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ABSTRACT: When the converter bus voltage of a voltage source converter-based high voltage direct current (VSC-
HVDC) system drops below a certain predetermined threshold, the system enters low-voltage ride-through (LVRT)
mode to avoid overcurrent and potential equipment failure, during which it operates as a controlled current source. The
influence mechanism of LVRT control strategies on short-circuit current and overall system stability remains not yet
fully and systematically investigated. First, this paper provides an overview of several LVRT strategies for VSC-HVDC
systems and examines their effects on short-circuit current contribution. Next, it analyzes in detail the mechanisms
through which active and reactive currents injected during LVRT impact system frequency stability, voltage stability,
and synchronization stability. To address these interrelated issues, an optimized and comprehensive LVRT strategy
incorporating short-circuit current constraints is proposed. The approach determines the active current ratio based
on system frequency stability requirements and dynamically adjusts the active current recovery rate via phase control
of the VSC-HVDC bus. The remaining capacity is allocated to reactive current support, thereby enhancing voltage
and synchronization stability while maintaining sufficient short-circuit current margin and system frequency stability.
Finally, simulations conducted on the PSS/E platform, using actual grid data from a selected cross-section system,
validate convincingly the effectiveness of the proposed parameter optimization strategy for VSC-HVDC low-voltage
ride-through.

KEYWORDS: Short-circuit current; VSC-HVDC systems; LVRT; voltage stability; frequency stability; synchronization
stability

1 Introduction
Driven by global carbon peak and carbon neutrality goals, the power system is undergoing a profound

transformation. The installed capacity proportion of renewable energy sources such as wind and photovoltaic
power continues to increase, while voltage source converter-based high voltage direct current (VSC-HVDC)
technology has been widely deployed in power grids due to its advantages in long-distance transmission
of renewable energy [1,2]. The increasing power-electronization of the generation side has significantly
altered system stability mechanisms and short-circuit current characteristics [3]. Notably, power electronic
devices have limited overcurrent capability. Following a fault, VSC-HVDC systems will enter a low-voltage
ride-through (LVRT) state. Unlike traditional synchronous generators, the LVRT strategies of VSC-HVDC
systems are highly controllable and need to be adapted to different grid scenarios [4]. Therefore, in-depth
investigation into the impact of VSC-HVDC LVRT strategies on short-circuit current and system stability is
of significant engineering importance for ensuring the secure operation of new power systems.
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Extensive research has been conducted on the short-circuit current characteristics and stability impacts
of power electronic-based systems, which can be broadly categorized into two streams. The first stream
focuses on refining the modeling and calculation of short-circuit currents. For instance, reference [5]
proposed a high-precision short-circuit current calculation method based on discrete-time modeling, while
reference [6] revealed the short-circuit contribution mechanism of VSC-HVDC under AC faults and
designed additional control to suppress it. Further studies [7–9] analyzed the dynamic response through
inner and outer loop control strategies, and reference [10] derived expressions for transient and steady-
state short-circuit currents by incorporating fault ride-through strategies. Reference [11] advanced this
field by achieving refined modeling of MMC short-circuit currents under V/F control. The second stream
of research investigates the impact of renewable generation control on various system stability aspects.
Studies [12,13] demonstrated that the rotor angle of synchronous generators is directly influenced by the
type of reactive power control in wind generation, showing that terminal voltage control can reduce reactive
power requirements and mitigate rotor angle swings. Reference [14] analyzed how active current from DFIGs
during LVRT affects first-swing rotor angle stability, indicating that reducing active power during faults
benefits stability. Reference [15] examined the effect of reactive current injection on synchronization stability,
finding it can enhance damping and improve transient stability. Other works [16,17] investigated LVRT
control’s impact on voltage recovery, while references [18,19] addressed frequency stability issues related
to active power ramp-rate recovery after faults. Based on the Irish grid, Reference [20] studied the impact
of various wind turbine LVRT control strategies on frequency stability in low-inertia islanded grids and
proposed measures from an ancillary services perspective to mitigate frequency dips.

Furthermore, emerging technologies like electric vehicle (EV) integration are also recognized as new
factors influencing system stability. Recent studies have begun to explore the impact of Vehicle-to-Everything
(V2X) operations, such as [21] on the design of bidirectional converters for V2V charging, and [22] on
predictive control for fuel cell Vehicle-to-Load (V2L) systems. These studies underscore the expanding
landscape of power-electronized resources that interact with the grid.

While these studies provide valuable insights, they predominantly focus on single-dimensional risks
(e.g., optimizing for short-circuit current limitation or a specific stability issue like voltage, angle, or
frequency in isolation). This approach often leads to strategies that improve one stability objective at the
expense of others. A critical research gap exists in the systematic analysis of multi-risk coupling effects
and the development of coordinated optimization methods. Particularly in grids with high penetration
of renewable energy, VSC-HVDC LVRT strategies, by altering short-circuit current characteristics, create
complex interactions among voltage, frequency, and synchronization stability. This multi-factor coupling
effect and the need for a holistic optimization framework have not been sufficiently studied, making it
difficult to meet the security regulation requirements of complex grid scenarios. requirements of complex
grid scenarios.

To bridge this gap, this paper proposes a generalized optimization framework for designing LVRT
strategies oriented towards multi-stability cooperative optimization. Furthermore, it reveals the coupling
mechanism of active/reactive current during LVRT and recovery stages on voltage, frequency, and syn-
chronization stability. Based on this, a design method for LVRT strategies oriented towards multi-stability
cooperative optimization is proposed, focusing on enhancing system synchronization stability by regulating
active power recovery rate. Finally, the effectiveness of the proposed method is validated based on actual grid
cases. It is noteworthy that the primary contribution of this work is a generalizable optimization framework,
rather than a fixed set of parameters. The framework provides a methodology to calculate customized LVRT
parameters tailored to specific grid conditions and stability requirements.
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The main contributions, which distinctly differentiate this paper from the existing literature, are
summarized as follows:

(1) Analysis of the Impact Mechanism of LVRT on System Short-Circuit Current and Stability: This
paper establishes an analytical model for VSC-HVDC short-circuit current that incorporates LVRT
strategies, which quantifies the impact of different control modes on the fault current. Reactive current
plays a key role in contributing to the system short-circuit current. More importantly, it explicitly
reveals the coupling mechanism of active and reactive current during both the LVRT hold and recovery
stages on voltage, frequency, and synchronization stability, addressing the gap in multi-risk coupling
analysis. During the LVRT period, a higher proportion of reactive current is more beneficial for system
voltage and synchronization stability, but unfavorable for frequency stability.

(2) Comprehensively Optimized LVRT Control Strategy: The optimization method proposed in this paper
operates under the premise of satisfying system security constraints. It prioritizes safeguarding the
most vulnerable stability indicator based on real-time operating conditions. This approach represents
an engineering trade-off within multi-objective, constrained conditions, adapting to the operational
needs of different power grids, rather than pursuing a single global optimal solution.

(3) Validation and Generalizability: The effectiveness of the proposed framework is validated based on
actual grid cases. Notably, the primary contribution is a generalizable optimization framework, rather
than a fixed set of parameters. The framework provides a methodology to calculate customized
LVRT parameters tailored to specific grid conditions and stability requirements, offering significant
practical utility.

2 VSC-HVDC LVRT Strategy

2.1 Short-Circuit Current Calculation Model
In the dq reference frame, the control strategy of the Modular Multilevel Converter (MMC) can be

divided into an outer-loop power controller and an inner-loop current controller. The outer-loop power
controller calculates the d-axis current reference value and the q-axis current reference value for the inner-
loop current controller based on the active power control targets and the reactive power control targets. Due
to the limited overcurrent capability of power electronic devices, the outputs of the outer-loop controller are
subjected to current limiting.

During grid faults, the actual values of the outer-loop control parameters change, thereby causing the
reference values for the inner-loop currents to change accordingly. When the inner-loop current reference
values reach their limiting values, the MMC can no longer respond to the inputs from the outer-loop
controller and enters the LVRT mode. At this stage, the outer-loop controller is typically disabled, and the
inner-loop current references are directly assigned according to the LVRT strategy. Consequently, from the
grid’s perspective, the MMC operates as a constant-amplitude current source with adjustable phase angles,
as expressed in Eq. (1):

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

I = Imax =
√

Idref
2 + Iqref

2

φI = arctan(
Iqref

Idref
)

, (1)

where Idref and Iqref are the d-axis and q-axis current reference values, respectively, Imax is the current
limiting value of the MMC and I and ϕI represent the magnitude and phase angle, respectively, of the current
injected by the MMC in its own dq reference frame. The values of Idref and Iqref determine the active and
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reactive currents injected by the MMC during the LVRT period. Different ratios of active to reactive current
correspond to different LVRT strategies and short-circuit current.

2.2 Typical LVRT Strategies
Currently, there are no relevant national standards governing LVRT strategies for MMCs. Considering

that different grid scenarios necessitate distinct LVRT strategies, existing approaches include active-priority
current limiting, reactive-priority current limiting, and proportional current limiting. Drawing on the
national standard for LVRT in wind farms, the reactive current during LVRT can also be configured to
dynamically respond to voltage variations.

The MMC’s reactive current reference is typically calculated according to Eq. (2) [23]. In existing
schemes, the dynamic reactive current proportional coefficient K1 is set to 1.5.

ΔIqref = K1 × (0.9 −UPCC × IN) , 0.2 ≤ UPCC ≤ 0.9, (2)

where, ΔIqref is the increment of dynamic reactive current injected by the wind farm, K1 is the proportional
coefficient of dynamic reactive current for the wind farm, typically ranging between [1.5, 3], UPCC is the per-
unit value of the voltage at the wind farm’s point of common coupling (PCC), IN is the rated current of the
wind farm.

Upon fault clearance and voltage recovery, the MMC’s active power must be restored to its steady-
state value. The methodology and rate of active power restoration can be configured based on the specific
grid requirements.

In summary, drawing inspiration from wind farm LVRT strategies [23], this paper presents the pre-
optimized LVRT implementation plan for the MMC, as detailed in Table 1.

Table 1: Parameter of variable parameter model.

Paramater Value
LVRT entry/exit voltage threshold (pu) 0.9

Reactive LVRT current coefficient 1.5
Active power control mode during LVRT Specified current percentage control

Active power reference during LVRT 100%
Active power recovery mode Instantaneous recovery after fault clearance
Active power recovery rate \

In Table 1, the LVRT entry/exit voltage threshold is set to 0.9 pu, meaning that the MMC enters LVRT
mode when the AC bus voltage drops below 0.9 pu and exits LVRT when the voltage rises above 0.9 pu.
The reactive LVRT current coefficient corresponds to K1 in Eq. (2). The active power control mode during
LVRT refers to how the active current is regulated in this mode; in Table 1, it is implemented as a specified
percentage of the pre-fault active current, set here to 100%. The active power recovery mode defines how the
active current is restored after the MMC exits LVRT. In Table 1, it is configured to recover instantaneously
after fault clearance.
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3 Impact of LVRT Strategy on VSC-HVDC Short-Circuit Current
During grid faults, MMC injects short-circuit current into the grid. The magnitude and characteristics

of this injected short-circuit current during the LVRT period are determined by the specific LVRT strat-
egy employed according to Section 2.1. Consequently, when optimizing LVRT parameters, it is essential
to consider that the system short-circuit current after MMC integration must not exceed the circuit
breaker’s interrupting capacity. This necessitates an analysis of the active and reactive power contribution
characteristics of the MMC’s short-circuit current.

In AC synchronous grids, the reactance (X) of high-voltage transmission lines is significantly greater
than the resistance (R). Therefore, the short-circuit current is predominantly composed of reactive cur-
rent. From a practical engineering standpoint, given that the MMC’s response time is on the order of
tens of milliseconds [24], the steady-state short-circuit current component can be calculated. Thus, the
short-circuit current contributed by the MMC equals its reference current values under the active LVRT
strategy. Consequently:

When the MMC provides only active current, its contribution to the AC system short-circuit current
is minimal. When the MMC provides only reactive current, its contribution to the AC system short-circuit
current is maximal [6].

The mechanism of the MMC’s short-circuit current contribution is illustrated in the phasor diagram
of Fig. 1. In Fig. 1, UPCC represents the voltage at the Point of Common Coupling (PCC), IS denotes the
short-circuit current supplied by the synchronous generator(s), Ishort represents the total system short-circuit
current and IMMC represents the short-circuit current contributed by the MMC. IS lags behind UPCC by 90○.
Therefore, when the phase difference between IMMC and IS decreases, the short-circuit current contributed
by the MMC to the AC system increases.

UPCC

IS

UPCC

IS

UPCC

IS

IMMC

IShort

IMMC

IShort

�
IMMC

IShort

Figure 1: MMC contribution short-circuit current phasor diagram.

4 LVRT Strategy Optimization Method Addressing Multi-Stability Risk Coupling
As evident from Table 1 in Section 2.2, the primary objective of the current MMC LVRT strategy is to

maintain the active current constant while providing as much reactive power support as possible. However,
this strategy may potentially compromise system stability in practical applications. The impacts of MMC
active and reactive power on system stability are discussed below from the perspectives of rotor angle stability,
voltage stability, and frequency stability.

From the dimensions of rotor angle and voltage, the requirements for enhancing system stability
through the MMC LVRT strategy are not conflicting: namely, reducing active current and increasing reactive
current. The essence of frequency deviation lies in the imbalance between the replenishment and release
of kinetic energy stored in rotating masses. Therefore, if the MMC reduces its active power output during
LVRT, it inevitably creates an energy deficit. Consequently, regarding active power, the requirements for
LVRT imposed by rotor angle stability and frequency stability are conflicting.
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Nevertheless, the rotor angle swing process typically has a short duration (on the order of seconds),
whereas the maximum frequency deviation usually occurs several seconds after the fault inception. Leverag-
ing this timescale separation between rotor angle swing and frequency evolution provides an effective means
to optimize the MMC LVRT strategy and enhance overall system stability. A detailed analysis follows.

First, assume the illustrative profile of the MMC’s active power during the entire LVRT and recovery
process, as shown in Fig. 2 [25]. In Fig. 2, P0 and Psag represent the active power output of the MMC during
steady-state operation and the LVRT period, respectively, tsag denotes the duration of the LVRT period (i.e.,
the duration of the voltage sag and the period of reduced power output), trc denotes the duration of the
active power recovery process. Upon detecting a voltage sag at its terminal bus, the MMC reduces its power
output to a low value Psag. After the LVRT duration tsag, the power recovery process begins, lasting for the
duration trc.

Active Power Reference

Time
tsag trc

P0

Psag

Figure 2: Complete curve of the MMC LVRT and recovery process.

The objective of optimizing the LVRT strategy is to determine the optimal parameters Psag, tsag, and
the recovery ramp rate. Subsequently, parameter optimization will be performed from the perspectives of
different stability aspects.

4.1 Optimization of Active Power Reference and Fault Duration
First, the optimization method for the LVRT duration tsag will be analyzed from the perspective of rotor

angle stability.
During the period when the system rotor angle deviation continuously increases, the MMC maintains

LVRT mode, and its active power does not recover. When the system rotor angle deviation begins to decrease,
the MMC starts to restore active power from LVRT mode. Therefore, in Fig. 2, tsag is essentially the duration
of continuous increase in the system rotor angle deviation. Under different short-circuit faults, due to
variations in fault location and severity, the duration of increasing rotor angle deviation in the system also
differs, and the rate of angle change varies across generators. This complicates the selection of tsag. To be
conservative, the MMC should maintain LVRT mode until the rotor angles of all generators commence
backswing. Therefore, the specific method to calculate tsag is to simulate various faults, identify the generator
with the longest duration of angle increase across all faults, and use that time as tsag.

Next, the optimization method for Psag will be analyzed from the perspective of frequency stability.
The essence of frequency stability lies in the extraction or replenishment of kinetic energy stored in the

rotors of synchronous generators. Since energy is inherently time-dependent, the impact of a low Psag value
on potential system frequency instability critically depends on its duration tsag.
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The energy deficit incurred by the system due to the MMC’s LVRT strategy over the period tsag is given
by:

Esag = (P0 − Psag) tsag, (3)

where, Esag denotes the energy deficit.
The relationship governing the extraction of kinetic energy from synchronous generator rotors is

expressed as:

Ek =
1
2

Hsys (ω2
0 − ω2) , (4)

where, Ek represents the kinetic energy extracted from the rotating masses, Hsys denotes the regional system
inertia constant for the area where the MMC is integrated, ω is the rotor angular velocity of the synchronous
generators, ω0 is the initial rotor angular velocity prior to the disturbance.

The frequency deviation dynamics of the system resulting from the energy deficit ΔEsag can be derived
as follows:

ω =
�


�ω2

0 −
2Esag

Hsys
. (5)

Given that the minimum permissible system frequency is Kfω0, and assuming the MMC restores active
power immediately after LVRT clearance, the maximum permissible energy deficit that the system can
tolerate during the LVRT period is:

Esagmax =
1
2

Hsys (1 − K2
f )ω2

0. (6)

where, Esagmax represents the maximum permissible energy deficit during the MMC LVRT period.
In practice, an energy deficit persists during the MMC’s active power recovery period, leading to

significant inaccuracies when estimating the maximum permissible energy deficit solely using Eq. (6). To
address this, an engineering empirical coefficient Ks can be introduced. This coefficient quantifies the ratio
between the actual maximum energy deficit attributable to the MMC and the extractable kinetic energy from
synchronous generator rotors, as expressed in Eq. (7):

Esag max = KsHsysω2
0, (7)

The derivation of the equation is based on the following rationale: the maximum allowable energy
loss, Esagmax, for the MMC is determined by the maximum kinetic energy, Ek, that can be released from
the generator rotor. This establishes the relationship between the active power Psag and the duration of the
low-LVRT period.

If the LVRT duration tsag is predetermined, the active power setpoint Psag during the LVRT period can
be directly determined using the following equation:

Psag =
Emax

tsag
. (8)

Once tsag is predetermined, Eqs. (7) and (8) can be used to calculate the residual power Psag during the
MMC’s LVRT period. During LVRT, the MMC reduces its active power output to Psag, thereby freeing up
capacity to inject more reactive power to support grid voltage.
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4.2 Optimization of Reactive Power Injection during LVRT
The optimization method for reactive power will be analyzed from the perspective of voltage stability.
The MMC’s reactive current reference is typically calculated according to Eq. (2). In existing schemes,

the dynamic reactive current proportional coefficient K1 is set to 1.5. This value often fails to utilize the MMC’s
full voltage support capability in many scenarios. A feasible approach is to determine the active current value
first, then calculate the maximum available reactive current based on the MMC’s current limit, and use this
value as the reactive current limit. Meanwhile, set the dynamic reactive current proportional coefficient K1 to
a large value. When system voltage is low, the MMC directly delivers its maximum reactive capacity, thereby
maximizing system voltage stability.

4.3 Optimization of the Active Power Recovery Rate
The optimization method for the active power recovery rate during LVRT will be analyzed from the

perspective of rotor angle stability.
To reveal the effect of the current LVRT configuration scheme on synchronous stability, a generation-

side two-machine infinite-bus system as shown in Fig. 3 [26] is established. In this system, the synchronous
generator and the MMC are connected to the same busbar. In Fig. 3, Pg is the output of the synchronous
machine, Ug and θg are the voltage magnitude and phase angle at the synchronous machine bus, respectively,
Esys is the voltage magnitude of the infinite bus, Xsys is the system equivalent impedance, and Pn is the output
of the MMC.

�

Wind -PV Unit

Infinite BusPn

jX sys

0sysE � �g gU ���
Pg

Figure 3: Complete curve of the MMC LVRT and recovery process.

First, assume that both the synchronous generator and the MMC supply power to an infinite busbar.
The output of the synchronous generator then satisfies the following equation:

Pg =
UgEsys

Xsys
sin θg − Pn, (9)

In the recovery phase shown in Fig. 2, if the MMC’s power restoration is too rapid, it may cause the
synchronous generator’s rotor angle to reaccelerate and potentially lose stability. To reveal this mechanism,
the synchronous generator’s power-angle characteristic curve shown in Fig. 4. The equal-area criterion is
used to analyze synchronous stability [27]. In Fig. 4, Line 2 represents the power-angle characteristic curve
without considering the MMC. When the MMC is accounted for as described in Eq. (9), the power-angle
characteristic curve becomes Line 1. The points from A to J in the figure correspond to the operating points
of the synchronous machine.
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Figure 4: Synchronous machine power angle characteristic curve considering MMC impact.

At the initial operating point A, if a three-phase bolted fault occurs at the terminal, the synchronous
generator’s operating point will abruptly transition to point I, then rapidly accelerate to point H. If the fault is
cleared at point H and the MMC output is assumed to restore instantaneously, the synchronous generator’s
operating point will abruptly transition from point H to point D and move along curve 1 under deceleration.
If the MMC output does not restore to its initial value but operates at reduced power, upon fault clearance,
the synchronous generator’s operating point will abruptly transition from point H to point C and move along
curve 2 under deceleration. Clearly, with the MMC operating at reduced power, the synchronous generator’s
deceleration area is larger, resulting in better stability.

However, if the MMC restores power before the synchronous generator’s rotor angle returns to the stable
region, the synchronous generator may re-accelerate during its deceleration motion until instability occurs.
For example, if the synchronous generator decelerates along curve 2 from point C to point F, and the MMC
fully restores power at point F, the generator’s power-angle characteristic curve will shift from curve 2 to
curve 1. Consequently, the synchronous generator will abruptly transition from point F to point G, creating
the potential for re-acceleration.

To be conservative, the principle for restoring MMC output power here is set to ensure that the
synchronous generator does not re-accelerate during its deceleration motion. That is, within the time trc,
the MMC’s output power must ensure that the synchronous generator’s rotor angle does not experience
re-acceleration.

For the system shown in Fig. 3, the condition for preventing re-acceleration of the synchronous
generator’s rotor angle is:

Pg > Pm. (10)

Based on the power flow calculation formulas, the constraint on MMC output power to prevent
acceleration of the synchronous generator’s rotor angle is obtained as:

Pn <
UgEsys

Xsys
sin θg − Pm. (11)

In practical large-scale power systems, it is difficult to constrain the MMC’s LVRT recovery process
using an explicit form similar to Eq. (11).
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For a two-terminal power system with a topology as shown in Fig. 5. In Fig. 5, there are two subsystems,
namely System A and System B. System A contains three nodes, while System B contains four nodes. The
two systems are interconnected via four transmission lines, Line 1 to Line 4. The active power transmitted
through these lines is denoted as PLine1 to PLine4, respectively.

System A System B

Target Operation Interface

Line 1

Line 2

Line 3

Line 4

PLine1

PLine2

PLine3

PLine4

Bus1

Bus3

Bus6

Bus2

Bus4

Bus5

Bus7

Figure 5: Schematic diagram of the two-terminal system at a transmission cross-section.

The active power recovery rate of the MMC during its restoration process can be adaptively adjusted
based on the sectional power flow. Below, a feasible approach is presented: for the MMC, its post-LVRT
power recovery rate is determined by:

v (t) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

vmax [1 − h (dθ
dt
)] , ∣Δθ∣ > θc

vmax, ∣Δθ∣ ≤ θc

, (12)

where, v(t) represents the power recovery rate of the MMC at time t, vmax denotes the maximum permissible
power recovery rate that the MMC can withstand, θ is the bus phase angle of the MMC, Δθ is the change in
the bus phase angle of the MMC relative to its initial value, θc represents the critical phase angle change.

The expression for the h-function is as follows:

h (x) = {1, x ≥ 0
eαx , x < 0 , (13)

where: α is a constant coefficient.
The MMC monitors both the rate of change and the magnitude of change in its terminal bus phase angle.

When the bus phase angle change is within a small range: The MMC restores power at the maximum rate.
When the bus phase angle change exceeds the deadband threshold and the phase angle is increasing: The
MMC sets the recovery rate to zero. When the bus phase angle is in a state of persistent decline: The MMC
initiates power recovery. Furthermore, as the rate of decline of the bus phase angle increases, the MMC’s
power recovery rate increases, but does not exceed vmax.

The fundamental principle of the above control logic is: To make the MMC reduce or even halt power
recovery when the phase angle has increased to a certain extent and continues to increase. To recover power
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slowly when the phase angle has increased to a certain extent but begins decreasing towards its initial point.
To recover power rapidly when the phase angle is decreasing quickly or has decreased to a certain extent.

Finally, the optimized MMC LVRT strategy is summarized in Table 2.

Table 2: Optimized MMC configuration scheme.

Paramater Value
LVRT entry/exit threshold (pu) 0.9

Reactive LVRT current coefficient Utilizes full remaining capacity after
satisfying active current requirements

Active power control mode during LVRT Specified current percentage control

Active power reference during LVRT Determined based on system inertia
level (Eqs. (7) and (8))

Active power recovery mode Variable ramp rate recovery

Active power recovery rate Instantaneous recovery after fault
clearance

Due to the optimized LVRT reactive current control strategy—which releases full converter capac-
ity after satisfying the active current requirement—this approach may increase the short-circuit current
contributed by the MMC. Therefore, before validating the stability impact of the optimized strategy, an
assessment of the short-circuit current margin under this scheme must be conducted.

5 Case Study Validation
To demonstrate the application of the proposed framework, a case study is conducted on a representative

system with 2500 MW MMC injection in PSS/E. It should be emphasized that the system serves as an
illustrative example; the framework itself is applicable to systems with varying scales and characteristics.

5.1 VSC-HVDC Short-Circuit Current Margin Assessment
A two-terminal power transfer interface was selected as shown in Fig. 5, where Buses 1–7 are all 525 kV

buses. A 2500 MW power injection was added via an MMC near Bus 1. Short-circuit currents before
and after VSC-HVDC integration were calculated separately. The post-integration LVRT strategy adopted
specified current percentage control, with active current output percentages GLVPT set to 0, 0.3, and 0.9.
The remaining capacity was entirely utilized for reactive current injection.

The short-circuit current calculations for different LVRT strategies are presented in Table 3. The
observed variation can be attributed to the distinct composition of the current injected by the VSC-HVDC
during faults and the network impedance characteristics.

As the proportion of active current (Id) increases in the LVRT strategy, the active component of the
short-circuit current rises correspondingly, while the reactive component (Iq) diminishes. This phenomenon
is primarily due to the high X/R ratio of the transmission lines, which is a defining feature of high-voltage
power systems. In such systems, the short-circuit current contributed by traditional synchronous generators
is predominantly reactive. Consequently, the VSC-HVDC, when operating as a controlled current source
during LVRT, directly influences the total short-circuit current profile. A reduction in the reactive current
injected by the VSC-HVDC leads to a decrease in the overall reactive component of the system’s short-
circuit current.
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Table 3: Short circuit current calculation results.

Bus
VSC-HVDC Integration

Without VSC-HVDC Integration GLVPT = 0 GLVPT = 0.3 GLVPT = 0.9

Id/kA Iq/kA Id/kA Iq/kA Id/kA Iq/kA Id/kA Iq/kA
Bus 1 0.21 −16.21 0.78 −17.69 1.29 −17.59 2.27 −16.50
Bus 3 1.93 −55.80 3.31 −61.88 5.39 −61.47 9.31 −55.91
Bus 6 0.30 −16.16 0.88 −16.85 1.12 −16.79 1.58 −16.31

This analysis demonstrates that the LVRT strategy is not only crucial for converter security but also
acts as a key factor in determining the system’s short-circuit current level, which has significant implications
for protection coordination. The interrupting capacity of the 525 kV circuit breaker is 63 kA. All calculated
results in the table satisfy the short-circuit current margin requirements.

5.2 Validation of VSC-HVDC LVRT Parameter Optimization
5.2.1 Baseline Case: Performance and Limitations of Existing Strategies

Under the scenario described in the previous section, the power flow of the sectional interface in the
Bus 1 area is presented in Table 4.

Table 4: Bus 1 region section power.

Cross-Section Corresponding Line Active Power Flow/MW
Bus1-Bus2 Line 1 3544.2
Bus3-Bus4 Line 2 1843.6
Bus3-Bus5 Line 3 1393.3
Bus6-Bus7 Line 4 −293.6

Total 6487.5

Prior to the optimization of the LVRT parameters, the LVRT strategy presented in Table 1 is employed.
The MMC enters LVRT mode when the bus voltage drops below 0.9 pu. During LVRT, it maintains 100%
active current and restores power at maximum speed once the bus voltage recovers above 0.9 pu. Under
this configuration, Line 1 experiences system instability during an N-2 contingency, with simulation results
depicted in Fig. 6. The waveform in Fig. 6 indicates that the system voltage becomes transiently unstable
under the initial LVRT strategy, necessitating strategy optimization to enhance voltage stability.

This case study demonstrates that while the initial LVRT strategy employs a 100% active power ratio
to minimize active power loss during LVRT, the simulation results reveal subsequent voltage instability,
necessitating coordinated multi-objective optimization.



Energy Eng. 2026;123(4):14 13

0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

��	

1.2

V
ol

ta
ge

/p
u

Time/s

(a ) (b )

0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

1.0

1.2
V

ol
ta

ge
/p

u

Time/s

Figure 6: Bus voltage waveforms of line 1 under N-2 contingency before MMC LVRT parameter optimization.
(a) Voltage waveform at Bus 1; (b) voltage waveform at Bus 3.

5.2.2 Effectiveness of the Proposed Strategy and Mechanism Validation
To demonstrate the feasibility of the optimization method proposed in this paper, the following three

LVRT strategies are introduced, as summarized in Table 5. To enhance voltage stability, the optimization
approach of the three proposed strategies involves reducing the active power ratio during the LVRT (Low
Voltage Ride-Through) period and modifying the active power recovery rate. Strategy 1 reduces the active
power delivery percentage to 0.9 based on the original typical control strategy. Strategy 2 further decreases
the active power delivery percentage during the LVRT period to 0.3. The comparison between Strategy 1 and
Strategy 2 primarily serves to illustrate the effect of optimizing the active power delivery percentage during
the LVRT process. Strategy 3, building upon Strategy 2, incorporates an optimized active power recovery rate.
The contrast between Strategy 2 and Strategy 3 is aimed at demonstrating the role of variable-rate recovery.

Table 5: Three LVRT strategies.

LVRT Strategy Active Power Delivery
Percentage Active Power Recovery Rate Reactive Current

1 0.9 Instantaneous recovery after
fault clearance

Utilizes full remaining
capacity after satisfying

active current requirements

2 0.3 Instantaneous recovery after
fault clearance

Utilizes full remaining
capacity after satisfying

active current requirements

3 0.3 Variable ramp rate recovery
Utilizes full remaining
capacity after satisfying

active current requirements

Subsequently, the same fault simulation analysis was conducted, and the voltage waveforms of Bus 1 and
Bus 3 are shown in Fig. 7.



14 Energy Eng. 2026;123(4):14

0 1 2 3 4 5

0.6

0.8

1.0

V
ol

ta
ge

/p
u

Time/s

 Strategy 1

 Strategy 2

 Strategy 3

0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

V
ol

ta
ge

/p
u

Time/s

  Strategy 1

  Strategy 2

  Strategy 3

(a ) (b )

Figure 7: Bus voltage waveforms of line 1 under N-2 contingency after MMC LVRT parameter optimization. (a) Voltage
waveform at Bus 1; (b) voltage waveform at Bus 3.

As observed from Fig. 7, the implementation of modified control strategies leads to significant enhance-
ment in system voltage stability relative to the performance depicted in Fig. 6. As observed from the
aforementioned waveforms, under different strategies, as the active power percentage decreases during the
LVRT period, the voltage amplitudes at Bus 1 and Bus 3 reduce.

The rotor speed waveform of the local generating units at Bus 1 is presented below, as shown in Fig. 8. It
can be observed from Fig. 8 that as the active power ratio of the MMC during the LVRT period decreases, the
deceleration area of the synchronous machine increases, leading to improved synchronous stability. A higher
active power ratio during the MMC’s LVRT period is detrimental to the power angle stability of the system.
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Figure 8: Rotor speed waveforms of units 1 and 2 in line 1 under N-2 contingency after MMC LVRT parameter
optimization. (a) Rotor speed waveforms of units 1; (b) Rotor speed waveforms of units 2.

The simulation results presented above demonstrate that the proposed optimization strategy (Strategy 3)
effectively enhances system stability during LVRT. The key distinction between the proposed method
and conventional optimizations (Strategies 1 & 2) lies in the fundamental optimization objective. While
conventional strategies primarily focus on a single objective—sacrificing active power for reactive support
to improve voltage recovery—the proposed method introduces a systematic, multi-stability cooperative
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framework. This framework explicitly coordinates the requirements for voltage, frequency, and synchro-
nization stability. The quantitative comparison in Table 6 conclusively validates the superiority of this
holistic approach: the proposed strategy achieves the shortest voltage recovery time (905 ms) and the best
synchronization stability (acceleration time of 654 ms) among all compared methods, demonstrating its
ability to provide a more balanced and robust solution than the single-dimensional optimizations.

Table 6: Comparison of simulation results for the three LVRT strategies.

LVRT Strategy Voltage Recovery Time at Bus 3/ms Acceleration Time of Unit 1/ms
Pre-optimization strategy in Table 1 Oscillatory instability Oscillatory instability

Strategy 1 in Table 5 1710 1791
Strategy 2 in Table 5 1091 787
Strategy 3 in Table 5 905 654

5.2.3 Multi-Objective Coordination Analysis and Strategy Feasibility Verification
However, reducing the active power ratio may adversely affect system frequency stability. This subsec-

tion aims to evaluate the potential risks that radical measures (such as setting the active power to 0) taken for
voltage stability enhancement pose to frequency stability, and ultimately demonstrate the overall feasibility
and safety margin of the proposed strategy in achieving multi-objective coordinated optimization. A detailed
analysis is presented below.

As observed from the rotational speed waveforms of Unit 1 and Unit 2 in Fig. 8, the maximum frequency
deviation caused by the short-circuit fault has exceeded 0.5 Hz. Since the LVRT behavior of the MMC
introduces a local frequency issue on the timescale of power angle oscillations, it temporally coincides
with frequency variations resulting from short-circuit faults or voltage dips. Moreover, the MMC’s LVRT
does not cause a permanent power deficit, and the system frequency can return to its rated value without
any intervention. During this stage, there are typically no strict requirements regarding frequency range.
Generally, conventional generating units will not disconnect from the grid as long as the frequency remains
above 47 Hz, while MMCs will not disconnect as long as the frequency remains above 49 Hz. As long as
these thresholds are ensured, short-term excessive or insufficient frequency in individual units or local areas
during the power angle oscillation stage is acceptable.

Therefore, it is necessary to verify whether generating units will disconnect from the grid under the
maximum power deficit scenario caused during the LVRT period.

When the active power ratio of the MMC during LVRT is set to 0, the variations in bus voltage, generator
power angle, and rotational speed resulting from an N-2 contingency on Line 1 are shown in Fig. 9. As can
be observed from the figure, with the MMC’s active power ratio set to 0 during LVRT, the system’s recovery
characteristics after the N-2 contingency on Line 1 are significantly improved. During the recovery process,
the voltage magnitudes at Bus 1 and Bus 2 do not fall below 0.8 pu, and the generating units do not disconnect
from the grid. The results indicate that even when the MMC utilizes its full capacity for reactive power
injection during the LVRT period, no generator tripping occurs due to frequency limit violations. Therefore,
the MMC can safely allocate more capacity to reactive power support.

To validate the applicability of setting the LVRT active power percentage to 0% under other operating
conditions, the scenario of an N-2 contingency on Line 1 occurring during the N-1 maintenance outage on
Line 3 is considered. The simulation results f this case are presented in Fig. 10.
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Figure 9: Simulation waveforms of line 1 under N-2 contingency when MMC LVRT active power ratio is 0. (a) Voltage
waveform at Bus 1; (b) voltage waveform at Bus 2; (c) rotor speed waveforms of partial unit.
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Figure 10: (Continued)
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Figure 10: Simulation waveforms of Bus 1 under N-2 contingency during N-1 maintenance on Bus 3. (a) Voltage
waveform at Bus 1; (b) voltage waveform at Bus 3; (c) rotor speed waveforms of partial unit.

As evident from the waveforms above, with the MMC maintaining zero active power output during the
LVRT period, both under the fully connected topology and the N-1 maintenance outage condition on Line
3, the voltage and power-angle recovery characteristics of the system are significantly improved. The lowest
generator rotational speed observed is approximately 49.5 Hz. However, this speed deviation occurs only
locally within the vicinity of Bus 1 and Bus 3 and solely during the power-angle swing stage. Crucially, since
the MMC power recovers subsequently, this event does not cause a permanent power deficit. Consequently,
the system frequency naturally returns to its nominal value without requiring any corrective measures.
Therefore, this optimization approach for MMC LVRT parameters is feasible.

5.3 Case Study Summary
In the case study in Section 5.1, since reactive current is the determining factor for the system short-

circuit current, the short-circuit current of the strategies to be validated subsequently is first calculated to
check whether the three strategies satisfy the short-circuit current constraints. Only after the constraints are
satisfied can the subsequent validation proceed.

The simulation studies in this chapter first, through the cases in Sections 5.2.1 and 5.2.2, validate
the coupling impact mechanism of active/reactive current on multiple stability aspects as revealed in
Contribution 1. Furthermore, through the case in Section 5.2.3 and the overall strategy comparison, it
is demonstrated that the comprehensively optimized strategy proposed in Contribution 2 can effectively
perform dynamic trade-offs under practical system constraints, ensuring overall system stability, thereby
overcoming the limitations of single-objective optimization.

6 Conclusion
This study addressed the optimization of VSC-HVDC LVRT strategies in complex power systems by

introducing a generalizable framework for multi-stability cooperative optimization. The primary conclusions
are:

(1) The VSC-HVDC’s short-circuit current contribution is predominantly reactive.
(2) During LVRT, a lower active power ratio benefits voltage and synchronous stability but is detrimental

to frequency stability.



18 Energy Eng. 2026;123(4):14

(3) Enhancing synchronous stability is achievable by reducing the active current ratio and adopting a
variable-rate recovery strategy to mitigate the active power deficit in the power-angle swing stage.

The key contribution is a systematic framework that models LVRT coupling effects and enables the
derivation of parameters that balance multiple stability objectives, contrasting with conventional single-
dimensional approaches.

Nevertheless, this study has certain limitations that warrant further exploration in future work. Firstly,
the validation in this study is based on a representative system with a 2500 MW MMC. Although this
case is representative, the generalizability of its conclusions to power grids with different scales, network
structures, and short-circuit capacity levels requires further verification. This is attributed to the significant
influence of different system impedance characteristics and inertia distributions on the transient response.
Secondly, the validation in this paper primarily focuses on three-phase symmetric faults; for asymmetric
fault scenarios, the proposed coordinated LVRT optimization strategy may require additional considerations,
such as negative-sequence current control. Furthermore, the specific simplifications adopted in the models
for loads and renewable energy units might also influence the realism of the simulation results.

Based on the aforementioned limitations, future research will primarily include: First, validating the
universality of the proposed optimization framework in more diverse standard test systems and actual large-
scale power grids. Second, investigating more complex device models and load models to further enhance the
authenticity of the simulation results and assess their impact on the optimization strategy. Third, extending
the research to more complex fault scenarios such as asymmetric faults to refine the applicable boundaries
of this coordinated optimization framework.
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