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The ultra-high voltage direct current (UHVDC) transmission composed of
modular multilevel converters (MMC) is an important technology for large-
scale centralized transmission of renewable energy. In UHVDC system,
temporary faults in the AC power grid system are a high probability fault, and
the fault control strategy affects the safety and reliability of system operation. This
paper studies on the condition of AC power grid faults occurring at the receiving
converter station. Firstly, study the system characteristics after the occurrence of
AC faults, and use theoretical analysis to derive the trend of DC voltage changes
of each converter valve. Then, an AC fault ride-through control strategy with high
power transmission capability is proposedwith hierarchical connection structure,
the strategy controls the system to synchronously reduce DC voltage and AC
active power after a fault, maximizing the retention of the system’s transmission
capacity during the occurrence of faults, thereby reduce power shock in the
system. Finally, a simulation model of the dual ended system has built based on
the PSCAD simulation platform. The simulation results show that when a single-
phase ground fault and a three-phase ground fault occur in the high valve group
at the receiving station, the system can retain about 83% and 50% of the
transmission capacity during the fault period, respectively. Meanwhile, there is
no serious overvoltage or overcurrent phenomenon in the system. The
simulation results verified the effectiveness of the proposed control strategy.
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1 Introduction

With the profound transformation of the global energy structure and the urgent need
for sustainable development, the position of renewable energy, such as solar energy, wind
energy, etc., in the energy field is increasingly prominent due to their environmentally
friendly and sustainable characteristics (Liu et al., 2021; Xiong et al., 2021; Rokicki et al.,
2022; Alghamdi et al., 2023). The distance between load centers and renewable energy
power stations is usually far, so the efficient transmission technology of large-scale
renewable energy has become a research hotspot in the field of transmission.

The high-voltage direct current (HVDC) transmission system composed of MMC has
many key technological advantages, such as large transmission capacity, low losses, long
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transmission distances, the ability to connect to isolated and weak
AC systems, and strong support for the power grid system (Wang
and Redfern, 2010; Lei et al., 2019; Vercellotti, 2019; Saadeh et al.,
2023). TheMMC-UHVDC transmission system has a higher voltage
level and larger transmission capacity, therefore it has greater
advantages in the application scenarios of large-scale renewable
energy transmission. In the process of building a new type of power
system in the future, the technology of large-scale renewable energy
transmission through MMC-UHVDC systems will play an
important role.

At present, there is only one MMC-UHVDC project in
operation worldwide, in which the receiving station is connected
to the AC power grid through centralized access, with a maximum
capacity of 5,000 MW (Baoan et al., 2021). In the future, with the
increasing demand for optimizing the power grid structure and
dispersedly consuming system power, the MMC-UHVDC system
can refer to the line commutated converter based high-voltage direct
current (LCC-HVDC) system and adopt the structure of
hierarchical connection to the AC power grid. In recent years,
most of the LCC-HVDC projects put into operation in China
have adopted this hierarchical connection structure (Li et al.,
2017). This structure gives the system a large short-circuit ratio
and voltage support capacity, which helps optimize the power grid
structure, balance power flow distribution, and improve the safety
and stability level of the receiving end AC power grid (Jia et al., 2016;
Qi et al., 2018; Ying et al., 2018; Ding et al., 2020).

This paper mainly studies the AC Fault ride-through control
strategy of MMC-UHVDC system with hierarchical connection
mode. In MMC-HVDC systems, there are two solutions to solve
the power surplus problem caused by AC grid faults at the
receiving station:

The first solution is to install additional energy consuming
devices in the system to absorb surplus power. For application
scenarios where onshore renewable energy transmission through
MMC-HVDC systems, AC energy consumption devices are
generally installed on the AC side of the transmitting station
(Nian et al., 2020; Boning et al., 2020). For offshore wind power
systems transmitted through MMC-HVDC, DC energy dissipation
devices are generally installed on the DC side of the receiving station
(Nentwig et al., 2016; Xu et al., 2021; Sixuan et al., 2023; Wang and
Li, 2023). However, this solution requires additional equipment,
which increases the system’s footprint and investment cost.

The second solution is to use control strategies to reduce the
power delivered to the DC system. This solution is suitable for the
application scenario of the MMC-HVDC system’s transmitting
station connecting to the AC power grid. In this scenario, the
active power is usually controlled by the transmitting station and
the DC voltage is controlled by the receiving station. When a fault
occurs in the AC power grid at the receiving end, control the
transmitting station to reduce the active power, thereby ensuring
power balance in the HVDC system (Ma et al., 2020).

For the application scenario where renewable energy is
connected in parallel with the AC power grid and then sent out
by MMC-UHVDC system, neither of the above two AC fault
handling solutions is fully applicable to this system. Due to the
fact that the AC side of the transmitting station in this system is
equivalent to connecting to the power grid, the transmitting station
can actively control the magnitude of AC power, so there is no need

for the first costly solution. The second solution of using control
strategies to reduce active power is usually applied in scenarios
where the receiving station is centrally connected to the AC power
grid. This solution significantly reduces the transmission capacity of
the system during faults, causing significant power shocks in the
system. At present, there is no literature proposing a better AC fault
ride-through control strategy when MMC-UHVDC’s receiving
station hierarchical connected to the AC power grid.

In order to reduce the power shock of MMC-UHVDC system
with hierarchical connection mode during AC fault ride-through
process, this paper proposes an AC fault ride-through strategy with
high power transmission capability that synchronously reduces DC
voltage and active power during the fault period. This paper first
analyzes the topology structure and steady-state control strategy of
the MMC-UHVDC system. Then, study the system fault
characteristics in the case of AC power grid faults occurring in a
single valve group at the receiving station. Next, based on the
characteristics of the system, an AC fault ride-through strategy
with high power transmission capability is proposed. Finally, a
dual end system simulation model is built on the PSCAD
simulation platform, and the effectiveness of the proposed fault
ride-through strategy is verified based on the simulation model.

This paper is organized as follows: Section 2 introduces the
topology and steady-state control strategy of the MMC-UHVDC
system. Section 3 establishes the equivalent circuit of the system after
the AC fault to describe the system fault characteristics. Section 4
proposes a cost-effective AC fault ride-through strategy. Section 5
analyzes the effectiveness of control strategies using the simulation
method. Section 6 introduces the conclusion.

2 Topology structure and steady-state
control strategy of MMC-
UHVDC system

2.1 Topology structure

The MMC-UHVDC system generally adopts a symmetrical
bipolar topology structure. The parameters of each MMC in the
same pole are consistent. Each pole is composed of high valves
and low valves in series, thereby raising the DC voltage of the
system. In order to enable the system to have DC fault ride-
through capability, the MMC in the system is usually designed as
the hybrid MMC composed of full bridge sub modules (FBSM)
and half bridge sub modules (HBSM) (Fu et al., 2022; Han et al.,
2023). This paper conducts research on the MMC-UHVDC
system with hierarchical connection mode. The basic
topology of the dual ended MMC-UHVDC system is shown
in Figure 1.

2.2 Basic control strategy and operational
characteristics

For the MMC-UHVDC system, the stability of DC voltage is the
foundation for power transmission, so it is necessary to have a
converter station to control the DC voltage of the system, and the
other converter stations to control the active power of the system.
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Due to the consistent control strategies of the positive and
negative electrode systems, the steady-state control strategy is
analyzed using the positive electrode system as an example. The
topology of the dual ended positive electrode system is shown in
Figure 2, where the receiving station is called MMC1 and the
transmitting station is called MMC2.

For a dual ended DC transmission system, the transmission
capacity is determined by the transmitting station, so the active

power is generally controlled by the transmitting station and the DC
voltage of the system is controlled by the receiving station.

In this control mode, the high MMC at receiving station
(MMC1_PH) and low MMC at receiving station (MMC1_PL)
control their own DC voltage to be stable, and the DC voltage of
both MMC is controlled to the rated value Udc0, that is, Udc1_pH =
Udc1_PL = Udc0. Due to the series structure of each MMC in the
station, the DC current Idc of each MMC is equal, indicating that the

FIGURE 1
The topology of the dual ended MMC-UHVDC system.

FIGURE 2
The topology of the positive electrode system.
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DC input power of the 2 MMCs in the receiving station is equal.
Because the power inside each MMC is balanced during steady state,
the output AC power of MMC1_PH and MMC1_PL is also equal.

In the transmitting station, the high MMC at transmitting
station (MMC2_PH) and low MMC at transmitting station
(MMC2_PL) control their own AC active power, and the AC
active power of the two MMC is equal. If there is no disturbance
in the system, the DC voltage of both MMC will remain stable at the
rated value Udc0. When a small disturbance occurs in the system,
causing a small deviation△Udc in the DC voltage of the two MMC,
if this disturbance causes the DC voltage Udc2_PH of MMC2_PH
being higher than that of MMC2_PL, this relationship can be
expressed as Eq. 1:

Udc2 PH � Udc0 + ΔUdc

Udc2 PL � Udc0 − ΔUdc
{ (1)

Then the DC side output power Pdc2_PH of MMC2_PH will
increase, and the Pdc2_PH can be expressed as Eq. 2:

Pdc2 PH � Idc × Udc0 + ΔUdc( ) (2)

At this point, due to the constant input power Pac2_PH on the AC
side of MMC2_PH, there will be a power imbalance phenomenon in
the converter valve, the relationship can be expressed as Eq. 3:

Pac2 PH <Pdc2 PH (3)
There is a power loss phenomenon in MMC2_PH, which leads

to a decrease in its DC voltage and gradually decreases to near the
rated value Udc0.

Similarly, if the small disturbance in the system causes the DC
voltage of MMC2_PH being lower than that of MMC2_PL, under
the inherent relationship between the power and DC voltage of the
MMC, the DC voltage of the MMC will also gradually recover to the
rated value. Finally, the DC voltage of the MMC2_PH and MMC2_
PL in the transmitting station will also be in an automatic
equilibrium state, that is, Udc2_PH = Udc2_PL.

Based on the above analysis, when the transmitting station
controls the active power of the system and the receiving station

controls the DC voltage, the DC voltage and active power of the high
and low converter valves in the receiving and transmitting stations
can automatically maintain a balanced state in steady state.

3 System characteristics after
fault occurring

This section mainly studies the system characteristics after a
temporary AC power grid fault occurring. Considering that under
the same type of fault conditions, the DC overvoltage caused by
faults in the receiving station is the most severe. Therefore, this
section takes the most severe three-phase metallic grounding fault
(named ABCG fault) on the AC grid side of MMC1_PH in the
receiving station as an example to analyze the system characteristics
after the fault occurring. The schematic diagram of the positive
electrode system fault is shown in Figure 3.

For the receiving station, after the occurrence of ABCG fault, the
amplitude of the three-phase voltage on the AC side of MMC1-PH
drops to zero, so the output power of MMC1_PH on the AC side drops
to zero. Meanwhile, due to the fact that the DC side of MMC1_PH can
be seen as composed of the capacitors of MMC submodules in series
and parallel. Therefore, MMC1_PH can be equivalent to a capacitor
Ceq1_PH connected in series to the DC side of the system. ForMMC1_
PL in the receiving station, due to the hierarchical connection of
MMC1_PL and faulty MMC1_PH to different AC power grids, so
the AC active power output by MMC1_PL is not affected by the fault,
and the DC voltage control capability of MMC1_PH remains
unchanged. Therefore, MMC1_PL can be equivalent to a DC
voltage power supply, with a voltage source amplitude of Udc1_PL.

For the transmitting station, both MMC2_PH and MMC2_PL
maintain the control mode of controlling AC active power, and the
active power of these 2 MMCs is equal, that is, Pac2_PH = Pac2_PL.
According to the analysis in Section 2.2, it can be seen that the DC
voltage of these 2 MMCs is also equal, that is, Udc2_PH = Udc2_PL.
Therefore, the DC current of these 2 MMCs is also equal, with a
current value of idc2_PH = idc2_PL. At the same time, the parameters of
the MMC2_PH and MMC2_PL are exactly the same, so their DC

FIGURE 3
Schematic diagram of the system when the AC fault occurring in MMC1_PH.
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side can be equivalent to equal capacitance. Therefore, the
transmitting station can be equivalent to a controlled current
source idc2 and an equivalent capacitor Ceq2 in parallel as a
whole. The amplitude idc2 of the controlled current source is
equal to the total active power Pac2 divided by the total DC
voltage Udc2 at the transmitting station, and the equivalent
capacitance Ceq2 is equal to the series value of the equivalent
capacitance of MMC2_PH and MMC2_PL.

Based on the above analysis, the circuit of positive electrode
system after the ABCG fault occurs on the AC grid side of MMC1_
PH can be equivalent to the topology shown in Figure 4.

Before the fault occurred, the DC voltage of MMC1_PH and
MMC1_PL in the receiving station is equal. Therefore, in Figure 4,
the initial voltage of the equivalent capacitance Ceq1_PH of MMC1_
PH is equal to the equivalent DC voltage source amplitudeUdc1_PL of
MMC1_PL, both of which are rated values Udc0. Similarly, in
Figure 4, the initial voltage of the equivalent capacitance Ceq2 in
the transmitting station is Udc2 = 2*Udc0. Due to the fact that in the
MMC-UHVDC system studied in this paper, the parameters of each
MMC at the transmitting and receiving stations are equal, so the
relationship between the equivalent capacitance Ceq1_PH and Ceq2
is: Ceq2 = Ceq1_PH/2.

Perform Laplace transform on the right circuit of port ab in
Figure 4 to obtain the operational circuit shown in Figure 5A. Then
using the Thevenin’s theorem, equivalent the circuit on the right side
of port ab in Figure 5A to obtain the Thevenin equivalent circuit
shown in Figure 5B. Finally, perform Laplace inverse transformation
on the circuit in Figure 5B to obtain the time-domain circuit shown
in Figure 5C, where the initial voltage of the equivalent capacitance
of 1.5Ceq1_PH is Udc0.

As shown in Figure 5C, the voltage of capacitor 1.5Ceq1_PH is
Udc_eq, and the capacitor voltage can generally be equivalent to a
historical voltage source and an equivalent resistance related to the
capacitance value and calculation step (Gnanarathna et al., 2011).
Therefore, Udc_eq can be expressed as Eq. 4:

Udc eq t( ) � 1
1.5Ceq1 PH

∫ idc2 t( )dt ≈ Udc eq t − ΔT( )

+ ΔT
1.5Ceq1 PH

idc2 t − ΔT( ) + idc2 t( )
2

[ ]
� ΔT
2× 1.5Ceq1 PH

idc2 t( )

+ ΔT
2× 1.5Ceq1 PH

idc2 t − ΔT( ) + Udc eq t − ΔT( )[ ] (4)

FIGURE 4
Equivalent circuit of positive electrode system after the ABCG fault occurs on MMC1_PH AC grid side.

FIGURE 5
Further equivalent circuit after the ABCG fault occurs on MMC1_PH AC grid side. (A) Operational circuit (B) Thevenin equivalent circuit (C) Final
equivalent circuit.
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In the above formula, △T is the calculation step size, and Udc_

eq(t-△T) is the voltage of 1.5Ceq1_PH at the previous calculation time.
idc2(t-△T) is the current flowing through the equivalent capacitor
1.5Ceq1_PH at the previous calculation time.

After the system completes the calculation of the capacitor
voltage Udc_eq(t) at this time, the calculation result at this time is
stored for the next calculation time.

The calculation formula for the current idc2(t+△T) flowing
through the equivalent capacitor 1.5Ceq1_PH in the next
calculation time of the system is:

idc2 t + ΔT( ) � Pac2/Udc2 � Pac2/ Udc eq t( ) + Udc0( ) (5)

By replacing the current idc2(t) in Eq. 4 with the calculated value
idc2(t+△T) in Eq. 5, and the equivalent capacitor voltage Udc_

eq(t+△T) at the next calculation time can be obtained. By
iteratively calculating, the trend of the capacitor voltage Udc_eq(t)
over time in the equivalent circuit of Figure 5C can be obtained.

The following text derives the voltage of the high-end and low-
end MMCs in the transmitting and receiving stations based on the
calculated voltage Udc_eq(t).

From Figures 4, 5C, it can be seen that the voltage at port ab is
the total voltageUdc2 of the positive electrode system. Due to the fact
that the DC voltage of MMC2_PH and MMC2_PL in the
transmitting station is equal, the calculation formula for the DC
voltage of these 2 MMCs is:

Udc2 PH � Udc2 PL � Udc2/2 � Udc eq t( ) + Udc0( )/2 (6)

From Figure 4, it can be seen that for MMC1_PL in the receiving
station, its DC voltage Udc1_PL is equal to Udc0. Therefore, the
formula for calculating the DC voltage of MMC1_PH in the
receiving station is shown in Eq. 7.

Udc1 PH � Udc2 − Udc1 PL � Udc eq t( ) (7)

Figure 6 shows the trends of voltage variation over time forUdc1_

PH(t), Udc1_PL(t), Udc2_PH(t), and Udc2_PL(t) after the fault occurring,
with Ceq1_PH = 750uF, △T = 50us, Pac2 = 4000 MW, and Udc0 =
400 kV as the initial variables.

From Figure 6, it can be seen that when a three-phase
grounding fault occurs in the MMC1_PH of the receiving
station, due to the system output power being blocked while
the input power remains unchanged, the DC voltage of the
system will rapidly increase. Among them, the DC voltage
Udc1_PH(t) of the faulty MMC rises the fastest, and it rises to
1.15pu (460 kV) within 14 ms after the fault occurring. In order
to avoid equipment damage caused by overvoltage in MMC, it is
recommended that the system quickly take fault handling
measures in a short period of time to protect the safety of the
system equipment.

4AC fault ride-through control strategy

Section 3 has studied the system characteristics after an AC
power grid fault occurring at the receiving station. The research
results show that the DC voltage of the faulty MMC will rapidly
increase, and the effective measure need to be taken in a timely
manner to suppress overvoltage. Therefore, this section mainly
studies the AC fault ride-through control strategy of the
receiving station after the fault occurring.

4.1 Basic AC fault ride-through
control strategy

In a dual ended MMC-UHVDC system, when an AC grid fault
occurs in the MMC1_PH of the receiving station, so the output
power on the AC side is blocked, resulting in surplus power in this

FIGURE 6
Calculation results of DC voltage variation trends for all MMCs after the fault.
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MMC. The surplus power in the faulty MMC can be reduced by
reducing the AC power of the transmitting station.

For the receiving station, during the fault ride through process,
the control strategy of its high-end MMC and low-end MMC is the
same, maintaining a constant DC voltage control strategy and
adopting a current limiting control strategy to avoid serious
overcurrent phenomena. The control strategy of MMC in the
receiving station is shown in Figure 7.

In Figure 7,Udc_ref is the DC voltage command value of MMC in
the receiving station, and Udc_fdb is the DC voltage feedback value.
Qref1 is the reactive power command value, and Qfdb1 is the reactive
power feedback value; Id1* and Iq1* are the command values for the
d-axis component and q-axis component of the current inner loop,
respectively.

For the transmitting station, since the DC current of the high-
end MMC and the low-end MMC are the same, and the DC voltage
of the 2 MMCs are also in an automatic balancing state, so the AC
power of the 2 MMCs must also be consistent. After the fault
occurring, the active power of the high-end MMC and the low-end
MMC need to be synchronously reduced. The control strategy for
the MMCs in the transmitting station is consistent, as shown in
Figure 8. When the transmitting station receives the fault signal, its
MMCs synchronously reduce the active power command value, so
that the active power absorbed by the MMC-UHVDC system from
the AC power grid will be reduced, avoiding serious overvoltage in
the system.

In Figure 8, Pac_ref is the AC active power command value of
MMC in the transmitting station, and Pac_fdb is the AC active power

FIGURE 7
Basic control strategy of high-end MMC at the receiving station.

FIGURE 8
Basic control strategy of high-end MMC at the transmitting station.
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feedback value. Qref2 is the reactive power command value of MMC,
and Qfdb2 is the reactive power feedback value. Id2* and Iq2* are the
command values for the d-axis and q-axis components of the
current inner loop of MMC, respectively.

When an ABCG fault occurs on the AC side of the high-end
MMC in the receiving station, the active power output on the AC
side of the MMC drops to zero. In order to ensure power balance of
the faulty MMC, the DC current of the system should be reduced to
zero. Under the control of the basic AC fault ride-through strategy,
the active power of both the high-end MMC and low-end MMC in
the transmitting station is reduced to zero. Meanwhile the active
power of the low-end MMC in the receiving station that without
fault is also reduced to zero due to the decrease in DC current.

According to the above analysis, there is certain problem when
using the basic AC fault ride-through strategy. In order to reduce the
surplus power in the faulty MMC, it is necessary to synchronously
reduce the active power of all MMCs in the same pole to avoid
serious overvoltage in the faulty MMC. So, it can be said that
adopting this basic control strategy significantly reduces the
power transmission capacity of the system during faults, leading
to significant power shocks in the system.

Therefore, it is necessary to study the AC fault ride-through
strategy with high power transmission capacity during the
fault occurring.

4.2 Optimized AC fault ride-through
strategy for high power transmission
capability

In order to maximize the power transmission capacity of the
system after a fault occurs, this paper proposes a strategy to reduce
the surplus power in the faulty MMC by reducing its DC voltage
while keeping the DC current of the system unchanged. At the same
time, the transmitting station synchronously reduces a portion of
active power. The following text provides a detailed explanation of
the AC fault ride-through control strategy with high power
transmission capability.

In MMC, electrical variables such as active power, DC voltage,
and reactive power are controlled by adjusting the magnitude and
phase of the bridge arm voltage. The expression of the a-phase
bridge arm voltage in MMC is shown in Eq. 8 (Saeedifard and
Iravani, 2010), and there is also the similar electrical variable
relationship in b-phase and c-phase.

varm pa � 0.5 × Udc − ea
varm na � 0.5 × Udc + ea

{ (8)

In the formula, varm_pa and varm_na are the voltages of the upper
and lower bridge arms of a-phase in MMC, respectively; Udc is the
DC voltage of MMC; ea is the voltage of phase A on the AC side
of the MMC.

In the conventional basic control strategy of MMC, MMC is
usually regarded as a single input control system as shown in
Figure 9A, which only controls MMC by adjusting the valve side
AC voltage eabc. In order to fully utilize the control freedom of
MMC, MMC can be seen as a dual input control system as shown in
Figure 9B, which can control the power balance in MMC by

simultaneously adjusting the valve side AC voltage eabc and DC
voltage Udc.

When an AC fault occurs in the high-end MMC of the receiving
station, the output active power on the AC side is blocked, and the
AC side control ability of the faulty MMC is weakened. In order to
quickly reduce the surplus power in the faulty MMC, the DC input
power Pdc of the MMC can be reduced. And Pdc is directly related to
the DC voltage Udc and DC current Idc, as shown in Eq. 9.

Pdc � Idc × Udc (9)

Due to the equal Idc of each MMC in the same pole system, in
order to reduce the impact of faults on other MMCs without fault, it
is chosen to reduce the surplus power by reducing the DC voltage
Udc of the faulty MMC. The amount of surplus power in the faulty
MMC will be reflected by the sub-module voltage. Therefore, a
controller is designed between the submodule voltage and the DC
voltage Udc. When the submodules’ average voltage vsm_ave increases
and is higher than the rated value of the submodules’ average voltage
vsm_rated in the faulty MMC, the DC modulation voltage Udc_m is
decreased to reduce the input active power on the DC side, thereby
controlling the power balance inside the faulty MMC. The control
strategy on the AC side is the same as the basic strategy in Section
4.1, and the modulation voltage vabc on the AC side is obtained
through dual closed-loop control. The overall control strategy of the
faulty MMC is shown in Figure 10. The low-end MMC of the
receiving station maintains the original control strategy unchanged.

For the transmitting station, due to the fact that the input active
power remains unchanged for a short period of time after the fault
occurring, the system’s DC current will increase with the decrease of
the receiving station’s DC voltage. In order to control the DC current
near the rated value, a controller needs to be designed in the
transmitting station between the DC current Idc_fdb and the active
power reference value Pac_ref. Under the action of the controller, Pac_
ref will decrease with the increase of Idc_fdb.

At the same time, in order to control the submodule voltage of
the MMC in the transmitting station within a stable range, it is also
necessary to control the DC voltage of the MMC. Therefore, a
controller is designed between the submodules’ average voltage vsm_

ave2 and the DC modulation voltage Udc_m2. Under the action of this
controller, when vsm_ave2 decreases,Udc_m2 is decreased to reduce the
output power on the DC side, thereby controlling the power balance
within the MMC. Setting only one MMC as the power reducing
MMC in the transmitting station can achieve the control goal. In this
paper, the high-endMMC in the transmitting station is set to reduce
active power. The control strategy of this MMC is shown in

FIGURE 9
Equivalent control system of MMC. (A) Equivalent single input
control system (B) Equivalent dual input control system.
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Figure 11, while the low-end MMC maintains the original
control strategy.

5 Simulation analysis

5.1 System parameters

To verify the effectiveness of the proposed AC fault ride-through
strategy, a simulation model of the dual ended system is built based
on the PSCAD/EMTDC simulation platform, as shown in Figure 1.
The parameters of each MMC in the system are the same, and

Table 1 provides the system parameters and the parameters of
a single MMC.

5.2 Simulation of the system fault
characteristics

This section takes the ABCG fault on the AC power grid side of
the high-end MMC in the receiving station as an example, and
analyzes the system fault characteristics without adopting fault ride-
through strategy. As the parameters and control strategies of the
positive and negative electrode systems are the same, only the

FIGURE 10
Control strategy of high-end MMC at the receiving station.

FIGURE 11
Control strategy of high-end MMC at the transmitting station.
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simulation results of the positive electrode system are provided in
this paper.

Set the fault to occur at 1.5 s, record the waveforms of the DC
voltages Udc1_PH and Udc1_PL of MMC1_PH and MMC1_PL in the
receiving station, as well as the waveforms of the DC voltages Udc2_

PH and Udc2_PL of MMC2_PH and MMC2_PL in the transmitting
station. The simulation results are shown in Figure 12. In this figure,
data from the theoretical calculations in Section 3, including Udc1_

PH_cal, Udc1_PL_cal, Udc2_PH_cal, and Udc2_PL_cal, were also added for
comparison.

From Figure 12, it can be seen that after the fault occurring,
the DC voltage Udc1_PH of the faulty MMC1_PH rapidly
increases, while the DC voltage Udc1_PL of MMC1_PL
stabilizes around the rated value. For the transmitting station,
the DC voltage of MMC2_PH and MMC2_PL increases
synchronously, but the rising speed is lower than the DC
voltage of the faulty MMC. The simulation results are
consistent with the theoretical calculation results, verifying the
correctness of the theoretical analysis results in Section 3.

5.3 Simulation of AC fault ride-through
control strategy

This section analyzes the effectiveness of the fault ride-through
control strategy proposed in Section 4.2 based on a dual end
simulation model. The fault conditions are: single-phase ground
fault and three-phase ground fault occur on the AC grid side of the
high-end MMC in the receiving station. The fault time settings for
the two types of faults are the same. The system runs in a stable state
before 1.5 s, and the fault occurs between 1.5 s and 2.0 s. The fault is
cleared after 2.0 s.

As the parameters and control strategies of the positive and
negative electrode systems are the same, only the simulation results

of the positive electrode system are provided in this paper. The
variables of MMC1_PH and MMC1_PL in the receiving station
were recorded, including DC voltage Udc1_PH and Udc1_PL, average
voltage of all sub-modules vsm_ave1_PH and vsm_ave1_PL, AC side
output active power Pac1_PH and Pac1_PL, as well as the DC
current Idc of the system. For the transmitting station to record
the variables of MMC1_PH and MMC2_PH, including DC voltage
Udc2_PH and Udc2_PL, average voltage of all sub-modules vsm_ave2_PH

and vsm_ave2_PL, AC side input active power Pac2_PH and Pac2_PL.

5.3.1 Simulation of single-phase ground fault
The simulation results of a single-phase ground fault occurring

on the AC grid side of MMC1_PH in the receiving station are shown
in Figures 13, 14.

As can be seen from Figure 13D, after the fault occurring, the
output active power Pac1_PH of MMC1_PH rapidly decreased to
around 1,300 MW. Due to the obstruction of the active power
output of MMC1_PH, there will be surplus power in the MMC
shortly after the fault occurring, resulting in an increase in the
voltage of its submodule vsm_ave1_PH, as shown in Figure 13C. As
shown in Figures 13A, B, when the system detects the fault, it begins
to execute the fault ride-through strategy, and the DC voltage of
MMC1_PH is controlled to decrease to around 250 kV. The decrease
in DC voltage of the system leads to the increase in DC current Idc of
the system.

For the transmitting station, as shown in Figure 14C, in order to
control the system DC current near the rated value, under the action
of the AC fault ride-through strategy, the input active power of the
MMC2_PH is reduced to about 1,300 MW. At the same time, in
order to stabilize the voltage of the sub-module near the rated value,
MMC2_PH controls its DC voltage Udc2_PH to decrease with the
decrease of the voltage of the sub-module vsm_ave2_PH. After the fault
enters steady state, Udc2_PH drops to about 250 kV, as shown in
Figures 14A, B.

TABLE 1 Main parameters of the MMC-UHVDC transmission system.

Object Parameters Value (unit)

MMC-UHVDC system Active power (bipolar) 8,000 MW

Reactive power (bipolar) 2,400 Mvar

DC voltage ±800 kV

DC current 5 kA

Modular multilevel converter (MMC) Active power 2,000 MW

Reactive power 600 Mvar

DC voltage 400 kV

DC current 5 kA

AC voltage on valve side 208 kV

Number of sub-modules 192 + 10

FBSM: 116, HBSM: 86

Rated operating voltage of sub-modules 2.1 kV

Sub-module capacitance 24 mF

Bridge Arm Inductors 20 mH
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During the entire fault process, the active power and DC voltage
of the high-end MMC in the receiving and transmitting stations
decrease synchronously, which can stably control the DC current of
the system near the rated value. The AC active power, DC voltage,
and sub-module voltage of all MMCs in the system are controlled
within a stable range, and there is no serious overvoltage or
overcurrent phenomenon in the system. Based on the above
analysis, it can be concluded that after the single-phase ground
fault occurs in MMC1_PH, the system can still retain about 83% of
its power transmission capacity, which verifies the effectiveness of
the AC fault ride-through strategy proposed in this paper.

5.3.2 Simulation of three-phase ground fault
The simulation results of a three-phase ground fault occurring

on the AC grid side of MMC1_PH in the receiving station are shown
in Figures 15, 16.

As can be seen from Figure 15D, after the fault occurring, the
output active power Pac1_PH of MMC1_PH rapidly decreased to
0 MW. In the short period after the fault occurring, there will be a

large amount of surplus power in this MMC, resulting in an increase
in the voltage of its submodule vsm_ave1_PH, as shown in Figure 15C.
As shown in Figures 15A, B, when the system detects the fault, it
begins to execute the fault ride-through strategy, and the DC voltage
ofMMC1_PH is controlled to decrease to around 0 kV. The decrease
in DC voltage of the system leads to the increase in DC current Idc of
the system.

For the transmitting station, as shown in Figure 16C, in order to
control the system DC current near the rated value, under the action
of the AC fault ride-through strategy, the input active power of the
MMC2_PH is reduced to 0 MW. At the same time, in order to
stabilize its voltage of the sub-module near the rated value, MMC2_
PH controls its DC voltage Udc2_PH to decrease with the decrease of
the voltage of the sub-module vsm_ave2_PH. After the fault enters
steady state, Udc2_PH drops to about 0 kV, as shown in
Figures 16A, B.

During the entire fault process, the active power and DC voltage
of the high-end MMC in the receiving and transmitting stations
synchronously decreased to zero, which can stably control the DC

FIGURE 12
DC voltage after a three-phase ground fault occurs in MMC1_PH. (A) Calculation and simulation results of DC voltage for MMC1_PH and MMC1_PL
(B) Calculation and simulation results of DC voltage for MMC2_PH and MMC2_PL.
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current of the system near the rated value. The AC active power, DC
voltage, and sub-module voltage of all MMCs in the system are
controlled within a stable range, and there is no serious overvoltage
or overcurrent phenomenon in the system. Based on the above

analysis, it can be concluded that after the three-phase ground fault
occurs in MMC1_PH, the system can still retain about 50% of its
power transmission capacity, which verifies the effectiveness of the
AC fault ride-through strategy proposed in this paper.

FIGURE 13
Simulationwaveforms of receiving station during single-phase ground fault. (A)DC voltage ofMMC1_PH andMMC1_PL (B)DCcurrent of the system
(C) Average voltage of submodules of MMC1_PH and MMC1_PL (D) AC side active power of MMC1_PH and MMC1_PL.
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6 Conclusion

Addressing the current absence of an AC fault ride-through
control strategy with robust power transmission capabilities for
the MMC-UHVDC system with hierarchical connection mode,
this paper first analyzes the characteristics of the system when a
fault occurs in the AC power grid. Subsequently, it introduces an
innovative AC fault ride-through control strategy with high
power transmission capability. Finally, conduct simulation
analysis on the proposed strategy. The conclusions are
as follows:

(1) Based on theoretical analysis, this paper obtains the
equivalent circuit of the high-end MMC in the receiving
station after a three-phase ground fault occurring on the

AC power grid side, and uses theoretical calculation methods
to obtain the trend of DC voltage changes of the all MMCs in
the transmitting station and receiving station after the fault
occurring. According to the calculation results, it can be
concluded that the DC voltage of the faulty MMC rises the
fastest, and it rises to 1.15pu (i.e. 460 kV) within 14 ms after
the fault occurring. And the simulation results have verified
the correctness of the theoretical analysis. To protect the
safety of system equipment, it is recommended that the
system quickly take fault handling measures in a short
period of time after a fault occuring.

(2) An AC fault ride-through control strategy with high
power transmission capability has been proposed based
on the characteristics of the system. The implementation
of this control strategy requires coordination and

FIGURE 14
Simulation waveforms of transmitting station during single-phase ground fault. (A) DC voltage of MMC2_PH and MMC2_PL (B) Average voltage of
submodules of MMC2_PH and MMC2_PL (C) AC side active power of MMC2_PH and MMC2_PL.
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cooperation between the transmitting station’s MMC and
the receiving station’s MMC. In order to maintain the
stability of the system’s DC current, this strategy requires

synchronous reduction of the DC voltage of the faulty
MMC and the partial active power of the transmitting
station, so as to reduce the impact of system fault ride-

FIGURE 15
Simulation waveforms of receiving station during three-phase ground fault. (A)DC voltage of MMC1_PH andMMC1_PL (B)DC current of the system
(C) Average voltage of submodules of MMC1_PH and MMC1_PL (D) AC side active power of MMC1_PH and MMC1_PL.
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through strategy on MMC that has not experienced faults.
This strategy can maximize the retention of the system’s
power transmission capacity during failures and reduce
power shock in the system.

(3) Based on the PSCAD simulation platform, simulate the fault
conditions of single-phase ground fault and three-phase
ground fault in the high-end MMC at the receiving
station. The simulation results show that when a single-
phase ground fault occurs, the system can still maintain
about 83% of its power transmission capacity during the
fault period. When a three-phase grounding fault occurs, the
system can maintain approximately 50% of its power
transmission capacity during the fault period. The
simulation results have verified the effectiveness of the
proposed AC fault ride-through control strategy.
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