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ABSTRACT: Aiming at the challenge of large-scale centralized integration of high-proportion renewable energy,
and addressing current bottlenecks in ultra-high voltage (UHV) AC power grids—such as low utilization rates
of transmission corridors and poor active power flow controllability—this paper proposes various upgrading and
transformation schemes for UHV AC ring networks. These schemes aim to simultaneously enhance the renewable
energy accommodation and operational regulation capabilities of the AC grid. First, targeting typical UHV double-
circuit transmission corridors, three topological schemes are designed: direct AC integration of renewable energy,
single-circuit voltage source converter-based high voltage direct current (VSC-HVDC) transformation, and double-
circuit full VSC-HVDC transformation. Second, a unified DC power flow mathematical model is established to
theoretically derive and reveal the power flow control characteristics under traditional AC integration, single-circuit
VSC-HVDC transformation, and full VSC-HVDC transformation. Finally, a multi-dimensional evaluation system is
constructed, encompassing power flow control flexibility, static and transient voltage stability, and short-circuit current
levels. Simulations and analyses are then conducted using the Power System Dispatcher-Based Performance Analysis
(PSD-BPA) program based on the 2040 planning data for the East China Power Grid. The research results indicate
that the double-circuit full VSC-HVDC transformation scheme can overcome the physical constraints of the AC
grid’s natural impedance, achieving active regulation of transmission power. Simultaneously, it effectively limits short-
circuit currents by leveraging its nonlinear high-impedance characteristics. This scheme serves as an effective technical
pathway for resolving the challenges of high-proportion renewable energy transmission and ensuring the safe and stable
operation of receiving-end power grids.
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1 Introduction
With the profound advancement of the “carbon peaking and carbon neutrality” strategic goals, con-

structing a novel power system with renewable energy as the mainstay has become the core task of China’s
energy transition [1]. As a major economic and energy-consuming province on the eastern coast, the
development of Jiangsu’s power grid presents typical characteristics: on one hand, the province is abundant in
onshore photovoltaic and offshore wind resources, driving an urgent need for the large-scale and centralized
development of renewable energy [2]; on the other hand, due to the dense and heavy local electrical loads,
there is a pressing demand for the continuous injection of external power through transmission corridors [3].
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However, the development paradigm of traditional AC power grids is encountering multiple bot-
tlenecks. First, there is a fundamental trade-off between the utilization rate of transmission corridors
and the suppression of short-circuit currents: although strengthening grid interconnections can enhance
transmission capacity, it further elevates the short-circuit current levels at hub buses, thereby exacerbating the
risk of insufficient breaking capacity of circuit breakers [4]. Second, there is a deficiency in renewable energy
integration and power flow control capabilities: after large-scale renewable energy is centrally connected
via AC lines, the power flow distribution caused by its output fluctuations strictly follows Kirchhoff ’s laws;
this passive distribution cannot be actively controlled and is prone to causing transmission congestion [5].
Furthermore, the dynamic voltage support capability at load centers is weak: the superposition of the long-
distance nature of UHV power injection and the weak-feed characteristics of renewable energy generators
makes the voltage recovery issue of the receiving-end grid increasingly prominent after faults [6]. These
issues indicate that traditional planning approaches centered on AC grid expansion are no longer adequate
for the development needs of receiving-end grids under the context of high-proportion renewable energy
integration. How to achieve the efficient integration of gigawatt-level renewable energy while ensuring the
safe and stable operation of the main AC grid has become a critical scientific problem urgently needing
resolution for the Jiangsu power grid.

To address these challenges, Jiangsu has constructed a UHV AC ring grid and formed a robust receiving-
end grid relying on the East China UHV ring grid. Recent theoretical advancements have extensively
explored the modeling, control mechanisms, and macroscopic impacts of hybrid AC/DC systems. From
a macro-level perspective, recent empirical studies have confirmed that Ultra-High-Voltage (UHV) con-
struction projects significantly improve cross-regional energy efficiency and facilitate large-scale renewable
energy dispatch [7]. However, the current transmission capacity utilization rate of UHV AC corridors in
Jiangsu is relatively low, and their potential transmission capability has not yet been fully harnessed [8].
Scientifically retrofitting the existing UHV AC ring grid to transform it into an “expressway” supporting
the cross-regional transmission of renewable energy is a feasible technical pathway to enhance corridor
utilization and successfully deliver renewable energy to load centers [9].

Therefore, the primary motivation of this study stems from the stark contrast between the urgent
requirement for large-scale renewable energy integration and the current low transmission capacity
utilization rate of existing UHV AC corridors. Driven by the dual demands of accommodating massive
renewable energy and supplying growing local loads, this paper aims to explore scientifically feasible
retrofitting schemes for UHV AC ring grids. By doing so, we intend to achieve a dual benefit: transforming
underutilized AC corridors into actively controllable ‘expressways’ for cross-regional power transmission,
while fundamentally resolving the bottleneck of passive power flow and excessive short-circuit currents.

The rapid development of VSC-HVDC technology provides a novel solution to address this require-
ment. This technology possesses superior features such as the independent and decoupled control of
active and reactive power, less short-circuit current contribution, and fault isolation capabilities, which
can fundamentally break through the physical constraints of AC transmission that rely on line impedance
and power flow distribution strictly following Kirchhoff ’s laws [10]. In particular, the increasingly mature
engineering applications of Multi-Terminal DC (MTDC) systems make it possible to embed multiple
converter stations within the receiving-end grid, thereby realizing multi-point power injection and flexible
mutual support [11]. This “embedded VSC-HVDC” grid configuration mode can enhance corridor transmis-
sion capacity, strengthen regional mutual support capabilities, and improve voltage support characteristics
without significantly increasing short-circuit currents, providing a completely new technical perspective
for the upgrading and retrofitting of UHV AC ring grids [12]. To theoretically analyze such complex
interconnected networks, advanced unified power flow models and sequential algorithms have been recently
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proposed for multi-terminal HVDC and hybrid AC/DC systems. These theoretical frameworks enable
accurate evaluations of steady-state power distributions under various converter control modes [13,14].
Furthermore, regarding dynamic interactions, recent research has deeply investigated the active power flow
control mechanisms and grid-forming capability transfers of VSC-HVDC systems, theoretically proving
their bidirectional support capabilities for weak AC grids [15].

In response to the transmission bottlenecks and grid security issues caused by the large-scale integra-
tion of renewable energy, scholars worldwide have conducted extensive research. Regarding the capacity
expansion and retrofitting of transmission corridors, traditional approaches have primarily focused on
technologies such as the series compensation and dynamic reactive power compensation of AC lines, aiming
to enhance the transmission capacity and stability of existing AC corridors [16]. However, these methods
do not fundamentally alter the physical essence of AC transmission. In recent years, retrofitting existing AC
corridors using VSC-HVDC technology has emerged as a research hotspot. Some scholars have proposed
schemes to retrofit AC lines into VSC-HVDC systems, verifying their advantages in power flow control and
short-circuit current suppression [17]. Nevertheless, for UHV AC ring grid structures, comparative studies
on system-level performance under different retrofitting modes remain insufficient, and there is a lack of
analytical analysis revealing their power flow control characteristics from a theoretical perspective [18].

Aiming at the limitations of the current research, this paper sets the core objective of enhancing the
renewable energy integration capacity and corridor utilization rate of the receiving-end grid. Focusing on
the retrofitting of the UHV AC ring grid, three main contributions are made as follows:

1. Proposing three progressive UHV AC ring grid retrofitting schemes: Targeting a typical UHV double-
circuit corridor, three topological scenarios are designed, ranging from the direct AC integration
of renewable energy and single-circuit VSC-HVDC retrofitting, to double-circuit full VSC-HVDC
retrofitting. The operational boundaries and control characteristics of each scheme are clarified.

2. Revealing the control mechanisms of each scheme based on DC power flow theory: A unified mathe-
matical model applicable to the three schemes is established, and the analytical relationship of the total
transmission power in key transmission corridors is rigorously derived from a theoretical perspective.
The essential reasons for the “passive congestion effect” of traditional AC integration, the “shunting
and squeezing effect” of single-circuit retrofitting, and the “global controllability” achieved by full
VSC-HVDC retrofitting are physically verified.

3. Constructing a comprehensive evaluation system and conducting quantitative verification: A multi-
dimensional evaluation system encompassing power flow control flexibility, static/transient voltage
stability, and short-circuit current levels is proposed.

Based on the 2040 planning data of the East China Grid, comprehensive simulations are conducted to
quantitatively verify the practical engineering effects of different retrofitting schemes in breaking through
transmission bottlenecks and enhancing the security of the receiving-end grid. To clearly highlight the
unique contributions of this study compared to the existing state-of-the-art, a systematic comparison is
presented in Table 1.
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Table 1: A comparison of this paper with existing literature.

Reference Application Scenario Main
Focus/Methodology

Progressive AC-to-DC
Retrofitting Schemes

Evaluated?

Theoretical
Derivation of Power
Flow Controllability

Ref. [13] Multi-terminal
HVDC grids

Power-flow algorithms
for archipelago grids No Yes (Limited to isolated

DC)

Ref. [14] Hybrid AC/DC
systems

Sequential steady-state
power flow algorithm No Yes (System level)

Ref. [18] High renewable
penetration

Resilient grid
architectures No No (Macro-level

architecture)

Ref. [19] General AC/DC
networks

Coordinated active &
reactive power control No No (Focus on voltage

stability)

This paper
UHV AC ring grids

and Large-scale
renewable integration

Unified DC power
flow mathematical

model

Yes (Comprehensive:
Pure AC, Single

VSC-HVDC, Double
VSC-HVDC)

Yes (Detailed analytical
mechanisms for power

routing)

2 Design of Retrofitting Schemes for UHV AC Ring Grids
This chapter designs three representative retrofitting schemes for UHV AC corridors. These schemes

encompass technical pathways ranging from traditional AC expansion to DC retrofitting, aiming to explore
the optimal path for enhancing the control flexibility and operational security of the receiving-end grid by
altering the physical characteristics of transmission corridors.

2.1 Scheme I: Direct AC Integration Scheme for Renewable Energy
Scheme I follows the evolutionary paradigm of traditional AC grids. Based on the existing UHV double-

circuit AC lines, as shown in Fig. 1, it achieves the collection and transmission of renewable energy by
constructing new AC substations.

Figure 1: Diagram of UHV AC transformation scheme I.
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In Scheme I, after being stepped up by the collection system, the renewable energy power plants are
connected to the intermediate node m located between bus p and bus q. The original double-circuit UHV
AC lines remain in parallel operation, and the renewable energy directly enters the AC ring grid at this node,
forming a typical topology of “AC corridor-intermediate grid integration”.

Under this topology, the power flow distribution of the corridor depends entirely on the nodal
impedance matrix and the nodal phase angle distribution of the system. Due to the absence of active
regulation components, the corridor power cannot be adjusted independently of the grid state. This “passive
physical coupling” characteristic may lead to localized transmission congestion.

2.2 Scheme II: Single-Circuit VSC-HVDC Retrofitting Scheme
Scheme II adopts the transitional approach of “AC/DC parallel operation”. Considering the complexity

and economic factors of AC-to-DC retrofitting, only one circuit of the original UHV double-circuit lines
is retrofitted with VSC-HVDC, aiming to introduce active control variables to enhance the transmission
performance of the corridor.

This scheme retains one AC circuit unchanged and retrofits the other into a VSC-HVDC transmission
system based on Modular Multilevel Converters (MMC). If the transmission capacity of the original AC line
can meet the DC system capacity, it can be disconnected in the middle to construct back-to-back converter
stations, which are then connected to the renewable energy terminal (as shown in Fig. 2); if the transmission
capacity of the original AC line cannot meet the DC system capacity, the entire line needs to be retrofitted
to DC line.

Figure 2: Diagram of UHV AC transformation scheme II.

The control objectives of the MMC are primarily divided into two categories: active power and reactive
power. The active power control objectives mainly involve parameters such as active power Ps and DC
voltage Udc, while the reactive power control objectives mainly include parameters such as reactive power Qs
and AC voltage amplitude Us. When supplying power to a passive network through a VSC-HVDC system,
constant U/f control is typically adopted [20]. For the three-terminal VSC-HVDC system shown in Fig. 2,
the converter at the renewable energy terminal usually adopts constant U/f control. For the two converters
connected to the UHV lines, in terms of active power, one adopts constant DC voltage control and the other
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adopts constant active power control [21]. In terms of reactive power, constant zero reactive power control
is usually applied; however, when the AC grid is weak, constant AC voltage control at the grid-connected
converter bus can be utilized to provide reactive power-voltage support for the AC grid [19].

In Scheme II, the DC corridor can achieve precise power regulation. However, because the AC branch
still exists, the regulation of DC power will trigger a redistribution of power flow in the parallel AC branch.
The power flow in the parallel branch may decrease or even reverse, generating a “power flow squeezing” or
“shunting effect”.

2.3 Scheme III: Double-Circuit VSC-HVDC Retrofitting Scheme
Scheme III retrofits both AC circuits of the original UHV corridor. If the transmission capacity of the

original AC lines can meet the DC system capacity, they can be disconnected in the middle to construct back-
to-back converter stations, which are then connected to the renewable energy terminal (as shown in Fig. 3);
if the transmission capacity of the original AC lines cannot meet the DC system capacity, the entire lines
need to be retrofitted to DC. At this point, there is no longer a direct AC electrical connection between bus
p and bus q, forming an “active energy pipeline” entirely supported by power electronic equipment.

Figure 3: Diagram of UHV AC transformation scheme III.

The core advantage of this scheme lies in “completely decoupling”. On one hand, the transmission power
is completely freed from the physical constraints of network impedance and bus phase angles, achieving
a 100% degree of control freedom. On the other hand, the nonlinear impedance characteristics of the DC
system can block the short-circuit current injection paths from the systems on both sides. Among them, the
control methods for the three converters are identical to those in Scheme II.

3 Analysis of Control Flexibility Based on DC Power Flow Algorithm
This chapter aims to theoretically reveal the impact of different UHV AC retrofitting schemes on power

flow control flexibility. The DC power flow model is employed because it linearizes complex nonlinear prob-
lems, thereby facilitating the analytical analysis of the fundamental relationship between power distribution
and network parameters. By establishing a unified mathematical model, this chapter sequentially analyzes
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the capabilities of the three schemes proposed in the previous chapter in controlling the total power of the
transmission corridor.

3.1 Unified Mathematical Model for DC Power Flow
For an n-bus system, the DC power flow equation can be expressed as:

P = Bθ (1)

where P ∈ Rn is the nodal active power injection vector (excluding the slack bus), θ ∈ Rn is the nodal voltage
phase angle vector, and B ∈ Rn×n is the nodal susceptance matrix, whose elements are determined by the
branch reactance:

1. Off-diagonal elements: Bi j = −1/xi j, where xi j is the branch reactance between bus i and bus j.
2. Diagonal elements: Bi i = ∑

j≠i
1/xi j.

For an AC line connecting bus p and bus q, the transmitted active power Ppq is:

Ppq =
θ p − θq

xpq
(2)

when multiple parallel AC lines exist between two buses, the total power is the sum of the active power of
each line. Taking the single-circuit reactance x as a reference, if the parameters of the double-circuit lines are
identical, the equivalent parallel reactance is x/2, and the total power is 2 (θ p − θq) /x.

3.2 Power Flow Characteristics of Scheme I
In Scheme I, nodes p and q are connected by double-circuit AC lines (the total equivalent impedance

is denoted as xL = x/2). Considering the engineering reality of the centralized and contiguous development
of renewable energy, large-scale renewable energy is not directly integrated into bus p or bus q, but rather
connected to a certain intermediate node m within the transmission corridor nearby. The total number of
system nodes increases from n to n + 1.

3.2.1 Network Topology Changes
Assume that before the integration of renewable energy, the initial nodal susceptance matrix of the

original system is B(0), the initial nodal phase angle vector is θ(0), and the total reactance of the original
double-circuit lines is xL.

Let the electrical distance ratio of the newly constructed node m from node p be λ (0 < λ < 1). Then, the
original line is physically divided into two sections: the reactance of the p-m section is λxL , and the reactance
of the m-q section is (1 − λ) xL . The active power of renewable energy Pnew is injected at node m.

The augmented DC power flow equation containing the new node m is expressed in a block matrix
format. Let the new phase angle vector of the original n nodes after the integration of renewable energy be
θ̂, and the phase angle of node m be θm . Then the augmented matrix equation is:

[P(0)
Pnew
] = [B

(0) + ΔB bm
bT

m Bmm
] [ θ̂

θm
] (3)
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The physical definitions of the elements in the augmented matrix are as follows:

1. Self-susceptance of node m:

Bmm =
1

λxL
+ 1
(1 − λ) xL

= 1
λ (1 − λ) xL

(4)

2. Mutual susceptance vector bm : with a dimension of n × 1. Because node m is physically connected only
to nodes p and q, this vector has non-zero elements exclusively in the p-th and q-th rows, which are
−1/ (λxL) and −1/ [(1 − λ) xL], respectively.

3. Original nodal correction matrix ΔB: Since the original p-q direct branch is physically disconnected,
ΔB has non-zero elements only in the four positions related to p and q:

ΔBpp =
1 − λ
λxL

(5)

ΔBqq =
λ

(1 − λ) xL
(6)

ΔBpq = ΔBq p =
1

xL
(7)

3.2.2 Solution for Phase Angles and Transmission Power
To solve for the actual phase angles of the original n nodes after the integration of renewable energy,

matrix algebraic solving is performed on Eq. (3). Expanding the second row of the matrix yields the phase
angle expression for node m:

θm =
Pnew − bT

m θ̂
Bmm

(8)

Substituting this into the first row of the matrix to eliminate θm , and transposing and rearranging the
terms, an equation with respect to θ̂ is obtained:

P(0) − Pnew

Bmm
bm = (B(0) + ΔB − bmbT

m
Bmm

) θ̂ (9)

Moreover, since:

ΔB − bmbT
m

Bmm
≡ 0 (10)

Therefore, Eq. (9) can be simplified as:

B(0)θ̂ = P(0) − Pnew

Bmm
bm (11)

Since the power flow of the original system before integration satisfies P(0) = B(0)θ(0), substituting this
into Eq. (11) yields the exact analytical expression for the new phase angle θ̂:

θ̂ = θ(0) −X(0) bm

Bmm
Pnew (12)



Energy Eng. 2026;123(11):7 9

The new phase angles of node p and node q after deviation are obtained as follows:

θ̂ p = θ(0)p + [(1 − λ)X(0)pp + λX(0)pq ] Pnew (13)

θ̂q = θ(0)q + [(1 − λ)X(0)q p + λX(0)qq ] Pnew (14)

Then, the phase angle difference between the two ends after the integration of renewable energy is:

θ̂ p − θ̂q = (θ(0)p − θ(0)q ) + βPnew (15)

γ = (1 − λ) (X(0)pp − X(0)pq ) + λ (X(0)pq − X(0)qq ) (16)

Consequently, the actual active power of the two lines sections within the corridor are, respectively:

Ppm =
θ̂ p − θm

λxL
, Pmq =

θm − θ̂q

(1 − λ) xL
(17)

Combining with Eq. (8), the actual power flow of the corridor can be finally obtained:

Ppm =
θ(0)p − θ(0)q

xL
+ ( γ

xL
− (1 − λ))Pnew (18)

Pmq =
θ(0)p − θ(0)q

xL
+ ( γ

xL
+ λ)Pnew (19)

The above rigorously derived formulas profoundly reveal the fundamental physical defects faced by the
current pure AC grid when adapting to the integration of renewable energy at intermediate nodes:

1. Passive physical splitting of renewable energy power: Eq. (19) indicates that the renewable energy
integrated at the intermediate node cannot be fully transmitted to node q, and a portion of the power
flows to node p. This purely passive physical allocation mechanism can easily lead to undesirable power
flow reduction or even reverse flow in the p-side network.

2. High susceptibility to AC section congestion: Because the corridor power cannot be actively regulated,
when fluctuations in the external grid power flow cause Ppm to increase, or when the renewable energy
PRE suddenly surges, Pmq can only be passively superimposed.

3. If the superimposed power flow exceeds the thermal stability limit of the line, the dispatch system cannot
alleviate the power flow through internal regulation and is forced to resort to the extreme measure of
curtailing renewable energy (wind and solar curtailment).

In summary, Scheme I completely depends on the natural physical parameters of the network and
cannot achieve the active control of the renewable energy transmission power and the power flow of the
UHV AC ring grid. This is the fundamental motivation for introducing VSC-HVDC technology to retrofit
the UHV AC ring grid under the renewable energy transmission scenario.

3.3 Scheme II: Limitation Analysis of the Single-Circuit VSC-HVDC Retrofitting Scheme
3.3.1 Network Topology Changes

For Scheme II, one AC circuit between nodes p and q is retrofitted into a VSC-HVDC line, while
considering the integration of renewable energy.
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Let the initial nodal active power injection vector of the system be P, the nodal susceptance matrix be B,
and its inverse matrix (nodal impedance matrix) be Z = B−1. The initial nodal phase angle vector is θ(0) = ZP.
Additionally, define a single-node selection vector uq , which has a value of +1 only at its q-th element and
0 elsewhere.

After retrofitting one AC circuit with an impedance of x into a DC line, it is equivalent to disconnecting
this branch in the original AC grid. The correction to the nodal susceptance matrix is a rank-1 matrix:

ΔB = − 1
x

eeT (20)

where e is a selection vector with its p-th element being +1 and its q-th element being −1; the retrofitted nodal
susceptance matrix becomes B̂ = B + ΔB.

Ignoring the DC line losses, the VSC-HVDC converter extracts the DC command power Pre f
d c from node

p and injects it into node q during operation (the corresponding vector change is −Pre f
d c e). Meanwhile, the

newly added renewable energy grid-connected power PRE (the corresponding vector change is +PRE uq) is
also transmitted to node q. Therefore, comprehensively considering the VSC-HVDC and renewable energy,
the new nodal injection vector P̂ is:

P̂ = P − Pre f
d c e + PRE uq (21)

3.3.2 Solution for Phase Angles and Transmission Power
According to the Woodbury matrix identity, the nodal impedance matrix Ẑ = B̂−1 of the modified system

can be analytically expressed as:

B̂−1 = B−1 + 1
x − α

B−1eeT B−1 (22)

α = eT B−1e = Zpp + Zqq − 2Zpq (23)

where the physical meaning of α is the Thevenin equivalent reactance of the system looking into nodes
p and q.

The new phase angle vector θ̂ of the system is:

θ̂ = B̂−1P̂ = (B−1 + 1
x − α

B−1eeT B−1)(P − Pre f
d c e + PRE uq) (24)

Expanding this equation, substituting the initial phase angle, as well as the scalar relationships and
equivalent reactance, and combining like terms, the exact analytical expression of the phase angle vector is
obtained:

θ̂ = θ(0) +
Δθ(0)pq − xPre f

d c + βPRE

x − α
B−1e + PRE B−1uq (25)

Specifically, for the renewable energy injection term, a mutual impedance difference scalar is defined:

β = eT B−1uq = Zpq − Zqq (26)
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To calculate the transmission power of the remaining one AC circuit in the transmission corridor, it is
necessary to calculate the new phase angle difference between nodes p and q:

Δθ̂ pq = Δθ(0)pq +
α

x − α
(Δθ(0)pq − xPre f

d c + βPRE) + βPRE (27)

After simplification, it yields:

Δθ̂ pq =
x

x − α
Δθ(0)pq −

αx
x − α

Pre f
d c +

βx
x − α

PRE (28)

Since the reactance of the remaining parallel AC line is still x, its transmission power is:

P̂ac =
Δθ̂ pq

x
(29)

Finally, the total transmission power P̂total of the transmission corridor from p to q is jointly composed
of the AC power and the VSC-HVDC transmission power:

P̂total = P̂ac + Pre f
d c + PRE =

Δθ(0)pq

x − α
+ x − 2α

x − α
Pre f

d c +
x − α + β

x − α
PRE (30)

As can be seen from Eq. (30), the total transmission power is linearly correlated with the DC power
reference value.

3.3.3 Analysis of Power Flow Congestion and Local Renewable Energy Substitution Effect
Eq. (30) profoundly reveals the physical limitations of the single-circuit VSC-HVDC retrofitting scheme

and its controlled characteristics under complex operational scenarios:

(1) “Shunting/congestion effect” of DC control: The coefficient before the DC command is k1 =
(x − 2α) / (x − α) < 1. This indicates that, limited by the electrical coupling between the parallel AC
branch x and the external equivalent grid, the power extracted by the DC corridor will be shunted and
cannot be converted into an increment in the total transmission power of the corridor at a 1:1 ratio.

(2) “Substitution and squeezing effect” at the renewable energy injection terminal: A term determined by
the renewable energy is newly added to the formula. Since, in actual power systems, the nodal self-
impedance Zqq is usually greater than the mutual impedance Zpq between nodes, thus β < 0. This
means that for every additional 1 MW of renewable energy injected, a negative power offset will be
mathematically generated at node q. At the physical level, the integration of renewable energy raises
the phase angle of bus q and weakens the transmission potential from p to q, thereby “squeezing” the
AC transmission space of the UHV corridor.

3.4 Scheme III: Theoretical Analysis of Double-Circuit VSC-HVDC Retrofitting and Complete Power Flow
Decoupling Characteristics
Scheme III retrofits both AC circuits between nodes p and q into a VSC-HVDC system. At this point, this

direct electrical connection between the sending and receiving ends is completely severed, replaced by a fully
controllable power transmission corridor composed of converters and their DC networks. This section will
prove that under this scheme, the transmission power of the UHV corridor will completely break free from
the constraints of network parameters and achieve active decoupling from the renewable energy integration
at the receiving end.
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3.4.1 Network Topology Changes
Completely dismantling or retrofitting the double-circuit AC lines is equivalent to disconnecting a

branch with an impedance of x/2 in the original AC grid.
The correction to the nodal susceptance matrix is:

ΔB = − 2
x

eeT (31)

The nodal susceptance matrix of the retrofitted system is:

B̂ = B + ΔB (32)

The double-circuit VSC-HVDC converters operate in coordination, collectively extracting the DC com-
mand power Pre f

d cΣ from node p and injecting it into node q. Meanwhile, the renewable energy grid-connected
power PRE still exists at node q. Therefore, the new nodal injection vector P̂ is:

P̂ = P − Pre f
d cΣe + PRE uq (33)

3.4.2 Solution for Phase Angles and Transmission Power
According to the Woodbury matrix identity, the nodal impedance matrix Ẑ = B̂−1 of the modified system

is analytically expressed as:

B̂−1 = B−1 + 2 − α
x

B−1eeT B−1 (34)

where α remains the equivalent transfer reactance of the external system.
Substituting the new nodal injection vector to calculate the phase angles of the entire grid θ̂:

θ̂ = B̂−1P̂ = (B−1 + 2 − α
x

B−1eeT B−1)(P − Pre f
d cΣe + PRE uq) (35)

Although the receiving-end renewable energy and the extracted DC power will still cause a redistri-
bution of phase angles in the rest of the AC nodes across the grid, for this specific transmission corridor
from p to q, its AC connection at the physical level has been completely severed. Therefore, no matter how
drastically the AC phase angle difference Δθ̂ pq between the two ends, p and q, changes with the status of
the external grid or the fluctuations of local renewable energy, the AC transmission power on this corridor
remains constantly zero. The total transmission power of this corridor will be completely determined by the
command power of the VSC-HVDC system and the renewable energy injection power.

4 Comprehensive Evaluation System for Application Effects
Section 3 has rigorously demonstrated, from a theoretical perspective, the characteristic differences in

flexible power flow control of transmission corridors among various retrofitting schemes for the UHV AC
ring grid. However, considering the complex operational scenarios of high-proportion renewable energy
integration in the receiving-end grid, the evaluation of the engineering applicability of the UHV corridor
retrofitting schemes should not be solely limited to the single dimension of power flow control characteristics;
a comprehensive evaluation must be conducted from multiple dimensions. Therefore, this chapter focuses
on three core dimensions: power flow control flexibility, voltage stability, and short-circuit current level,
proposing quantitative evaluation indices for each.
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4.1 Evaluation and Index Definition of Power Flow Control Flexibility
Power flow control flexibility is a core index for measuring the scheduling adaptability of transmission

corridors, directly determining the integration adaptability of the receiving-end grid to renewable energy
output fluctuations. It is also a key indicator for alleviating transmission congestion and enhancing the
resource allocation efficiency of the power grid.

In this study, the Power Flow Controllability (PFC) index is defined as: under given steady-state
operating conditions, the ratio of the actual achievable total transmission power regulation range of a
transmission corridor to its physical limit transmission capacity (i.e., the sum of the thermal stability limits
of individual circuits or the rated capacities of the converters within the corridor). Its calculation formula is
as follows:

PFC =
Pmax

total − Pmin
total

∑ Srated
× 100% (36)

where Pmax
total and Pmin

total respectively represent the maximum and minimum active transmission power that
the transmission corridor can reach under the premise of satisfying various system security constraints;
∑ Srated is the total rated capacity of all transmission elements within the corridor. A larger value of this
index indicates a more sufficient active regulation margin of the transmission corridor.

4.2 Evaluation and Index Definition of Voltage Stability
This paper proposes the following two quantitative evaluation indices from two dimensions: steady-state

disturbance resistance and transient fault recovery.

4.2.1 Static Voltage Stability Index (IV−s)
It characterizes the system’s ability to resist the active power fluctuations of renewable energy and

maintain nodal voltage stiffness under steady-state operating conditions. It is defined as the ratio of the
steady-state voltage amplitude at the Point of Common Coupling (PCC) after the integration of renewable
energy at its full-rated capacity U f ul l

pcc , to the no-load voltage amplitude of this node before integration
U em pt y

pcc :

IV−s =
U f ul l

pcc

U em pt y
pcc

(37)

A larger value of this index indicates superior static voltage stabilization characteristics of the system;
however, attention must be paid to avoiding overvoltage. It is important to note the operational interpretation
of the proposed static voltage stability index. In this study, the safe and optimal threshold range for this index
is defined as 0.95 to 1.05 p.u., which aligns with the general consensus in power system operations allowing
for a voltage fluctuation of ±0.05 p.u. Furthermore, the actual value of this index is directly influenced by
the selected control strategy of the VSC-HVDC converters. When the VSC adopts Constant Reactive Power
Control, it acts as a fixed reactive power source/sink, and the AC voltage at the PCC depends entirely on
the natural power flow calculation of the wider AC system. Conversely, when Constant AC Voltage Control
is applied, the VSC leverages its dynamic reactive power capability. Provided the required reactive power
remains within the converter’s capacity limits, this strategy can actively maintain the PCC AC voltage at a
strictly constant value (e.g., exactly 1.0 p.u.), thereby providing superior voltage support and stabilizing the
index against grid disturbances.
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4.2.2 Transient Voltage Stability Index (IV−t)
It characterizes the dynamic support capability of the system to maintain the voltage at the grid

connection point and achieve rapid recovery after a severe fault occurs. Selecting a three-phase short-circuit
fault as the typical disturbance scenario, this index is defined as the time required for the bus voltage at the
grid connection point to recover to 0.95 p.u.:

IV−t = t∣U≥0.95p.u. − t0 (38)

where t0 is the fault occurred time. A smaller value of IV−t indicates a faster transient voltage recovery speed
and stronger dynamic reactive power support of the system.

4.3 Evaluation and Index Definition of Short-Circuit Current Level
4.3.1 VSC-HVDC Short-Circuit Current Limiting Mechanism

In traditional AC grids, when a short-circuit fault occurs at node k, the short-circuit current is
mainly provided by the synchronous machines across the grid and is determined by the system equivalent
impedance network:

Isc ,k ≈ Uk/∑Zac (39)

Retaining or strengthening the AC grid interconnections will reduce the system equivalent impedance,
thereby inevitably pushing up the short-circuit current at the receiving-end hub buses.

The short-circuit response mechanism of the VSC-HVDC transmission system is fundamentally
different from that of traditional AC components. When a short-circuit fault on the AC side causes a voltage
dip, the internal control system of the converter will instantaneously trigger the current-limiting loop [22].
To protect the power electronic devices, the control system strictly clamps the output d- and q-axis current
reference values of the converter within their maximum safety limits:
√
(ire f

d )
2
+ (ire f

q )
2
≤ Imax (40)

where Imax is typically set to 1.2 to 1.5 times the rated current. This means that during the short-circuit
transient process, the converter externally presents itself as a bounded controllable current source. The
equivalent internal impedance of the converter during the fault can be approximated as:

Zeq
V SC =

U f

Imax
(41)

As the voltage U f at the fault point drops, Zeq
V SC exhibits extreme nonlinear high-impedance character-

istics, physically achieving the blocking and decoupling of the short-circuit current.

4.3.2 Short-Circuit Current Level Index
Based on the above short-circuit current evolution mechanism, this study selects the peak short-circuit

current index Isc to evaluate the substantial impact of different retrofitting schemes on the short-circuit
capacity of the receiving-end grid.
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This index is defined as the maximum transient peak value of the first half-cycle short-circuit current
flowing through critical circuit breakers after a three-phase metallic short-circuit fault occurs at a specific
hub node (unit: kA). In subsequent case evaluations, whether this index breaks through the breaking capacity
limit of the circuit breaker will be used as a strict constraint to judge the security and feasibility of the scheme.

It should be noted that in the electromechanical transient simulation software BPA, some of the
calculation principles for short-circuit current are as follows [23]:

1. Static loads are considered.
2. Shunt reactive power compensation is incorporated.
3. Line charging power is accounted for.
4. MMC-HVDC systems are included in the model.
5. Contributions from renewable energy sources are evaluated.
6. STATCOM devices are considered in the analysis.
7. A short-circuit voltage coefficient of 1.08 p.u. is applied.

5 Case Study
Based on the power system computational analysis software BPA, a simulation analysis of the three

proposed UHV AC retrofitting schemes is conducted using the 2040 planning data of the East China Grid.
The local grid topology of the planning data is shown in the Fig. 4.

Figure 4: The East China Grid (Partial) 2040 planning wiring diagram.

5.1 Analysis of Power Flow Control Effects
5.1.1 Scheme I Retrofitting

The original power flow of the TZ-DW UHV AC line before retrofitting is +2330.6 × 2 MW, where the
positive sign indicates the flow direction from TZ to DW, with a load rate of approximately 12.82%.

After the retrofitting in Scheme I, 3000 MW of power is injected from the renewable energy terminal.
The line power from the injection point bus (newly added substation) to the DW substation is +3040.6 ×
2 MW (the sign indicates the flow direction from the newly added substation to the DW substation), and
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the line power from the newly added substation to the TZ substation is −1589.0 × 2 MW (the sign indicates
the flow direction from the TZ substation to the newly added substation), even resulting in a reverse power
flow. The total active power flow from TZ to DW is 2903.2 MW, which is lower than the original power flow.

Overall, the retrofitting in Scheme I can only achieve the grid integration of renewable energy power
but fails to enhance the utilization rate of the TZ-DW UHV AC line.

5.1.2 Scheme II Retrofitting
Assume that the capacity of the converter at the DW substation side is 9000 MVA, and the capacity

of the converter at the TZ substation side is 7000 MVA (considering the DC line losses and reactive
power requirements, a power margin of 1000 MVA is reserved). When the active power reference value of
the converter at the DW substation side is set to its maximum of 9000 MW, the DW converter absorbs
6650.9 MW of active power from the AC grid. The power flow of the unretrofitted TZ-DW UHV AC line is
−988.6 MW, flowing from DW to TZ, and the total active power flow from TZ to DW is 8011.4 MW.

Furthermore, a simulation analysis of the power flow control capability of the VSC-HVDC system in
Scheme II is conducted, and the power flow control effect of Scheme II is obtained as shown in Fig. 5.

Figure 5: Power flow control effect diagram using scheme II.

As can be seen from Fig. 5, the relationship between the active power command value of the DW
converter station and the total power flow of the TZ-DW UHV line can be approximated as a linear function,
and its fitted equation is:

y = 0.5616 x + 3795.4489 (42)

The mean absolute residual and the maximum absolute residual are 12.7939 and 31.3992 MW, respec-
tively, and the residual standard deviation is 15.1947 MW. This is consistent with the relevant derivation
in Section 3.3.2.
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5.1.3 Scheme III Retrofitting
When the active power reference value of the converter at the DW substation side is set to its maximum

of 9000 MW, the DW converter absorbs 6650.9 MW of active power from the AC grid, flowing from DW to
TZ, and the total active power flow from TZ to DW is 9000 MW. The total power flow of the TZ-DW UHV
line is entirely dictated by the active power command value of the DW converter station.

Further increasing the active power reference value of the converter at the DW substation side under
the existing grid conditions, when the active power command of the DW station is set to approximately
10,000 MW, the system power flow fails to converge. This is mainly limited by the insufficient capacity of
the 1100 to 525 kV step-down transmission corridor. This reveals a critical system constraint: while the full
double-circuit VSC-HVDC transformation massively increases the transmission capability from TZ to DW
at the UHV level (e.g., 1100 kV), the actual power deliverability is bottlenecked by the step-down capacity at
the receiving end. The massive power influx must be stepped down through transformers to 500 and 220 kV
networks to supply local loads. Once the newly added UHV transmission volume exceeds the thermal limits
of these receiving-end transformers or lower-voltage distribution lines, power flow divergence occurs.

To address this bottleneck, a staggered grid reinforcement strategy is proposed. In practical grid
engineering, the difficulty, environmental constraints, and capital costs of retrofitting UHV cross-regional
corridors are significantly higher than upgrading local substations. Therefore, the optimal planning strategy
is to fully maximize the UHV corridor’s capacity in one-time retrofit project, deliberately creating a
transmission margin designed for the next 20 to 50 years. Subsequently, as the regional load demand
naturally grows, the grid operators can progressively upgrade the receiving-end step-down substations—
such as installing higher-capacity transformers and expanding 525 and 220 kV outgoing feeders. This phased
approach ensures that the high-cost UHV infrastructure is future-proofed, while local distribution networks
are upgraded economically in tandem with actual load growth.

5.2 Analysis of Voltage Stability Effects
5.2.1 Calculation of Static Voltage Stability Index

A simulation analysis is conducted on the static voltage stability of the system under different retrofitting
schemes. The static voltage characteristics of major nodes such as TZ and DW are shown in Table 2.

As can be seen from Table 2, under the three retrofitting schemes, the steady-state voltages of TZ, DW,
and the newly added bus are all within a reasonable range (0.95–1.05 p.u.).

Table 2: Steady state voltage under different schemes.

New Energy Power/MW Type of Scheme Steady State Voltage/p.u.

TZ DW m

0
Scheme I 1.008 0.999 0.991
Scheme II 1.004 0.994 –
Scheme III 1.001 0.984 –

3000
Scheme I 1.002 0.993 0.984
Scheme II 1.012 0.997 –
Scheme III 1.013 0.989 –
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However, the static voltage at the DW node is relatively low. Combining with Eq. (37), further cal-
culation shows that the static voltage stability indices of the three schemes at the DW station are 0.9940,
1.003, and 1.005, respectively. That is, under the AC retrofitting scheme, the smaller the grid-connected
renewable energy power, the higher the static voltage at the Point of Common Coupling (PCC); under the
DC retrofitting schemes, the larger the grid-connected renewable energy power, the higher the static voltage
at the grid-connected converter bus.

It should be noted that the above analysis and calculations are all conducted under the condition that
the converter adopts constant zero reactive power control. When the converter adopts constant AC voltage
control, under the premise of not exceeding the capacity limit, the voltage at the PCC can be maintained at
the desired target value, meaning the static voltage stability index is 1.

5.2.2 Transient Voltage Recovery
Setting an N-1 contingency (three-phase metallic grounding fault) on the TZ-FC 525 kV double-circuit

lines at the FC side, the voltage recovery of the TZ 525 kV bus is shown in Fig. 6. The transient voltage
recovery times of the main relevant nodes under different retrofitting schemes are shown in Fig. 7. Setting an
N-1 contingency on the DW-XX 525 kV double-circuit lines at the DW side, the transient voltage recovery
times of the main relevant nodes under different retrofitting schemes are shown in Fig. 8.

As can be seen from Figs. 6–8, the transient voltage recovery times of the nodes in Scheme II and Scheme
III are relatively short and show little difference. It should be noted that a transient voltage recovery time of
0 indicates that during the fault and the fault recovery process, the voltage of this node remains consistently
higher than 0.95 p.u.

Figure 6: Voltage variation timing diagram of TZ 525 kV bus.
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Figure 7: Comparison chart of transient voltage recovery times at certain nodes under different schemes with TZ-FC
fault.

Figure 8: Comparison chart of transient voltage recovery times at certain nodes under different schemes with DW-XX
fault.

5.3 Short-Circuit Current Level
The calculation results of the three-phase short-circuit currents for selected buses under different

retrofitting schemes are shown in Table 3. As can be seen from Table 3, under all three retrofitting schemes,
the short-circuit currents do not exceed the breaking current limit of the circuit breakers, which is 63 kA.
Because Scheme III adopts the full VSC-HVDC mode, its short-circuit current level is the lowest.

Table 3: Short-circuit current under different schemes.

Node Name Type of Scheme Short-Circuit Current at/kA

DW 1100 kV node
Scheme I 50.877
Scheme II 50.516
Scheme III 45.757

(Continued)
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Table 3 (continued)

Node Name Type of Scheme Short-Circuit Current at/kA

TZ 1100 kV node
Scheme I 29.625
Scheme II 26.547
Scheme III 20.385

DW 525 kV node
Scheme I 51.435
Scheme II 51.419
Scheme III 50.930

TZ 525 kV node
Scheme I 58.007
Scheme II 57.223
Scheme III 52.974

6 Conclusion
Aiming at the bottlenecks faced by traditional UHV AC transmission in outward transmission scenarios

of high-proportion renewable energy, such as low corridor utilization rates, difficulty in power flow regula-
tion, and excessive short-circuit currents, this paper proposes three UHV AC corridor retrofitting schemes
and conducts rigorous theoretical derivations and simulation evaluations based on the 2040 planning data
of the East China Grid.

The main conclusions are as follows:

(1) Traditional direct AC integration of renewable energy is highly prone to causing physical congestion
and cannot adapt to the requirements of active regulation. Both theory and simulation indicate that
under this scheme, the corridor power flow distribution passively depends on the natural impedance
of the network. It not only fails to effectively enhance the utilization rate of the original UHV lines
but is also prone to causing local reverse power flows. Meanwhile, strengthening AC interconnections
further pushes up the short-circuit current of the system, posing a risk of equipment limit violations.

(2) The single-circuit VSC-HVDC retrofitting provides a certain degree of flexibility but has physical
limitations. Although adopting the “AC-DC parallel” structure can introduce active control variables,
constrained by the electrical coupling of the parallel AC branches, the power extracted by the DC
corridor experiences a “shunting effect.”

(3) The double-circuit full VSC-HVDC retrofitting (Scheme III) is the optimal path to achieve highly
efficient renewable energy integration and robust grid operation. This scheme completely severs
the AC connections at both ends of the UHV corridor, achieving 100% physical decoupling and
global controllability between the transmission power and the grid’s natural parameters. Evaluation
results show that Scheme III not only perfectly solves the problem of low corridor utilization but
also significantly suppresses the system’s short-circuit current due to the nonlinear high-impedance
characteristics of the VSC-HVDC. Furthermore, it releases reactive power during faults to enhance the
transient voltage recovery and dynamic support capabilities of the AC grid.

6.1 Qualitative Economic Assessment of Retrofitting Scheme III
While this paper primarily focuses on the technical superiority of the retrofitting schemes, economic

feasibility is a crucial determinant for practical engineering applications. Undoubtedly, Scheme III requires
the highest initial capital expenditure due to the installation of large-capacity converter stations and
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associated DC equipment. However, the high costs of Scheme III can be economically justified under specific
application scenarios and modern electricity market frameworks.

Firstly, in scenarios with extremely high renewable energy penetration, the existing AC corridors often
face severe transmission bottlenecks, leading to massive renewable energy curtailment. The superior power
flow capacity of Scheme III can drastically reduce this curtailment, translating the previously wasted clean
energy into direct economic revenue.

Secondly, with the continuous development of auxiliary service markets, the advanced control capabil-
ities of VSC-HVDC systems—such as active power flow routing, dynamic reactive power/voltage support,
and fast frequency response—can be monetized. Grid operators utilizing Scheme III can participate in these
auxiliary markets to obtain substantial long-term economic compensation. Therefore, when factoring in
the comprehensive benefits of enhanced renewable integration and auxiliary service revenues, the long-
term return on investment of Scheme III is highly promising, particularly for heavily loaded cross-regional
transmission corridors.

6.2 Policy and Planning Recommendations
Based on the quantitative evaluations and technical findings of this study, several policy and planning

recommendations are proposed to facilitate the sustainable development of high-proportion renewable
energy power systems:

(1) Shift in Grid Planning Paradigm: Policymakers and grid operators are advised to adjust traditional grid
expansion strategies. Instead of relying solely on acquiring new right-of-ways for transmission lines—
which is becoming increasingly difficult—policies should prioritize and incentivize the retrofitting of
existing underutilized UHV AC corridors into VSC-HVDC systems to maximize asset utilization.

(2) Market Incentive Mechanisms: The high initial investment of VSC-HVDC retrofitting requires rational
cost-recovery channels. It is recommended that energy regulators establish or refine auxiliary service
markets. Such markets should financially reward the newly upgraded DC systems for their advanced
capabilities, such as active power flow congestion relief, dynamic reactive power support, and short-
circuit current suppression, thereby improving the economic feasibility of retrofitting projects.

(3) Standardization of Retrofitting Technologies: Government energy departments and industry commit-
tees are recommended to accelerate the formulation of standardized technical guidelines for AC-to-DC
grid upgrades. Establishing unified standards for progressive retrofitting schemes will provide crucial
regulatory support for future large-scale engineering applications.

6.3 Limitation and Future Direction of the Study
While this paper provides a comprehensive steady-state analysis and evaluation of UHV AC retrofitting

schemes, certain limitations remain. First, the current mathematical models and evaluations primarily focus
on steady-state power flow distributions and use a relatively long simulation step size, without deeply
addressing the complex electromagnetic transient (EMT) dynamics. Second, the detailed technoeconomic
feasibility, including the full life-cycle cost-benefit analysis of the VSC-HVDC equipment, was simplified in
this technical evaluation.

Therefore, future research directions will focus on two main aspects: (1) conducting detailed EMT
simulations to investigate the transient stability, fault ride-through capabilities, and sub-synchronous oscil-
lation risks of the retrofitted hybrid AC/DC ring grids under high-penetration renewable scenarios; and (2)
developing coordinated control strategies for multiple VSC-HVDC corridors to optimize both the dynamic
resilience and economic efficiency of the future power system.
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