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Abstract

In regions with concentrated load centers in China, the AC transmission network is dense,
leading to challenges such as difficulties in power flow control and excessive short-circuit
currents. The scale effect of AC grids is approaching saturation, making it imperative to
develop new AC/DC hybrid grid structures. To enhance the controllability, security, and
stability of AC/DC hybrid power systems, a single-AC multi-DC hybrid grid structure
is proposed in this paper. The operational characteristics of this grid are analyzed in
terms of power flow control capability, N-1 overload, short-circuit current, frequency
stability, voltage stability, and synchronous stability, and a method for constructing the
single-AC multi-DC hybrid grid is presented. Finally, simulation analysis is conducted on a
typical single-AC multi-DC case, and the results indicate that this hybrid grid structure can
simultaneously satisfy the controllability, security, and stability requirements of AC/DC
power systems, making it a highly promising grid configuration.

Keywords: single-AC multi-DC; AC/DC hybrid grid; operational characteristics; construction
principles

1. Introduction

In the eastern developed provinces of China, power loads are highly concentrated and
the grid structure is complex [1]. With the increasing integration of DC infeed and renew-
able energy, the tightly interconnected provincial power grids are facing challenges such as
difficulties in power flow control and excessive short-circuit currents [2,3], while the scale
effect of AC grid development has approached saturation. To enhance the controllability
and flexibility of provincial backbone grids, embedding DC systems into the main grid
has emerged as a promising technical route [4]. DC systems offer fully controllable power
transmission and contribute almost no short-circuit current [5]; therefore, constructing
new AC/DC hybrid grid structures with the aid of DC systems is expected to address the
challenges of power flow control and short-circuit current exceeding limits in load center
areas. As a result, AC/DC hybrid grid structures have recently gained wide attention from
both academia and industry, with pioneering applications in Jiangsu and Guangdong [6,7].
However, the existing AC/DC hybrid grid structures are still at an early stage of develop-
ment. With the continuous improvement of the economy, the challenges of short-circuit
current control and power flow regulation in load centers will further intensify, and the
proportion and role of DC in backbone grids will significantly increase. Therefore, it is
urgent to investigate rational approaches for AC/DC hybrid interconnection to address
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grid construction challenges in load centers while minimizing potential adverse impacts
on the system.

Replacing AC lines with DC systems reduces the degree of frequency coupling be-
tween the systems at both ends. In extreme cases, if the two systems rely entirely on
asynchronous DC interconnection, their frequencies become decoupled, with no mutual
power support, leading to a decline in frequency stability [8]. Even when AC connections
are still retained, weak AC interconnection may result in poor synchronization stability
between the two systems [9]. Therefore, while AC/DC hybrid interconnection is beneficial
for addressing the challenges of power flow control and excessive short-circuit currents
in load center grids, it may also be accompanied by issues such as deteriorated synchro-
nization stability and frequency stability. Moreover, the intermittency and uncertainty of
renewable energy sources such as wind and photovoltaic power will cause fluctuations in
the power injected into the grid, while the reduction in system equivalent inertia will pose
significant challenges to grid stability [10]. Reference [11] pointed out that from a stability
perspective, there are three fundamental constraints that determine the reasonable scale of a
synchronous grid: the frequency stability constraint, the minimum frequency constraint of
low-frequency oscillations, and the constraint of the disappearance of synchronous power
support. Building on these constraints, reference [12] further proposed an indicator to
characterize the reasonable scale of AC/DC synchronous grids and established general
principles for asynchronous partitioning of AC/DC synchronous grids. In addition to
stability, the distribution of power flow between AC and DC lines is also a key factor in
determining the configuration of AC/DC hybrid grids. In practical planning, it is necessary
to avoid cascading failures caused by power flow transfers triggered by DC blocking [13].

To address the aforementioned challenges of AC/DC hybrid grids, scholars have
proposed many effective improved control strategies from the perspective of system con-
trol. References [14,15] utilize the fast power regulation capability of flexible DC systems
to enhance the frequency and synchronization characteristics of AC/DC hybrid power
systems. Reference [16] reduces the risk of AC line overload under single contingencies by
optimizing the power flow distribution between parallel AC and DC transmission channels.
Reference [17] suggests that transmission line disconnection can serve as a control measure
to prevent system collapse in hybrid grids. Although leveraging the regulation capability
of DC systems can improve the security and stability of AC/DC hybrid grids, it cannot
completely eliminate the associated risks. Therefore, corresponding measures must be
developed from multiple aspects, including grid structure planning, operational control,
and simulation verification [18-20].

At present, theoretical research on grid structure planning for AC/DC hybrid inter-
connections remains limited. To meet the future requirements for controllability, security,
and stability in next-generation power systems, this paper proposes a single-AC multi-DC
hybrid grid structure, analyzes its typical operational characteristics, and presents the
principles for its construction.

2. Technical Characteristics of Single-AC Multi-DC Hybrid
Grid Structures

The single-AC multi-DC hybrid network structure is shown in Figure 1, where there
is only one AC channel between the sending and receiving-end systems, and all other
channels are DC systems. The AC channel can consist of a single line or a parallel pair of
symmetrical double lines. The single-AC multi-DC configuration is a special form of the
AC/DC hybrid network structure. The operational characteristics of the single-AC multi-
DC hybrid network are analyzed below from six dimensions: power flow control capability,
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N-1 overload risk, risk of exceeding short-circuit current limits, frequency stability, voltage
stability, and synchronization stability.

Efoéé‘fo Eioéé‘io

Figure 1. Diagram of single-AC multi-DC hybrid interconnected network.

In this figure, P, represents the active power transmitted by the j-th AC line in the
AC channel. Py is the power transmitted by the i-th DC line. E;;, Ejj,
electromotive forces and power angles of the systems at both ends of the j-th transmission

drj, 0ij represent the

line. X;, X; denote the tie reactances between transmission lines.

2.1. Power Flow Controllability

For a fully AC synchronous interconnected network structure, the sending-end and
receiving-end systems can adjust the power exchanged between them by varying generation
output or load. Therefore, the total power transmitted across the AC transmission channel
is controllable. However, adjusting the power distribution among different lines is difficult,
as it requires changing the locations of generation and load. In practice, generation and
load distribution are determined by real-world factors, and the unit startup sequence is
dictated by economic dispatch results. Thus, for a fully AC synchronous interconnected
network with n AC interconnection lines, the dimension of uncontrollable power can be
considered n-1. For an AC/DC hybrid network structure, assuming that m of the n lines
are DC lines, the DC system’s power is controllable, so the dimension of uncontrollable
power in the AC/DC hybrid network is n-m-1.

In the single-AC multi-DC hybrid network, the active power transmitted by the
AC lines is expressed as in (1). The total power exchanged between the sending-end
and receiving-end systems is controllable, and the power transmitted by the DC lines is
also controllable. Therefore, according to (1), the power transmitted by the AC lines is
controllable as well, and the sectional power flow is fully controllable.

Pyci

1
Paj = —— = — )

Psum -

m

where P, represents the active power transmitted by the j-th AC line in the AC channel.
Psum is the total power transmitted across the section. Py, is the power transmitted by the
i-th DC line. 7, is the number of AC lines, and m represents the number of DC lines.

2.2. N-1 Owerload Risk

In an AC/DC hybrid network structure, if any single AC or DC line experiences a fault,
the power flow shifts to the remaining AC lines, while the power on the remaining DC lines
remains unchanged. For a single-AC multi-DC hybrid network, after an N-1 fault on an AC
line, the power flow does not transfer to the DC system. However, following an N-1 fault
on a DC line, the power flow shifts to the AC lines. Therefore, in this network structure, it
is necessary to ensure that the maximum transmission power of a single DC line does not
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exceed the power margin of a single AC channel, as shown in (2). For example, for a 500 kV
AC line, the maximum current is approximately 3 kA, so the maximum transmission power
of a single DC line must not exceed 1500 MW. If the single AC channel consists of a parallel
double-circuit line, the maximum transmission power of a single DC line must not exceed
3000 MW.

Pdcmax < Mac X Pacmax — Pacsum (2)

where Pycmay refers to the maximum transmission power of a single DC line. Pacmax refers
to the maximum transmission power of a single AC line, and Pacsum represents the total
power transmitted by the AC lines.

2.3. Risk of Exceeding Short-Circuit Current Limits

The introduction of DC lines into an AC network helps increase the electrical distance
between generation and load nodes, thereby reducing short-circuit currents. Under the
same transmission capacity, the higher the degree of DC integration, the lower the risk of
exceeding short-circuit current limits. Therefore, compared with a fully AC synchronous
network, the short-circuit current risk in an AC/DC hybrid network is mitigated. For a
single-AC multi-DC network structure, the AC electrical connection between the sending-
end and receiving-end systems is significantly weakened, which can largely alleviate
short-circuit current issues. Additionally, by evaluating the contribution of each channel in
the transmission section to the short-circuit current at each node of the sending-end and
receiving-end systems, the AC line with the lowest overall contribution can be retained,
while the remaining channels are implemented as DC lines. Specifically, all possible single-
AC multi-DC configurations of the transmission section are examined, and the short-circuit
current margin under each configuration is assessed using (3). The configuration with the
largest short-circuit current margin is then selected.

s Imaxh - Issh
fos = mln( Imaxh (3)

where jigs is the minimum short-circuit current margin in the system. I,y is the maximum
allowable short-circuit current at node h. I, is the actual short-circuit current at node #,
and min () denotes taking the minimum value among all nodes.

2.4. Analysis of System Frequency Stability

With the increasing penetration of renewable energy and the corresponding phase-out
of synchronous generators, the system’s inertia level gradually decreases, leading to a
deterioration in frequency stability under disturbances of the same intensity. For both fully
AC synchronous network structures and AC/DC hybrid network structures, as long as
there remains an AC line connection between the two systems after any N-1 line fault, no
power imbalance will occur across the system, and the risk of frequency instability can be
avoided. In contrast, in a fully DC asynchronous interconnected network structure, an N-1
fault of a DC line will cause a power surplus in the sending-end system and a power deficit
in the receiving-end system, resulting in frequency fluctuations.

In a single-AC multi-DC hybrid network, any N-1 or N-2 fault in the DC system will
not cause a power deficit between the sending- and receiving-end systems, as the DC
transmission power will be transferred to the AC line. Therefore, DC faults do not pose a
threat to the frequency stability of a single-AC multi-DC interconnected system. However,
when an N-1 or N-2 fault occurs on the AC line and the sending-end and receiving-end
systems completely lose their AC connection, the power previously transmitted by the AC
line will not be taken over by the DC system, resulting in a power deficit between the two
systems. For a single-AC multi-DC network, the maximum possible power deficit that may
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occur between the sending and receiving ends is represented by Pacmax, as expressed in (4).
Since the AC line power is fully controllable, P,cmax can be restricted to a very small range,

or even reduced to zero.
Nac

Pacsum = Z Pacj (4)
j=1
where P,cmax represents the maximum possible power deficit between the sending- and
receiving-end systems. 71, is the number of AC lines, and m represents the number of DC
lines. P, represents the active power transmitted by the j-th AC line in the AC channel.

2.5. Analysis of System Voltage Stability

For the single-AC multi-DC network structure, the increasing degree of DC integra-
tion weakens the electrical connections among regional AC networks and reduces the
voltage support capability of converter buses, thereby significantly increasing the risk
of commutation failures. Consequently, voltage stability becomes a critical concern in
single-AC multi-DC structures, which can be evaluated based on the strength of the AC
system’s voltage support capability. To address insufficient voltage support in power
grids, flexible DC transmission technology is widely adopted in engineering practice, as it
effectively enhances system voltage support strength and reduces the risk of commutation
failure. Therefore, it is necessary to assess the voltage support strength of the single-AC
multi-DC network structure to determine the appropriate DC technology route and ensure
voltage stability.

Considering the recent large-scale integration of renewable energy into power systems,
the voltage stiffness index suitable for non-synchronous generation sources can be applied
to evaluate system strength, as shown in (5) [21]. If the index exceeds the threshold Ky g min,
the access point system is considered relatively strong.

Usys Ascr
Kvtg = ¥ =

> Kyt mi
U > = Tvigmin
FO T+ Aer

where Agcr denotes the short-circuit ratio of the grid at any node corresponding to the

)

connected device. Usys represents the voltage magnitude at the network port. Usysp is the
open-circuit voltage at any node when the device is not connected to the grid, and Kytg min
is the minimum allowable voltage stiffness value under engineering safety standards.

2.6. Analysis of System Synchronization Stability

In a single-AC multi-DC network structure, the AC connection between the sending-
end and receiving-end systems is relatively weak. Under the condition of equal power
transmission on the AC interconnection line, the synchronous stability of a single-AC
multi-DC network is relatively poorer compared with that of a fully AC or conventional
AC/DC hybrid configuration. However, for a single-AC multi-DC network, the stability of
the sending- and receiving-end systems can be ensured in two ways.

On the one hand, the power transmitted by the AC line, Picsum can be reduced, or
even set to zero, in which case the synchronous stability between the sending-end and
receiving-end systems can be effectively improved. On the other hand, under severe faults,
the protection device of the AC interconnection line continuously monitors the phase angle
difference between the two ends, and once the phase angle difference reaches a certain
threshold (6), the AC line is automatically tripped, allowing the sending-end and receiving-
end systems to operate asynchronously without the need to maintain synchronism.

AGac > ch (6)
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where A, denotes the phase angle difference between the two ends of the AC intercon-
nection line, and 8y, is the phase angle difference threshold.

In conventional AC/DC hybrid grids, the strong coupling among multiple AC chan-
nels causes disturbances to AC tie-line power during faults, leading to an expanded fault
range. In contrast, the single-AC multi-DC structure, equipped with an active AC line-
shedding device, can promptly disconnect the AC line once the rotor angle difference
between the two ends of the transmission corridor reaches a certain threshold, thereby
enabling asynchronous operation of the sending and receiving grids, avoiding angle insta-
bility, and providing more flexible control of synchronization stability.

In terms of power flow characteristics, since the number of uncontrollable dimensions
in an AC/DC hybrid transmission section is n-m-1, the single-AC multi-DC configuration
enables full controllability of section power flows. By appropriately coordinating the power
allocation between AC and DC lines, it can effectively avoid the risk of N-1 line overload.
Regarding short-circuit current risk, as the degree of DC penetration in the transmission
section increases, the suppression effect becomes more pronounced, ensuring the safety of
short-circuit currents while expanding transmission capacity. Moreover, when frequency
or synchronization disturbances occur between the systems at both ends of the section, the
proposed scheme can employ an active line-shedding strategy to promptly disconnect a
single AC line, thereby enhancing system transient stability. Therefore, compared with
conventional AC/DC hybrid sections, the single-AC multi-DC structure offers significant
advantages in terms of power flow controllability, operational stability, and mitigation of
security risks. This structure better aligns with the future development requirements of
controllability, security, and stability in modern power grids.

3. Construction Scheme of the Single-AC Multi-DC Hybrid
Network Structure

From a technical perspective, controlling the power of AC lines in the single-AC
multi-DC network to zero can effectively reduce N-1 overload risks and improve system
frequency stability and synchronism stability. The construction method of the single-AC
multi-DC network under this condition is shown in Figure 2.

Based on the above analysis, the construction principles of the single-AC multi-DC
network structure can be summarized as follows.

(1) Following the principle of maximizing the short-circuit current margin (3), select
a single AC channel in the transmission section, while adopting DC transmission
technology for the remaining channels.

(2) Use the potential power deficits at the sending and receiving-end systems caused by
N-1/N-2 AC line faults (4) to verify system frequency stability and determine the
maximum allowable transmission power of the AC lines.

(3) Apply (2) to determine a reasonable allocation of AC and DC transmission power,
ensuring that DC system N-1/N-2 faults do not cause AC line overloads.

(4) Determine the DC technology route and calculate the system strength under the
AC/DC hybrid structure using (5). If the system strength meets engineering require-
ments, a conventional DC technology route is adopted; otherwise, a flexible DC
technology route with voltage support capability may be considered.

(5) Establish an active disconnection strategy for the AC interconnection lines. When the
phase difference at both ends of an AC interconnection line reaches a certain threshold,
the AC line is actively disconnected, allowing asynchronous operation between the
sending and receiving-end systems.
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Traverse each corridor using AC
transmission and calculate the system
short-circuit current margin under
various configurations.

Select the AC corridor based on the
principle of maximizing the short-
circuit current margin (3).

Set the transmission power of the AC
corridor to zero, and use (2) to
determine the maximum transferable
power of a single DC link.

!

Plan the DC transmission scheme
according to the total power exchange
between the sending and receiving
ends, while ensuring that the power of
a single DC link satisfies (2).

!

Determine the technical route of the
DC corridor based on the index (5).

!

Set an active disconnection strategy
for the AC interconnection line: when
the phase difference reaches the
threshold (6), the sending and
receiving-end systems operate
asynchronously.

Figure 2. Construction method of single-AC multi-DC hybrid interconnected network.

4. Case Analysis

A typical single-AC multi-DC case is constructed using the IEEE two-area four-
machine system. Specifically, two IEEE two-area four-machine systems are interconnected
through three transmission channels, as shown in Figure 3. The load levels of the sending
and receiving-end systems are adjusted so that the exchanged power between the two
systems reaches 4000 MW. First, the location of the AC channel needs to be determined
based on the system short-circuit current margin. With the transmission distance and
AC line reactance parameters fixed, each transmission channel is traversed using the AC
interconnection scheme, and the minimum short-circuit current margin of the system under
different schemes is obtained, as shown in Table 1.

Through calculation, if channel 1 is selected as the AC channel, the short-circuit current
margin of system is 18%. If channel 2 is selected as the AC channel, the system achieves the
maximum short-circuit current margin 26%, with the lowest risk of short-circuit current
exceeding the limit. And if channel 3 is selected as the AC channel, the maximum short-
circuit current margin of system is 16%. According to the flow chart of the planning scheme
for the AC/DC hybrid transmission section with single AC channel and multiple DC
channels shown in Figure 2, the configuration of the AC and DC channels in the section
structure at the first step is carried out based on the principle of maximizing the short-
circuit current margin. Therefore, channel 1 and channel 3 are selected as DC transmission
channels, while channel 2 is chosen as the AC transmission channel to construct the single-
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AC multi-DC network structure, as illustrated in Figure 4. The main parameters of the two
DC systems are provided in Table 1.

Channell Channel2 Channel3 Transmission

’/ Section

Figure 3. Typical case of three-channel interconnection system.

Table 1. Short-circuit current margin indicators that do not meet the requirements.

Rated Power Number of Voltage Level Technology
Parameter

/MW Poles kV Route
HVDC 1 2000 2 500 LCC
HVDC 2 2000 2 500 LCC

_______ ]_ — e e —— —— — o]
1Redundant

line

Figure 4. Typical case of single-AC multi-DC system.

First, the frequency stability of the system under the single-AC multi-DC interconnec-
tion scheme is analyzed. A fault is applied by causing a DC fault and blocking HVDC1 at
0.5 s, resulting in the frequency variations in the sending and receiving-end generators as
shown in Figure 5, while the changes in AC line power flows are shown in Figure 6. As
observed from Figures 5 and 6, when HVDC1 experiences a DC blocking, the power that
would have been transmitted by HVDC1 is rapidly transferred to the AC interconnection
lines. The frequency deviation of the sending and receiving-end generators is very small
and returns to the nominal value after minor fluctuations over a short period. Therefore,
under the single-AC multi-DC transmission scheme, the interconnection provided by the
AC lines can effectively prevent DC blocking from impacting the system frequency at the
sending and receiving ends.
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Figure 5. Frequency response curves under the HVDC1 blocking.
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Figure 6. Active power variation in the AC tie line under the HVDC1 blocking.

Next, the impact of AC interconnection line faults between the sending and receiving-
end systems on system frequency stability is examined. A three-phase metallic short-circuit
fault is applied to the AC interconnection line at 0.5 s and lasts for 0.1 s, after which the AC
line is disconnected and the short-circuit fault is cleared. The resulting frequency variations
in the generators are shown in Figure 7. As seen in Figure 7, during the short-circuit fault,
the frequencies of all generators rise rapidly. Once the fault is cleared, the frequencies
gradually decrease and eventually return to their nominal values. It is worth noting that the
process shown in Figure 7 reflects the primary frequency response caused by the temporary
obstruction of power delivery to the generators due to the short-circuit fault.

=
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N —-— G1

% —— (3
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>

2 0.0

=

o

5

E -0.2 T T T 1
0 5 10 15 20
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Figure 7. Frequency response curves under the short-circuit fault and disconnection condition.
To illustrate this, the AC interconnection line is disconnected without introducing a

short-circuit fault, and the generator frequency variations are shown in Figure 8. From
Figure 8, it can be seen that, in the absence of a short-circuit fault, opening the AC inter-
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connection line has negligible effect on the frequencies of the generators, because under
steady-state conditions the AC line does not carry significant power.

0.01 -
N
=
g —— (Gl
-g —o— (3
£ -0.00+ G5
> ——G7
o
5
=
o
8 '001 T T T T T 1
F= 0 5 10 15 20
Time /s

Figure 8. Frequency response curves under the disconnection condition.

From the above analysis, it can be concluded that under the single-AC multi-DC
interconnection scheme, neither AC nor DC faults create unbalanced power in the system,
effectively enhancing system frequency stability.

The feasibility of the single-AC multi-DC interconnected scheme is analyzed from the
perspective of synchronous stability. Compared with a fully AC synchronous interconnec-
tion scheme, the AC coupling between the sending and receiving systems is weakened
under the single-AC multi-DC scheme, which can lead to a deterioration of system syn-
chronous stability if no countermeasures are taken. A short-circuit fault is applied on
the line between bus 6 and bus 7 in the sending-end system and cleared after 0.1 s. The
rotor angle responses of all units in the system are shown in Figure 9. As seen in Figure 9,
without any mitigating measures, the short-circuit fault causes the units in the sending and
receiving systems to lose synchronism, with the phase difference continuously increasing.
Ultimately, the units lose synchrony, and the system’s synchronous stability cannot meet
the requirements for stable operation.

1000

—a— (G1——G3

—— G5—~—G7

600

'200 T T T T T T T T T 1

Rotor Angles of Generators /°

Time /s

Figure 9. Angle response curves under the short-circuit fault in the sending-end system.

Although the inherent structure of a single-AC multi-DC system can negatively impact
system synchronous stability, the single-AC multi-DC configuration has the advantage of
being able to flexibly switch to an asynchronous interconnection mode. In the case of a
single-AC multi-DC interconnection scheme, if the AC tie line is actively disconnected, the
sending and receiving systems enter an asynchronous interconnection state, and the issue
of synchronous stability no longer exists.
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To verify the impact of active AC tie line disconnection on system stability, for the
system shown in Figure 4, the AC tie line is actively disconnected when the phase difference
between its terminal buses reaches 40°. Applying the same short-circuit fault at the sending-
end system again, the phase difference between the AC tie line terminal buses reaches 40°
at 1.5 s, causing the tie line to disconnect. The simulation results are shown in Figure 10.
As can be seen from Figure 10, after the AC tie line is actively disconnected, the frequencies
of the generating units in the sending-end and receiving-end systems gradually return to
their rated values, and the system tends toward stability. Therefore, by utilizing the active
disconnection capability of the AC line, the single-AC multi-DC interconnection scheme
can effectively prevent loss of synchronism between the sending and receiving systems.

2. 500
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2 300
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Figure 10. Angle response curves under the active disaggregation.

Furthermore, after the transmission section planning, simulation results show that
the voltage stiffness indices at the key nodes all exceed 0.95, indicating that the system has
sufficient voltage support capability. In summary, the voltage stability, frequency stability,
and synchronous stability of this single-AC multi-DC transmission structure all meet the
engineering operational stability requirements.

5. Conclusions

This paper addresses critical challenges in power grids located in load center areas,
where dense AC networks often lead to difficulties in power flow control and the occurrence
of excessive short-circuit currents. To overcome these issues, a novel single-AC multi-DC
hybrid grid structure is proposed. This innovative configuration aims to enhance both
the operational flexibility and the overall stability of power systems, providing a feasible
solution for modern high-demand load centers. The main conclusions of this study are
summarized as follows:

(1) The technical advantages of the single-AC multi-DC hybrid structure are comprehen-
sively analyzed from six key dimensions: power flow controllability, N-1 overload
risk, short-circuit current risk, voltage stability, frequency stability, and synchronous
stability. The analysis demonstrates that this hybrid structure not only improves the
controllability of power flows compared to conventional AC-dominated grids but also
effectively mitigates risks associated with line overloads and short-circuit currents.
Moreover, the results show significant enhancements in voltage regulation, frequency
response, and synchronous stability, highlighting the superior performance of the
single-AC multi-DC structure across all evaluated technical aspects.

(2) To validate the effectiveness of the proposed configuration, simulation studies are con-
ducted on a representative single-AC multi-DC test system. The results indicate that
the system can leverage the active disconnection capability of AC lines to dynamically
transition into an asynchronous operational mode when necessary. This capabil-
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ity allows the grid to compensate for potential deficiencies in synchronous stability,
thereby substantially improving the overall controllability, operational flexibility, and
security-stability of the power network. These findings confirm that the single-AC
multi-DC hybrid structure is a promising approach for enhancing the resilience and
adaptability of modern power grids in load center regions.

In the future, research will continue to explore the coordination between the optimal
planning of the single-AC multi-DC structure and high-proportion renewable energy,
so as to provide more comprehensive technical support for power grid upgrading and
transformation and to realize the unification of power sources and the grid.
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