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ABSTRACT Under large disturbances, voltage-source inverters (VSIs) may experience transient power-
angle instability similar to that of conventional synchronous machines; however, their limited overcurrent
capability necessitates current-limiting mechanisms, under which the inverter may effectively behave as
a current source, leading to more complex synchronization and stability challenges. To address transient
instability induced by current saturation, this paper proposes an emergency control strategy based on
the concept of relative kinetic energy, in which transient grid instability is identified in real time by
analyzing the evolution of rotor speed deviation with respect to the virtual power angle. When impending
angle instability is detected, the remaining acceleration area is calculated using relative kinetic energy
theory, while the required active power adjustment is determined simultaneously, with the influence
of control action delay explicitly incorporated to enhance reliability. Simulation results verify that the
proposed strategy can effectively maintain system transient stability, and if the initial control action
fails, a feedback-based closed-loop architecture can autonomously trigger secondary emergency control
to ensure the system remains within a secure and stable operating region throughout the transient process.
The proposed method eliminates the need for detailed modeling of power system components or explicit
operating mode identification, relying only on measured generator power angles and rotor speeds to
adapt to arbitrarily complex operating conditions and fault scenarios with low computational burden and
high flexibility, thereby effectively preventing system deterioration and mitigating the risk of large-scale
blackouts, which demonstrates strong practical engineering value for enhancing grid security and transient
stability defense capabilities.

INDEX TERMS Grid-forming control, Transient stability, Emergency control, Relative kinetic energy.

I. INTRODUCTION

In the worldwide movement towards achieving carbon
emissions’ peak and carbon neutrality, a clear direction
has been set for energy transition and sustainable eco-
nomic development. The attainment of these objectives
hinges on several critical priorities: The extensive adoption
of renewable energy sources, improved energy efficiency
measures, and ongoing enhancements and advancements
in power system design [1-2]. The voltage source con-
verter, as a pivotal power electronics technology, plays a
crucial role in achieving the "dual carbon" goals [3-4].
Currently, most VSC-based renewable energy generation
equipment adopts grid-following (GFL) control. Essentially
operating in current-source control mode, GFL converters
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can precisely regulate active and reactive power outputs
according to preset reference values. However, their control
mechanism relies on the phase angle output from phase-
locked loops (PLLs). Under transient low-voltage condi-
tions, PLLs may fail to accurately track grid phase angles,
resulting in transient instability risks for grid-following
converters[5-7]. grid-forming (GFM) control has garnered
significant attention as a viable solution for power sys-
tem transformation. Operating inherently in voltage-source
control mode, GFM converters autonomously regulate both
voltage magnitude and phase angle through power syn-
chronization mechanisms. This approach enables the de-
livery of required power output while maintaining grid-
synchronized operation. Notably, GFM control demonstrates
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self-synchronization capability and stable performance in
weak grid conditions[8-10]. Droop control has the same
active power-frequency (P-f) and reactive power-voltage (Q-
V) characteristics as synchronous generators and is one
of the simplest and most widely used control strategies
in grid-forming control strategies[11-12]. Droop control
does not have the inertia and damping characteristics of
synchronous generators. Therefore, droop control will cause
grid voltage and frequency oscillation. In typical system
disturbances, the frequency deviation and voltage fluctuation
caused by droop control are relatively large, which brings
great challenges to grid stability and security[13]. Virtual
Synchronous Generator control emulates the electromechan-
ical characteristics of synchronous generators, Compared to
droop control, VSG control can simulate inertia, thereby
enhancing the equivalent inertia level of the system[14-
15]. Unlike traditional synchronous generators, the control
parameters of Grid-Forming Voltage Source Converters are
not constrained by physical limitations, and their overcurrent
capability is far inferior to that of synchronous genera-
tors. Therefore, current-limiting strategies must be designed
within the converter to prevent exceeding its overcurrent
capacity during faults. However, under large disturbances,
the inverter may revert to a current-source behavior due to
current saturation, making its instability mechanism more
complex[16]. Therefore, targeted transient stability research
on Grid-Forming Voltage Source Converters is necessary.
Reference [17] investigates the impact of different param-
eters in grid-forming converters on transient stability and
proposes a control strategy that adjusts the power reference
to enhance stability. Study [18] improved transient stability
via adaptive active power output switching in the converter
control scheme, enabling dynamic response optimization
during faults. Reference [19] enhances the transient synchro-
nization stability in grid-forming converters systems through
voltage magnitude adjustment. Reference [20] also pre-
sented an adaptive control algorithm in which both the Pref
and Vref are adjusted in real time. This approach enhances
power-angle stability and reduces steady-state current com-
ponents during faults. However, the analysis did not account
for current saturation effects. Given the inherent overcurrent
limitations of power electronic devices, current saturation
control must be incorporated into the control structure of
grid-forming voltage source converters. Consequently, com-
prehensive transient stability analysis of GFM-VSCs under
fault scenarios must explicitly incorporate current saturation
dynamics. To investigate the effect of current limiting on
grid-forming converters, Reference [21] conducted a sys-
tematic evaluation of its impact on transient synchronization
stability under large-grid-disturbance conditions. Further-
more, an enhanced current saturation strategy was proposed
to improve the system’s transient stability performance.
Reference [22] proposed an optimized grid-forming control
strategy based on virtual impedance, which analytically
derives the virtual impedance equations for steady-state fault
current limitation in grid-forming converters under varying
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grid voltage sag depths. Building on this work, the authors
developed an adaptive fault current limiting method using
virtual impedance adaptation. In summary, regarding the
rotor angle stability of grid-forming inverters under large
disturbances, existing studies have yet to resolve the critical
challenge of rapidly identifying post-fault stability. To pre-
vent further deterioration of GFM-VSC system stability after
faults and to strengthen the security and stability protection
framework of renewable energy grids, this study begins
by examining the dynamic behavior of conventional d-axis
priority current limiting strategies under fault conditions
using power-angle characteristics, thereby elucidating the
transient synchronization stability in grid-forming voltage
source converters under current saturation. considering the
idea of relative kinetic energy in two-machine system, this
paper suggests an instant emergency management technique
to enhance the temporary stability of GFM-VSCs under
current restriction circumstances. The real-time transient
stability of the system is judged according to the trend
of rotational speed deviation difference and power angle
difference. Finally, the equal-area criterion calculates the
active power adjustment that is needed. The simulation
analysis of GFM-VSC.grid-connected system is carried out,
and the simulation results verify the correctness of the
theoretical analysis and the effectiveness of the proposed
control method.

Il. TRANSIENT SYNCHRONIZATION STABILITY
ANALYSIS OF GRID-FORMING SYSTEMS UNDER
LIMITATION CONSTRAINTS

A. GRID-CONNECTED INVERTER MODEL

The foundation of grid-forming control is establishing volt-
age source behavior in power converters, allowing it to ac-
tively provide voltage and frequency support to the grid. By
simulating the power-angle characteristics of synchronous
generators, the converter not only gains the ability to ac-
tively adjust phase, but also significantly improves power-
angle stability and system synchronization. Among them,
droop control and virtual synchronous generator (VSG)
control simulate the speed regulation characteristics and
swing equation of synchronous generators, respectively, and
are the most used grid-forming control strategies. Based
on the VSG control method, a control model for the grid-
forming converter is established by simulating the external
dynamic characteristics of synchronous generators.

1) TOPOLOGY OF GRID-FORMING CONVERTER
SYSTEM

Figure 1 illustrates the main circuit topology and control
block diagram of the grid-forming converter system. Udc
is the DC side voltage of the converter; Lf and Cf are
output filter inductance and capacitance; Upcc and iabc
are the voltage and injected current at PCC; Ugabc is the
grid voltage; iLabc is three-phase output current of the
converter; Rg and Lg are resistance and inductance of the
grid connection line. Reference phase fref and reference
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voltage magnitude Vref are introduced in the control system
to simulate the performance of synchronous generator, and
then the grid-forming control strategy is implemented.
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FIGURE 1. Main Circuit Topology and Control Block Diagram of the System

2) CONTROL STRATEGY OF GRID-FORMING
CONVERTER

As shown in Figure 2 the Virtual Synchronous Generator
VSG control includes two parts, one is active power-
frequency control loop, another is reactive power-voltage
control loop. The active power-frequency control loop sim-
ulates the rotor dynamic equation of SG, and obtain the
frequency regulation characteristic and inertia response char-
acteristic. The active power-frequency control loop emulates
the rotor dynamics of a synchronous generator (SG), pro-
viding frequency regulation and inertial response capabil-
ities. Meanwhile, the reactive power-voltage control loop
replicates the excitation system behavior, delivering voltage
support and reactive power control.

Active power-

frequency control B Grid rated
2 " frequency
1 i Q:ru

Js 3

Reactive power-
voltage control U,

+ +
Q ;\ K
Qrcf - e N —+
U,

FIGURE 2. VSG Control Principle Block Diagram

The mathematical equations for establishing the power
outer loop control are as follows:

JCCZTL::Pm—Pe—D(w—wO) @)

Ud = Un + Kq(Qref - Qe) (2)
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D represents the damping coefficient; J is the moment of
inertia; Pref and Qref respectively represent the reference
value of active power and the reference value of reactive
power; Pe and Qe respectively represent the active power
and reactive power delivered by the converter to the grid,;
Kp and Kq respectively represent the active-frequency droop
coefficient and reactive-voltage droop coefficient; wy and w
respectively represent the reference angular frequency and
the output angular frequency.

3) THE VIRTUAL POWER ANGLE OF THE INVERTER
Let 0 denote the angle between the d-axis and the voltage

vector U, representing the virtual power angle of the inverter.
Then,

dé
g W wo (3)

The power angle of a conventional synchronous generator
is defined as the angle between its internal voltage E and
the grid voltage U, which represents the output power of
the synchronous generator from the synchronous generator.
As defined above, the virtual power angle of inverter reflects
the output power of inverter under the steady-state condition.
The reason for defining the virtual power angle as the angle
between the d-axis and U is that the control equation of grid-
connected converter directly determines the movement of d-
axis, while the swinging equation of synchronous generator
directly determines the movement of rotor angle, i.e. the
phase of internal voltage E. It should be noted that, in steady
state, the output voltage E of inverter is defined on the d-
axis. Therefore, the virtual power angle and inverter power
angle are equal. While, due to the influence of voltage outer
loop dynamics, they are not equal in the transient process.
Specifically, when the current is saturated, voltage outer
loop has no impact on E, E no longer is on the d-axis. At
this time, it is impossible to study the power angle, but the
movement of virtual power angle § can be directly derived
from the droop equation, so the definition of virtual power
angle is more meaningful in describing the synchronous
state of inverter.

4) THE CHARACTERISTIC EQUATION OF THE
INVERTER’S VIRTUAL POWER ANGLE

This paper primarily analyzes the motion changes of the
virtual power angle ¢ under large disturbances. To this end,
the electromagnetic transient process of the inverter and the
control transient response process are simplified, with the
following assumptions:

Assumption 1: Without loss of generality, it is assumed that
under steady-state conditions, the composite vector of the
inverter output voltage E is positioned on the d-axis and
operates at a unity power factor.

Assumption 2: The effects of harmonic components,
negative-sequence, and zero-sequence components are ne-
glected.
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Assumption 3: The resistance of the line and filter inductors
is neglected, and the electromagnetic transient process of
the filter inductors and lines is ignored. The impact of the
capacitor current in the LC filter is also neglected.
Assumption 4: The inner current loop is sufficiently high in
bandwidth to make its transient dynamics negligible.
Assumption 5: The voltage drop caused by the Q-V droop
effect is neglected, and it is assumed that V = V0.
Assumption 6: Without loss of generality, the large distur-
bance analyzed in this paper comes from an external voltage
magnitude drop. For other types of large disturbances lead-
ing to a shift in the operating point, the analysis process
and conclusions are equally applicable. The output power
expression of the inverter is:

Pg = % sin & “4)
B. TRANSIENT SYNCHRONOUS STABILITY ANALYSIS
CONSIDERING CURRENT LIMITING
For convenience in subsequent analysis, the state of the
GFM-VSC is defined as follows:
(1) When the current amplitude of the GFM-VSC is less
than the maximum limit Imax and it behaves as a controlled
voltage source externally, it is defined to be in the normal
operating state
(2) When the current amplitude of the GFM-VSC reaches
Imax, the system enters the current-limiting control phase.
At this point, the GFM-VSC behaves as a controlled current
source externally, and it is defined to be in the current-
limiting operating state.

1) CURRENT LIMITING CONTROL STRATEGY

Since overcurrent can lead to inverter damage, a current
limiting mechanism is usually introduced in the control
strategy to restrict the output current of the inverter. To
achieve this, a current limiting block must be set in the
GFM-VSC controller. Common limiting methods include
dg-axis current proportional limiting and dqg-axis current
dynamic limiting. For the sake of analysis, this paper
assumes, without loss of generality, that the inverter adopts
the d-axis current priority limiting strategy (if other limiting
methods are used, the analysis process and approach are
similar). The specific control rate is as follows.

|Id,ref‘ = Hlin([max, |I;,ref‘) )

(] . (%)
|Iq,ref‘ = HllIl( Irgnax - Iiref’ |Iq,ref})
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FIGURE 3. GFM-VSC Equivalent Circuit

In the equation, [ ., and I/ . are the d- and g-
axis current reference values output by the voltage outer
loop, respectively; Ig,ef and Iy .ef are the d- and g-axis
current reference values output by the current limiting
block. The conventional d-axis priority current limiting
strategy restricts the current reference values, effectively
controlling the output current magnitude of grid-forming
inverters. In this strategy, the d-axis current component is
prioritized during current limiting and is the first to reach the
maximum allowable current value Imax, thereby enhancing
the converter’s active power transfer capability under fault
conditions. Once the output current of the GFM-VSC is
constrained to Imax, the current limiting control module is
activated. As a result, the external equivalent behavior of
the GFM-VSC transitions from voltage source mode to a
controlled current source type. This dynamic process can
be represented by the equivalent circuit diagram shown in
Figure 3.

2) THE VIRTUAL POWER ANGLE CHARACTERISTICS
UNDER INVERTER CURRENT SATURATION

The power angle of a traditional synchronous generator
is defined as the angle between its internal electromotive
force and the grid voltage. It reflects the magnitude of the
generator’s output power. For a grid-forming energy storage
system, its power angle, known as the virtual power angle,
is defined in this paper as the angle between its d-axis
and the grid voltage vector, as shown in Figure 4. This
angle can be regarded as the power angle of the grid-
forming energy storage device. When the system is in steady
state, the output voltage of the grid-forming energy storage
device is positioned along the d-axis, similar to the power
angle definition of traditional synchronous machines, and
it can also reflect the output power of the grid-forming
energy storage device. When the system enters a transient

VOL. 15, NO. 3, AUGUST 2026



Q. Gao et al.

JOURNAL
¢ ORG

AE

process, due to the dynamics of the voltage outer loop, the
virtual power angle does not coincide with the power angle
of traditional synchronous machines. If, after a fault, the
system voltage drops to a level where the output current of
the grid-forming energy storage device reaches the current
limit, the voltage outer loop becomes ineffective, and the
output voltage of the grid-forming energy storage device
shifts off the d-axis. In this case, the power angle of the grid-
forming energy storage device cannot be directly studied.
However, since the grid-forming strategy used in this paper
is based on a d-axis priority current limiting strategy, which
ensures that the d-axis current Id increases first and reaches
the maximum current limit Imax, the description of the
virtual power angle during the transient period still holds
theoretical significance.

i
[ Wi d-axis

;.T'X’

-

- |

R g-axis
g-axis

FIGURE 4. dg-Axis Vector Diagram of Grid-Forming Energy Storage Device

When the output current saturates, under the d-axis cur-
rent priority limiting control strategy, the d-axis current
gradually increases to the maximum allowable value Imax,
while the g-axis current gradually decreases to zero. There-
fore, the output power expression of the inverter under
current saturation can be formulated as follows:

P. = Uglax cosé (6)

According to the equation, we can obtain the power
angle characteristic curves of the normal operating state and
the current-limiting operating state respectively. Because of
Imax, the limitation of the peak value of the current-limiting
curve is smaller than that of the normal operating curve.
When the GFM-VSC operates in the current-limiting state,
the system may not have a stable operating point; therefore,
faults should be cleared quickly to ensure system stability.
When the grid voltage drops to a deep level, the system
may lose its stable operating point, as indicated by the red
dashed line in Figure 5. At this time, the system cannot
operate stably.
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FIGURE 5. The Power Angle Characteristic Curve under Normal Operating
Conditions and under Limited Amplitude Operating Conditions

3) TRANSIENT STABILITY MECHANISM ANALYSIS OF
THE INVERTER’S VIRTUAL POWER ANGLE

From the above analysis, the grid-forming energy storage
device, under normal operating conditions, exhibits power
response characteristics identical to those of traditional
synchronous generators. After the current-limiting block is
triggered, as indicated in Equation (6), the output power
of the grid-forming energy storage device is related to the
grid voltage drop magnitude. The angular component of its
output active power changes from a sine wave to a cosine
wave, reflecting the transition of the control mechanism
from a voltage source characteristic to a current source
characteristic. This paper further compares and analyzes the
transient response process of the grid-forming energy stor-
age system under normal operating conditions and current-
limiting conditions. The relevant processes are shown in
Figures 6, where Pmax represents the maximum output ac-
tive power of the grid-forming energy storage device under
current-limiting conditions. In steady-state, the power angle
curve of the grid-forming energy storage device is shown
by the blue curve in Figure 6, with the system equilibrium
point at a. After a fault occurs, the voltage magnitude U
of the external grid drops. Since the inverter cannot provide
short-circuit current like a traditional synchronous generator,
and instead becomes a current source under current-limiting,
the operating point of the inverter will switch from the non-
limiting virtual curve to the current-limited virtual curve.
Additionally, from Figure 6, it can be observed that due to
current-limiting, the region of the virtual power angle curve
beyond point e is unreachable, as this would require the in-
verter’s output current to exceed Imax, which contradicts the
current-limiting constraint. Following a system disturbance,
the operating condition evolves from its initial state a to b,
and the operating point will then move along the red curve
towards increasing dgpn. If the issue is resolved at stage
¢, the power angle characteristic curve of the constructive
energy storage device will change from red to blue, and
the system operating point will also move from point ¢ to
point d. Since the kinetic energy of the virtual synchronous
generator still maintains a positive value, the virtual power
angle will continue to rise until it reaches point e. At this

1541



JOURNAL
¢ ORG

AE

Q. Gao et al.

stage, the inverter will enter current limiting mode, and the
power angle characteristic curve will then switch from blue
to green, continuing to evolve along the green curve. If
before reaching point h, the virtual synchronous machine’s
kinetic energy has not yet decreased to zero, the virtual
power angle will continue to increase along the green curve,
and the grid-forming energy storage device will experience
transient instability, with the virtual power angle failing to
return to a stable operating point. If, before point h, the
virtual synchronous machine’s kinetic energy decreases to
zero, dgrm Will swing back, and after the dynamic process,
the system operating point will return to the blue curve,
eventually returning to the stable point at a. The system
operating state will follow the cyclic path a -b —c —d —e
— 1 before returning along the trajectory f —e —d —a. If the
issue is resolved at stage g, and the power angle surpasses
its maximum value, the color of the grid-forming energy
storage device’s characteristic curve shifts from red to green,
effectively moving the system’s operational point from g to
f. Given that the virtual synchronous machine still possesses
kinetic energy, the virtual power angle will keep climbing
until it hits point h. Should the kinetic energy of the virtual
synchronous machine not dip below zero prior to reaching h,
the virtual power angle will shoot past h, leading to transient
instability in the grid-forming energy storage device. This
instability would prevent the device from reestablishing its
stable operating point. If, before h, the virtual power angle’s
kinetic energy decreases to zero, dgrym Will swing back to
point e, at which point I<Imax, the grid-forming device exits
the current-limiting state, and the power angle characteristic
curve switches from green to blue, eventually reaching the
stable point a. The system operating point will follow the
path a —-b —c —g —f —e —d —a. If the issue gets
resolved at point i and the current exceeds the maximum
limit, the power angle characteristic curve for the grid-
connected energy storage system flips from red to green.
Consequently, the operational point shifts from i to j. At j,
the power output is less than the reference level, leading to
a sustained rise in the virtual synchronous machine’s kinetic
energy. This prevents the virtual power angle from re-
establishing the stable equilibrium. The grid-forming energy
storage device will experience transient instability. To avoid
this, the fault should be cleared promptly at h, or appropriate
measures should be taken.
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FIGURE 6. The Virtual Power Angle Curve of the Grid-Forming Energy
Storage Device

lll. TRANSIENT STABILITY REAL-TIME EMERGENCY
CONTROL SCHEME BASED ON RELATIVE KINETIC
ENERGY

A. REAL-TIME EMERGENCY CONTROL BASED ON
RELATIVE KINETIC ENERGY

For a single-machine infinite bus system, the rotor motion
equation of the grid-forming generator is:

dé

E:Awwo,
dw 1 P P 0
=7 (Pu=P)

PI, PII, and PII correspond to the generator power
characteristic curves before, during, and after the fault,
respectively. The power angle reaches §. when the fault is
cleared. When the generator power angle reaches ¢4, the re-
maining acceleration area (referring to the total acceleration
area minus the deceleration area already covered) can be
expressed as:

Se 84
Srcmain - / (Pm 7PII) d6+/ (Pm 7PIH)d6
) dec
8 84

1 ¢ 1
= iTjwkoz + §Tjwko2 (®)

)

dec

= %Tjwkofl

The term Sremain represents the remaining acceleration
area corresponding to the system’s operation at the cur-
rent moment. When it is determined that the system will
lose power angle stability, an emergency transient stability
control scheme can be activated. The control strategy in-
volves subtracting the remaining deceleration area from the
remaining acceleration area to calculate the deceleration area
deficit, which is used to determine the control machine-out
quantity. From equation (8), it can be observed that relative
kinetic energy does not have actual physical significance.
There is no corresponding physical quantity, and it is merely
the squared difference in rotational speeds, referred to
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acceleration area. P )
Decelerating Area
B. CALCULATION OF POWER CHARACTERISTIC Traversed Fitted Power
CURVE BASED ON RELATIVE KINETIC ENERGY c Characteristic Curve
The power curve of a Virtual Synchronous Machine is given 4,
by: Pret a \
I | A |
Q sin & non-saturated current :
pP={ x "M% _ ’ ) Accelerating Area
Ulmax cosd, saturated current
The relative kinetic energy at time t and t+1 is calculated,
O 6 0 5 c I’S u 5 m

and the difference between them represents the deceleration
area the system has undergone during this period. This
deceleration area is approximated as a rectangle, which
allows the calculation of AP for this time interval.

Wi — Wi

AP = ———— 10
Ot1 — Ot (10

Pe:Pref+AP (11)

In practical systems, if Pref of the grid-connected sys-
tem can be obtained, it can be substituted into equation
(11) to obtain discrete points of the power characteristic
curve. Starting from the moment of fault clearance, the
value of Pet is calculated at each moment to obtain a
series of discrete points on the power characteristic curve.
When it is identified that the system will lose stability,
the least squares method can be used with all the existing
discrete points to synthesize the form of equation (9), which
allows the estimation of the remaining deceleration area
and provides a basis for adjusting Pref of the grid. The
traditional calculation method uses a data window over a
period of time to predict the power characteristic curve,
as it requires comparing the acceleration and deceleration
areas to assess the system’s stability. In this method, the
power characteristic curve is fitted using all available data.
In fact, due to the influence of various factors, this method
is only an approximation to a certain extent. The purpose
of the fitting is to estimate the remaining deceleration area.
In emergency control, reducing the active power reference
not only decreases the mechanical power input but also
affects the system’s impedance. Achieving an accurate
power characteristic curve is quite challenging. Therefore, a
cyclic monitoring control approach is adopted, continuously
evaluating the system’s operation. If a single adjustment
does not stabilize the system, further adjustment control is
applied.

C. CONTROL DECISION ALGORITHM

Clearly, through the discussion in Section 3.2, the power
characteristic curve of the equivalent system has been ob-
tained. By applying the equal-area criterion for the two-
machine system, the control quantity for adjusting the
active power reference value can be calculated. The overall
schematic is shown in Figure 7.
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FIGURE 7. Schematic Diagram of Control Decision-Making

When instability is detected in the system, the remaining
acceleration area at that moment is first calculated. In Figure
7, Al represents the remaining deceleration area estimated
based on the fitted power characteristic curve. Due to the
insufficient deceleration area, the deceleration area that
needs to be increased after control implementation is given
by:

Sm _
Se = Sremain — Sa = SwoAw?, — / (P — Pn)d3  (12)
5

2

The actual control process involves time delays that must
be considered for their impact on control effectiveness.
These time delays consist of three parts: control decision
time, data and control command transmission time, and the
actual controller action time. Since system stability identifi-
cation and power characteristic curve fitting are performed
simultaneously, control measures can be determined quickly
once the system instability is identified. The primary time
delay is due to control action implementation and data
transmission. Assuming the control action time is 50 ms,
control decision time is 10 ms, and data transmission time
is 40 ms, the total delay time is 100 ms. Therefore, the actual
control action time does not correspond to the exact moment
the system instability is identified. To account for this effect
and obtain a more reasonable machine-out quantity, the
control quantity calculation formula is:

Se

AP, = = = 13
67n - 5u - AWutdelay ( )

After calculating the total reduced Pref, Pref are adjusted
according to the output conditions in the accelerating ma-
chine group.

D. THE OVERALL FRAMEWORK FLOW

This paper assumes that the entire system has measurement
and communication capabilities. The flow of the real-time
emergency control scheme for transient power angle stabil-
ity based on relative kinetic energy is shown in Figure (8).
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FIGURE 8. Real-Time Emergency Control Overall Process

When it is determined that the system will eventually
become unstable, it is necessary to prevent system instability
by adjusting the Pref of the grid-connected system. After im-
plementing the adjustment, the output of the prime mover is
reduced, allowing more rotor kinetic energy to be transferred
between the two potentials as the power angle swings. This
enhances the mutual attraction between the two potentials,
suppressing the increasing trend of the speed difference and
power angle difference, which is beneficial for maintaining
synchronous stability. Since a single adjustment control may
not guarantee system stability, a feedback-based closed-loop
control is employed. The system response is continuously
monitored to determine if emergency control needs to be
reinitiated.

IV. RESULTS

To validate the proposed control strategy and the transient
analysis of the grid-connected energy storage converter
under disturbances, a simulation model was built using the
MATLAB/Simulink platform, as shown in Figure (1).

A. CASE 1: SUDDEN GRID VOLTAGE SAG

The grid-connected energy storage device is set with an
output current limit Imax=0.26 p.u., and the active power
reference value is Pref=0.23 p.u. A fault occurs at t=0.3 s,
during which the system voltage magnitude is Ug=0.6 p.u.,
and the fault is cleared at t=0.39 s.

The simulation results are shown in Figure 9. Curve a and
curve b represent the rotor speed curve and rotor angle swing
curve of the virtual synchronous machine, respectively.
Curve c represents the active power reference value curve
of the virtual synchronous machine, curve d is the phase
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plane trajectory, and curves e and f represent the virtual
synchronous machine’s power angle curves under conditions
without and with emergency control, respectively. As seen
from the figure, at t = 0.41 s, the system is identified as being
on the verge of losing stability. At this point, the remaining
acceleration area, calculated using the relative kinetic en-
ergy formula, is 0.1046, while the remaining deceleration
area obtained through the fitting method is 0.0732. The
required adjustment in active power increment, calculated
using equation (13), is APm = 0.006. Therefore, the active
power reference value of the grid-connected energy storage
device is reduced by 0.006 p.u., and the actual control
action is implemented at t = 0.51 s. From the simulation
results, it can be observed that after the power adjustment
measures are taken, the increase in the virtual power angle
is effectively suppressed, and it begins to stabilize, keeping
the system in a synchronized operating state. In contrast,
without the emergency control strategy, the system’s speed
and rotor angle both show a significant divergent trend,
indicating inadequate transient stability of the system. after
the emergency control is applied at t = 0.51 s, the speed
deviation and rotor angle swing are significantly reduced,
and the system gradually stabilizes. The rapid adjustment of
active power effectively suppressed power fluctuations and
enhanced the system’s power balance ability. Furthermore,
the phase plane trajectory (Figure d) clearly shows that
the system’s state trajectory converges towards a stable
equilibrium point after the emergency control is introduced,
further verifying the effectiveness of the proposed emer-
gency control strategy. in summary, the simulation results
demonstrate that the proposed emergency control strategy
can significantly improve the transient stability performance
of the virtual synchronous machine system.

B. CASE 2: WHEN THE FIRST EMERGENCY CONTROL
SCHEME FAILS TO RESOLVE THE ISSUE

When the fault type and operating scenario are the same
as in case 1, but the initial emergency control scheme fails
to effectively suppress the system’s transient instability, the
real-time monitoring system will once again identify the
risk of the system losing stability. In this case, the system
triggers the secondary emergency control mechanism and
implements the corrected control measures. After the failure
of the initial emergency control measures, the secondary
emergency control is activated. Due to the influence of
control and execution delays, the system is identified at
t = 0.51 s as being on the verge of transient instability
once again. At this moment, the remaining acceleration
area, calculated using the relative kinetic energy criterion, is
0.0745, while the remaining deceleration area obtained from
the fitted equivalent power characteristic curve is 0.0561.
The required active power adjustment, calculated using
equation (13), is APm = 0.009. Therefore, the active power
reference value of the grid-connected energy storage system
is reduced by 0.009 p.u., and the corresponding physical
control action is executed at t = 0.61 s. After the control
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FIGURE 9. Power Angle Stability Simulation Curves of Grid-Forming Devices

measures are applied, the system’s dynamic response is
significantly improved. As shown in Figure 10(b), the virtual
power angle, after a brief rise, reverses its growth trend and
gradually decreases, with the system ultimately returning
to a stable operating state. Meanwhile, Figure 10(a) shows
that the speed deviation is effectively suppressed, preventing
the system from continuously accelerating and causing
instability. From the phase plane trajectory (Figure 10(d)), it
can be further observed that, without emergency control, the
system’s state trajectory shows a clear divergence. However,
after the secondary emergency control strategy is applied,
the system’s trajectory gradually converges towards a stable
equilibrium point, indicating that the system’s phase space
stability is significantly enhanced.

In summary, the simulation results demonstrate that the
emergency control strategy based on the equivalent power
characteristic curve and remaining kinetic energy criterion
is still effective in compensating for the failure of the
initial control through secondary intervention. The rapid
adjustment of active power output significantly improves the
transient stability performance of the virtual synchronous
machine system.

C. CASE 3: WHEN THE VOLTAGE FAULT FURTHER
DROPS

Under the same operating scenario, the voltage fault mag-
nitude is further increased to a drop of 0.5 p.u. to assess
the ability of the proposed control strategy to support the
system’s transient stability under more severe operating
conditions. The corresponding simulation results are shown
in Figure 11. From Figure 11, it can be seen that as the
fault duration is extended, the system’s transient response
becomes significantly more severe. At t =0.41 s, both the
virtual speed and virtual power angle of the virtual syn-
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chronous machine exhibit a clear divergent trend, indicating
that the system is gradually approaching the critical state
of losing transient stability. Based on the relative kinetic
energy instability criterion, the remaining acceleration area
at this point is calculated to be 0.1838, while the remaining
deceleration area obtained from the fitted equivalent power
characteristic curve is 0.0688. The required active power
adjustment, calculated using equation (13), is APm = 0.02.
Therefore, the active power reference value of the grid-
connected energy storage system is reduced by 0.02 p.u.,
and this control action takes effect at t = 0.51 s. From the
simulation results, it can be clearly observed that after the
power adjustment measures are implemented, the increasing
trend of the virtual power angle is effectively suppressed,
and it gradually reverses, showing a decreasing trend. At the
same time, the system’s speed response becomes noticeably
smoother. Therefore, even under a more severe fault, the sys-
tem is still able to successfully avoid power angle divergence
and frequency instability, maintaining a stable operating
state. In summary, the simulation results show that the
emergency control strategy, based on the equivalent power
characteristic curve and remaining kinetic energy criterion,
can intervene in a timely manner before the system becomes
unstable. By rapidly adjusting the active power output, it
effectively improves the transient stability performance of
the virtual synchronous machine system under severe fault
conditions.

D. CASE 4: WHEN THE CURRENT LIMITING
CAPABILITY IS WEAKENED

Under the same fault type and operating scenario, the over-
current capability of the grid-forming converter is adjusted
by setting the current limit to Imax = 0.25 p.u. to assess
the transient stability support ability of the proposed control
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strategy. The corresponding simulation results are shown in
Figure 12. From Figure 12, it can be observed that as the
fault duration is extended, the system’s transient response
becomes significantly more severe. At approximately t =
0.41 s, both the virtual speed and virtual power angle of the
virtual synchronous machine exhibit a noticeable divergent
trend, indicating that the system is approaching transient
instability. Based on the relative kinetic energy instability
criterion, the remaining acceleration area at this point is
calculated to be 0.124, while the remaining deceleration
area obtained from the fitted equivalent power characteristic
curve is 0.002. According to equation (13), the required ac-
tive power adjustment is APm = 0.021. Therefore, the active
power reference value of the grid-connected energy storage
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(f) Power-Angle Curve
GURE 11: Power Angle Stability Simulation Curves of Grid-Forming

system is reduced by 0.044 p.u., and the corresponding
control action takes effect at t = 0.51 s. It is clearly observed
that after the power adjustment measures are implemented,
the increasing trend of the virtual power angle is effectively
suppressed, and it gradually reverses to a decreasing trend.
Meanwhile, the speed response becomes much smoother. As
a result, the system successfully avoids power angle diver-
gence and frequency instability, maintaining stable operation
even with an extended fault duration. The simulation results
indicate that the proposed emergency control strategy can
significantly improve the transient stability performance of
the VSG system.
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V. CONCLUSION

Under grid voltage sag fault conditions, the proposed adap-
tive control strategy based on relative kinetic energy suc-
cessfully identifies the risk of transient instability in the
system. By calculating the difference between the accel-
erating and decelerating areas in real time, it accurately
generates an active power adjustment command. Simulation
results show that the increasing trend of the virtual power
angle is reversed after the adjustment, and system stability
is restored, verifying the effectiveness of the strategy under
a single fault.

When the initial control action fails to fully eliminate the
instability, the system triggers a secondary control through
a closed-loop monitoring mechanism. Despite the presence
of time delays, stability is recovered through recalculated
adjustments, demonstrating the strategy’s robustness and
fault tolerance in dealing with control failures or complex
fault scenarios, thereby preventing further deterioration of
the situation. This highlights its significant practical value
in engineering applications. Essentially, the method operates
as a feedback control mechanism. Although its intervention
may be delayed, it offers flexibility, effectiveness, and
strong adaptability, serving as a complementary measure
to traditional security and stability control systems. Case
studies confirm that the proposed method features low
computational burden, high flexibility, and strong reliability,
thereby establishing a new defense line to prevent large-
scale blackouts and demonstrating considerable practical
value in engineering applications.
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