping ratio &  Fault Residual current / A

fault point resistance / Q

Fault voltage / kV

Before After Before After Before After Before After

input input input input input input input input

4.5 % 10 0.19 0.01 19.02 1.00 3% 10 0.57 0.01 56.72 1.35
F2 100 1.79 0.01 17.90 0.14 F1 100 4.00 0.01 40.01 0.12
1000 5.47 0.01 5.49 0.01 1000 5.72 0.01 5.74 0.01

2000 5.68 0.01 2.87 0.00 2000 5.75 0.01 2.89 0.00

5000 5.75 0.01 1.17 0.00 5000 5.77 0.01 1.17 0.00
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Fig. 11. Waveforms of voltage and current when a fault of 100 Q occurs at F3
with a damping rate of 3 %.

Table 5
Voltage and circuit RMS values at different fault resistances before and after F3
fault with a damping rate of 3 %.

Damping ratio &  Fault Residual current / A

fault point resistance / Q

Fault voltage / kV

Before After Before After
input input input input

3% 10 0.57 0.01 56.70 1.29
F3 100 4.00 0.01 40.00 0.11
1000 5.72 0.01 5.72 0.01

2000 5.75 0.01 2.89 0.00

5000 5.77 0.01 1.17 0.00

high-voltage stage flexible voltage arc suppression method is effective
for SPG faults that occur on different feeders.

Combined with Fig. 7(a) and (c), Fig. 11(a) and (c), it illustrates that
the proposed arc suppression method has good adaptability to the faults
under different damping rates.

The simulation verification mentioned above demonstrates that SPG
faults with different fault resistances are simulated in different feeders
under different damping rates, and the RMS values of the fault phase
voltage and the fault point current before and after the voltage arc
suppression based on the PR directly connected are summarized in
Tables 2-5. It can be seen that after the proposed arc suppression
method is put into operation, the arc suppression method proposed in
this article can effectively extinguish the arc for the different fault
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transition resistances and the variations in damping rate, the fault phase
voltage can be effectively reduced to below the arc reignition voltage,
and the residual current at the fault point can be suppressed to close to
0 A. This is due to the innovation of the arc suppression principle and the
proposed three-phase directly connected zero-sequence voltage injec-
tion method, the power capacity advantage of the integrated design of
power supply capacity and arc suppression capacity, and the improve-
ment of the proposed control method and controller. It indicates that the
proposed method in this article has strong adaptability and good arc
suppression effectiveness.

The line voltages of the 10 kV distribution network with PR directly
connected are shown in Fig. 12; they include the waveforms before and
after the method of flexible voltage arc suppression based on the
improved Vg4.Q control is put into operation. It can be seen that under
various operating conditions, the line voltages between the three phases
remain symmetrical, and the line voltage waveforms are the same. After
the SPG fault occurs at 0.5 s, lasts to the end, although the fault phase
voltage U drops, the line voltage between the three phases remains
symmetrical, and the amplitudes are normal due to the triangular
connection mode on the grid side. Starting at 0.6 s, the arc suppression
control is put into operation; although the fault phase voltage is further
suppressed to below the arc reignition voltage, the line voltages still
remain symmetrical, and the magnitudes remain unchanged. Therefore,
the flexible voltage arc suppression method by directly connected PR
does not change the line voltages of the system and does not affect the
normal operation of the distribution network system. The load side of
the distribution network transformer remains in normal power supply
during the entire fault disposing procedure, safely eliminating the
grounding fault and reliably ensuring continuous power supply, safely
eliminating the grounding fault and reliably ensuring sustainable power
supply.

6. Conclusion

To promote the development of contemporary power systems, this
article proposed an innovative flexible voltage arc suppression tech-
nique for sophisticated distribution networks with directly connected
MMC-PR, based on the high-voltage stage zero-sequence component
control of the PR. The proposed method is capable of effectively extin-
guishing the fault arc under various operating conditions.

1) It adaptively responds to changes in the capacitance current level of

the distribution network and variations in the damping rate of the

line to earth, avoiding the difficulties of precisely tracking fault

currents and measuring ground parameters.

The direct source of arc suppression energy is the high-voltage stage

DC bus of the PR, which has a large and controllable arc suppression

capacity, no additional dedicated arc suppression power supply is

required.

3) In the proposed technique, the arc suppression process does not
affect the positive and negative sequence controls, nor does it affect
the normal operation and power supply of PR ports.

2

—

The results demonstrate that the proposed method has good

Normal state |

_Grid fault Usp &4 Ugc: "~ Uca—
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Fig. 12. Waveforms of line voltages between three phases.
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operability and adaptability in the arc suppression, which is beneficial to
the power supply quality, social public security, and ecological envi-
ronment protection; the engineering application prospects are broad.
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