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Abstract—Grid-forming converters are increasingly utilized as
the interface between distributed energy resources and utilities,
owing to their advantageous features. However, they may encounter
transient stability issues during grid faults, particularly when
considering the dc-link effect. This article establishes a transient
energy function which enables stability analysis of the grid-forming
converter with dc-link effect based on Lyapunov direct method,
revealing that transient instability is mainly induced by power
imbalance and negative damping effect. To address this issue, an en-
hanced dc-link voltage control is proposed to facilitate temporarily
energy storage and inertia adjustment, thereby improving tran-
sient stability and avoiding possible overvoltage in grid-forming
converters. Theoretical analysis and validations have been provided
to verify the effectiveness.

Index Terms—DC-link voltage control (DVC), grid-forming
(GFM) converters, Lyapunov energy function, transient stability.

I. INTRODUCTION

IN recent years, the integration of distributed energy sources
into the power grid has significantly increased. Distributed

energy sources are commonly integrated to the power grid
through power electronic based converters to realize energy
conversion [1]. These converters, however, generally have lim-
ited thermal capacity and significantly less inertia compared to
traditional synchronous generators (SGs). The reduced inertia
diminishes their capability to withstand network disturbances,
introducing substantial challenges to the stability and secure op-
eration of power systems, especially in circumstances with high
penetration of power electronic interfaces [2]. To mitigate these
issues, grid-forming (GFM) converters which are able to form
voltage and support frequency [3], [4], [5], [6], [7], [8] have been
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developed. Among the various grid-forming strategies, virtual
synchronous generator (VSG) has emerged as a prominent solu-
tion, effectively replicating the inertial and damping characteris-
tics of conventional SGs by emulating their dynamics to enhance
system resilience against disturbances [9], [10], [11], [12].

The studies of the transient stability of GFM converters have
drawn wide attention. Phase portrait and equal area criterion
(EAC) are used in [13] and [14], highlight that there are two
primary factors that can lead to loss of synchronization (LOS):
the lack of equilibrium points and insufficient damping. In
these studies, an ideal dc voltage source is assumed. However,
different from SGs, VSGs are incapable of absorbing/ delivering
any kinetic energy and thus an energy storage system and dc-link
capacitor is usually needed in the dc side [5], [15], [16], [17].
To achieve instantaneous power balance between dc side and
ac side of the GFM converters, dc-link voltage control (DVC)
is adopted [18]. In recent literature considering dc-link voltage
dynamics, V -square control, which uses stored energy and the
square of dc-link voltage as feedback signals to change active
power reference of GFM converters, are adopted to avoid the
dependence of the closed-loop dynamics of DVC on its steady-
state operating point [19], [20]. The introduction of dc-link
effect will give rise to more transient stability issues. Phase
portrait is drawn in [21] and [22], pointing out that DVC would
jeopardize the transient stability of both grid-following converter
and GFM converter, even with a nonsevere grid voltage dip.
Subsequently, the parametric effect of DVC on transient stability
is performed in 3-D phase space since the phase portrait cannot
fully reveal the parametric effect of high-order model [23].
Bifurcation theory is used in [24], finding that dc-link voltage
dynamic can introduce unstable limit cycles, which may lead to
LOS. In [25], transient stability of the droop controlled GFM
converter with dc-link effect is investigated based on Lyapunov
function and optimization method, finding that the dc-link volt-
age dynamic can result in the shrinkage of attraction region.
However, above-mentioned transient stability analysis methods
rely on numerical calculation and optimization, thus provide
little physical insight. In addition to the numerical analysis
methods, EAC is employed in [26] and [27] to identify the impact
of dc-link voltage dynamics on the accelerating and decelerating
area of VSG, which reveals its deteriorative effect on transient
stability. However, the EAC is not suitable for system containing
negative damping, which equivalently increases the accelerating
area in EAC. The fourth-order nonlinear system is decomposed
by a slow system and a fast system, thus simplifies the analysis
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of DVC control parameters design guidelines [28]. However,
such singular perturbation-based analysis method is only suit-
able for systems where the control blocks exhibit significantly
different bandwidths. Overall, the analytical method designed
for high-order nonlinear system that can offer clear physical
insight, facilitate stability assessment and provide parameter
guidelines is still worth studying.

To mitigate the transient stability issues introduced by DVC,
several stabilizing control methods have been proposed in pre-
vious research works. The current saturation limiter is cancelled
when the dc-link voltage is increasing to accelerate the con-
verging process in [29] to tackle its adverse impact on dc-link
voltage. In [30], two additional control loops are integrated
into electric synchronous machine: the error dc-link voltage is
feedforwarded to the phase angle to increase the damping torque
and to the amplitude of output voltage to further improve the
energy dissipation of the system. An adaptive-output-voltage-
regulation-based solution is proposed in [31] to avoid possible
undervoltage. The main idea is to feedforward the error of
dc-link voltage to the output voltage and downscale the feedback
power to accelerate the converging process. Above-mentioned
control methods focuses on the dc-link overvoltage or under-
voltage issues rather than transient synchronous stability. A
paralleled connection of the DVC and power synchronization
loop is employed in [22], which leads to an additional control
degree-of-freedom for flexible damping design. Currently, re-
search on stability enhancement control mainly focus on the ac
side of converters, whereas control strategies for the dc side have
received limited attention. This imbalanced research emphasis
has left the critical issue of transient unbalanced power storage
overlooked. More importantly, there is a notable absence of
comprehensive control methods that simultaneously alleviate
both the risk of LOS and dc-link overvoltage. This article aims to
propose a transient stability enhancement control by managing
the dc-link capacitor to store the unbalanced power in order
to alleviate the energy imbalance and subsequent LOS during
transient, while adjusting the inertia to accelerate the converging
process during fault in order to alleviate the boost of dc-link
voltage. The main contribution of this article can be concluded
as follows.

1) A Lyapunov-based energy function of GFM converters
with DVC is established, which facilitates the transient
stability analysis of GFM converters with fully consider-
ation of dc-link voltage dynamic.

2) The impact of introducing DVC and parametric effect of
VSG and DVC on transient stability is analyzed based on
the proposed energy function, and the existence of nega-
tive damping effect is revealed in the fourth-order system.

3) An enhanced DVC is proposed for GFM converters, which
allows the dc-link capacitor to temporarily store the unbal-
anced power between dc side and ac side of the converter,
thus alleviate the risk of LOS caused by power imbalance,
and alleviate the risk of overvoltage by adjusting inertia
during transient. Its effectiveness under the scenario when
current limiter is triggered is also validated.

The rest of this article is organized as follows. In Section II,
the large-signal model of the GFM converter considering dc-link

Fig. 1. System configuration and control diagram of the GFM converter [9].

TABLE I
NOMINAL VALUES OF THE STUDIED SYSTEM

effect is established, with its accuracy validated by compar-
ison study. Based on the reduced-order large-signal model, a
transient energy function designed for the fourth-order system
is proposed. In Section III, the impact of introducing DVC
and its parametric effect on the transient stability is analyzed
based on Lyapunov direct method and invariance principle. In
Section IV, the implementation methods and principles of the
proposed control are introduced, with its cost-effective charac-
teristic analyzed. Its effectiveness when converter is overcurrent
is subsequently studied. Lastly, the effectiveness of eDVC is con-
firmed by experimental results in Section V. Finally, Section VI
concludes this article.

II. ENERGY FUNCTION MODELING

Fig. 1 depicts the system configuration and control diagram
of GFM converters employing DVC. The ac grid is represented
by the voltage source Vge

jθg and the grid impedanceZg. Vdc and
V ref
dc represent the dc-link voltage and its reference, respectively.

The circuit parameters of the studied system are summarized in
Table I.

VSG control is employed as a representative power synchro-
nization loop of the GFM control in this article. The active power
control loop of the VSG imitates the rotor motion characteristics
of the SG and provides phase reference θGFM, while the Q− V
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droop control is implemented in the reactive power control loop
to regulate the output voltage amplitude of GFM converter,
whose expression are as follows:

θGFM =
1

Jp

∫ (∫
(Pref − Pe −DpΔω) + ωn

)
(1)

Eref = En +KQ (Qref −Qe) (2)

where Jp and Dp represent the virtual inertia and virtual damp-
ing of the VSG. The KQ is the droop coefficient of the reactive
power control loop. Pref and Qref are the active power reference
and reactive power reference of the GFM converter, respectively.

The phase and voltage amplitude references are combined to
generate the voltage reference vector Eref. The inner voltage
loop regulates the output voltage E to track the reference. A
current loop is cascaded to the voltage loop to actively damp
the LC resonance and thus enhance the system stability [13]. In
practice, the bandwidth of the inner voltage and current control
loop are designed to be much higher than that of VSG and
DVC. Hence, the dual loop voltage control can be simplified
as a unity gain with ideal reference tracking in the transient
stability analysis [31], i.e., E = Eref.

The active power reference of the GFM converter is generated
by DVC, which is

Pref =

(
kpdc + kidc

∫ )
·
(
(Vdc)

2 − (V ref
dc

)2)
(3)

where kpdc and kidc represent the proportional gain and integral
gain of the PI controller in DVC.

The power angle is defined as δ = θGFM − θg. Pe and Q
denote the output active and reactive power of converter, whose
expressions are

Pe =
3

2
EVgBg sin δ (4)

Q =
3

2
EBg (E − Vg cos δ) (5)

where Bg represents the grid susceptance.
Imbalances between the input power on the dc side and the

output power on the ac side can lead to variations in the voltage
of the dc-link capacitor, which can be derived as

Pdc = Pe +
Cdc

2
˙

(Vdc)
2 (6)

where Cdc represents the dc-link capacitor.
In the light of (1), (3), and (6), according to Fig. 2, the large-

signal model of the GFM converter is derived as⎧⎪⎪⎨
⎪⎪⎩

˙
(Vdc)

2 = 2
Cdc

(Pdc − Pe)

˙Pref = kidc ·
(
(Vdc)

2 − (V ref
dc

)2)
+

2kpdc

Cdc
· (Pdc − Pe)

Jp · δ̈ = (Pref − Pe)−Dp · δ̇.
(7)

In order to validate the accuracy of the proposed large-signal
model, the full-order circuit simulation for Fig. 1 is conducted,
and a comparison verification between full-order model and the
large-signal model is proposed. As Fig. 3 shows, the transient

Fig. 2. Large-signal model of the GFM converter considering DC-link effect.

Fig. 3. Comparison of transient response of full-order model and large-signal
model (7) under a 0.3 p.u. fault.

response of the large-signal model can well match with the full-
order model, thus validating the accuracy of proposed large-
signal model.

The energy function of the GFM converter is derived as
follows, with more detailed derivation given in the appendix:

V(ω, δ, Vdc) =
1

2
JpΔω2 − Pdcδ − EVgBg cos δ

+ ξ ·
(
(Vdc)

2 − (V ref
dc

)2) · (−δ + δse)

+ ξ ·
(
(Vdc)

2 − (V sat
dc

)2) · ζ sin(π

2

δ − δse
δue − δse

)

+
kidc
kpdc

(
JpΔωδ +

Dp

2
(δ − δse)

2

)
+ α (8)
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Fig. 4. Transient energy distribution of GFM converter. (a) Neglect DVC. (b) Consider DVC. (c) Change of attraction region.

where ξ = (kpdc − kidc

kpdc

Cdc

4 ). The coefficient ζ is used to reg-
ulate the weight of dc-link overvoltage protection term. α is
an arbitrary constant to ensure the positive definiteness of the
energy function. δse and δue represent the stable equilibrium point
(SEP) and unstable equilibrium point (UEP) of the power angle,
which can be calculated as{

δse = arcsin (Pdc/EVgBg)

δue = π − δse.
(9)

In the transient energy function (8), JpΔω2/2 represents the
kinetic energy.Pdcδ represents the potential energy relative to dc
side input power. EVgBg cos δ represents the electric energy of
line impedance. The fourth term of the energy function evaluates
the redundant energy from dc side to ac side of the converter,
the fifth term represents the stability margin from overvoltage
and the sixth term represents the cumulative imbalance energy
over time introduced by the integral coefficient of the DVC.

III. TRANSIENT STABILITY ANALYSIS

The Lyapunov direct method [32] is employed to investi-
gate the impact of DVC on the transient stability of the GFM
converter, by analyzing its influence on the potential energy
distribution. Furthermore, LaSalle’s invariance principle and the
extended invariance principle [33], [34], [35] are introduced to
analyze the parametric effect on the transient stability. Sup-
pose x ∈ R

n is the system state for system dx/dt = f(x).
Let W (x) : Rn → R be C1 function. l and L are constant.
Define bounded region ΩL = {W (x) ≤ L < ∞} and bounded
region Ω̄l = {W (x) ≤ l < L}. Suppose dW (x)/dt > 0 exists
in x ∈ Ω̄l and dW (x)/dt ≤ 0 for every x ∈| Ω̄l in ΩL. Define
setR(x)∈ ΩL satisfies dW (x)/dt = 0, and set Ω̄l is appended.
The extended invariance principle is presented as follows:⎧⎪⎪⎪⎨
⎪⎪⎪⎩
Ω̄l(x) = {x ∈ R

n | W (x) ≤ l < L}
ΩL(x) =

{
x ∈ R

n | W (x) ≤ L, Ẇ (x)l<W (x)<L ≤ 0
}

R(x) =
{
x ∈ ΩL | Ẇ (x) = 0

}
∪ Ω̄l.

(10)

Every state x0 starting in stability domainΩL converges toR(x)
as t → ∞.

A. Impact of Dc-Link Voltage Dynamic

The transient energy of GFM converter with or without con-
sidering dc-link effect in δ − Vdc plane is shown in Fig. 4. The
value of transient energy at UEP is defined as critical energy [36],
once the transient energy surpasses the critical energy, it implies
that the system will exceed UEP, leading to transient instability.
The introduction of DVC reduces the critical energy while
elevating the transient energy before the SEP, thus decreases
the attraction region of the system, as shown in Fig. 4(c), where
the red area represents the reduced attraction region of the GFM
converter caused by the introduction of DVC.

The detrimental effect of DVC on the stability can be further
explained from the perspective of EAC. Ignoring the overvoltage
protection term, the P − δ figure of the GFM converter can be
obtained by taking the partial derivative with respect to the power
angle of potential energy terms. The equivalent magnetic power
Pm and the electric power Pe are as follows:{

Pm = Pdc + ξ ·
(
(Vdc)

2 − (V ref
dc

)2)
+ kidc

kpdc
Dp (δ − δse)

Pe = EVgBg sin δ.
(11)

The integral of the difference between Pm and Pe with respect
to δ, as the sum of the accelerating and decelerating areas in the
P − δ figure, quantifies the change in the kinetic energy during
the transient process. When DVC is not considered, Pm will
always equal to Pdc during transient, as P ′

m shown in Fig. 5(a).
When considering the effect of DVC, Pm exceeds Pdc during
fault to release the excessive power in dc-link capacitor, as Pm

shown in Fig. 5(b), resulting in the increase of accelerating area
from S1 to S1 + S2 and decrease of decelerating area from
S3 + S4 to S3, thus exacerbating the overshoot of the power
angle. In this regard, the effect of the DVC could compromise the
transient stability of the GFM converter. Furthermore, the excess
active power Pdc will rush into the dc-link capacitor during the
converging process of power angle, causing the boost of dc-link
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Fig. 5. P − δ diagram of GFM converter. (a) Neglect DVC. (b) Consider
DVC.

voltage, which may trigger the overvoltage protection or even
trip the converter.

B. Impact of Control Parameters

1) Impact of VSG Control Parameters: The virtual inertia
Jp increases from 1 p.u. to 2 p.u. to identify its effect on
the attraction region, and its result is shown in Fig. 6(b). It is
observed that the attraction region decreases with the increase
of the inertia, which reveals the GFM converter with higher
inertia is more prone to lose transient stability. This is due to the
fact that, as inertia increases, the system’s kinetic energy at the
same angular velocity becomes larger, making it easier to surpass
critical energy. Meanwhile, larger virtual inertia means slower
dynamic of the power angle and longer converging process. This
trend leads to a higher boost of dc-link voltage and in turn results
in a severer increase of the magnetic power, thus deteriorate the
transient stability and heighten the risk of overvoltage.

The virtual damping Dp decreases from 1 p.u. to 0.6 p.u. to
identify its effect on the transient stability, and its result is shown
in Fig. 6(c). It can be found that the negative damping region,
i.e., where V̇ > 0 and system energy accumulates rather than
dissipates, exceeds the critical energy boundary with insufficient
virtual damping. This indicates the system lacks the attraction
region according to invariance principle. Consequently, it can be
concluded that smaller virtual inertia and larger virtual damping
can lead to better stability metrics of the converter. This trend
is also applicable when converter undergoes sudden change in
active power reference (such as presynchronization process in
islanded system) [37], [38].

2) Impact of DVC Parameters: The DVC proportional coef-
ficient kpdc rises from 1 p.u. to 4 p.u. to identify its effect on the
attraction region, and the result is shown in Fig. 6(d). Similarly,
the integral coefficient kidc is raised from 1 p.u. to 4 p.u., and the
corresponding change of attraction region and negative damping
area are illustrated in Fig. 6(e). It is observed that the attraction
region in V − δ plane decreases with the increase of kpdc and
the negative damping region in ω − δ plane expands with the
increase of kpdc and kidc. When the extent of dc-link elevation

is same, higher DVC parameters will cause more redundant
energy to be released from the dc side to the ac side, thereby
elevating the transient energy and reducing the attraction region.
From the perspective of EAC, higher DVC parameters lead to
larger magnetic power during transient to help facilitate faster
recovery of the dc-link voltage to its reference, but also cause the
increase of accelerating area and decrease of decelerating area.
Therefore, the faster dc-link voltage dynamic of GFM converter
can adversely affect the transient stability.

3) Impact of Dc-Link Capacitor: The dc-link capacitorCdc is
reduced from 1 p.u. to 0.1 p.u. to reveal its effect on stability, with
its impact on attraction region shown in Fig. 6(f). It is observed
that the negative damping region increases with the decrease
of the dc-link capacitor. The smaller the dc-link capacitor, the
less unbalanced energy can be stored at the dc side for the
same voltage rise according to (6), resulting in larger system
redundant energy. Therefore, the GFM converter with larger
dc-link capacitor will achieve better transient stability.

C. Comparison With Existing Analysis Methods

To analyze the transient stability of the GFM converters,
several stability analysis methods have been proposed in the
literature [21], [22], [24], [25], [26]. The advantages and lim-
itations of these stability analysis methods are summarized in
Table II.

Compared to the above-mentioned analysis methods, the pro-
posed energy function-based method has insightful physical in-
tuition of instability. The manually constructed energy function
facilitates the guidance of control parameters design and fully
considers the negative damping effect, thus providing accurate
stability assessment. The major limitation is sometimes it is hard
to construct the suitable energy function.

IV. TRANSIENT STABILITY ENHANCEMENT

As discussed in the previous section, lower potential energy
before SEP and higher potential energy at UEP will lead to a
larger attraction region, which results in a smaller accelerating
area and larger decelerating area, thus reducing the risk of
instability. This can be achieved by elevating the dc-link voltage
reference according to (8). The adjustment of dc-link voltage
reference will cause it to be higher than its actual value, therefore,
the magnetic power can be reduced so that it is possible to
optimize both the accelerating and decelerating areas.

A. Enhanced DVC

With above-mentioned consideration, a feedback loop from
angular speed, namely, the derivative of the power angle, to the
dc-link voltage reference is introduced in Fig. 7 to adjust the
voltage reference during the accelerating process of the power
angle. As shown in Fig. 8(b), by implementing the proposed
control loop (I), the reference voltage of the dc-link capacitor
is raised at fault instant, as V ref∗

dc in Fig. 8(b). The difference
between (V ref∗

dc )2 and (Vdc)
2 will adjust Pm to be even lower

than Pdc, as P ∗
m in Fig. 8(b), allowing the excessive active power

to be temporarily stored in the dc-link capacitor. This results in
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Fig. 6. Estimated attraction domain of GFM converter. (a) Nominal control parameters. (b) Increase virtual inertia. (c) Decrease virtual damping. (d) Increase
proportional gain in DVC. (e) Increase integral gain in DVC. (f) Decrease DC-link capacitor.

TABLE II
COMPARISON OF PROPOSED LYAPUNOV FUNCTION-BASED ANALYSIS AND EXISTING STABILITY ANALYSIS METHODS

the decrease of accelerating area from S1 + S2 to S1 and the
increase of decelerating area from S3 − S4 to S3, thereby alle-
viating the risk of transient instability. The overvoltage caused
by continuous mismatch of ac side output power and dc side
input power of the GFM converter can also be avoided.

Under the circumstance that equilibrium point exists, a larger
virtual inertia increases the overshoot of the power angle, which
makes it easier to cross UEP. Therefore, a smaller inertia during
transient helps to maintain the synchronization of the GFM
converter [39]. Meanwhile, a faster converging process of the
power angle results in a smaller boost of dc-link voltage [31].

Furthermore, since the GFM converter is not able to provide
sufficient inertia after reaching its current limit or losing syn-
chronization, maintaining its stability and preventing it from
tripping should be the priority during large disturbance [12].
Therefore, the converging dynamic should be fastened during
transient for the concern of both transient stability and dc-link
overvoltage. To achieve this target, a feedback loop between
the δ̈ and the dc-link voltage reference is introduced in Fig. 7.
As swing equation (12) shows, the proposed control loop (II)
adjusts the inertia equivalently, thus accelerating the converging
dynamic of the GFM converter. Consequently, the overshoot of
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Fig. 7. Control diagram of the enhanced DVC.

Fig. 8. P − δ diagram of GFM converter with: (a) DVC and (b) eDVC.

the power angle and the dc-link voltage can be both reduced,
thereby alleviating the potential risk of transient instability and
dc-link overvoltage protection simultaneously

J∗
p δ̈ = P ∗

m − Pe −D∗
pδ̇⎧⎪⎨

⎪⎩
P ∗
m = Pm − kidckd (δ − δ0)

J∗
p = Jp − kpdckdd

D∗
p = Dp + kpdckd − kidckdd.

(12)

The introduction of loop (I) increases the virtual damping
while decreasing the magnetic power. The more significantly the
magnetic power and damping adjusted, the better the transient
stability of the GFM converter [14]. However, the design of
its parameter kd should guarantee that adjusted V ref

dc will not
exceed its protection constraints. Loop (II) decreases the virtual
inertia but also compromises the effect of damping enhance-
ment. Therefore, the design of its parameter kdd should satisfy
kidckdd < kpdckd to guarantee the change of damping to be
positive.

To avoid the reduction of virtual inertia during normal oper-
ation caused by loop (II), a fault detection block is incorporated
into the eDVC, as shown in Fig. 7, where δ0 denotes the initial
point of the power angle during normal operation, δth and Eth

denote the threshold of the power angle and output voltage
respectively. The fault detection block uses local δ and Eref

of VSG to detect the occurrence of fault, avoiding difficulties
in obtaining system parameters, such as voltage amplitude or
phase angle of the point of common coupling. The output active
power of the GFM converter experiences sudden change in both
grid voltage drop and phase jump faults, according to (4), the
mismatch of the output active power and its reference causes
the power angle to exceed its initial point during steady-state
operation. Therefore, a power angle-based fault detection block,
which compares the power angle δ obtained locally with its
stable operating range δ0 ± δth, is employed to accurately ac-
tivate eDVC and ensure the safe deactivation of eDVC until the
synchronization is recovered after fault clearing. Furthermore,
the output reactive power will also experience sudden increase at
fault instant, according to (5). Due to the fast response of the first
order Q− V droop characteristic, the converter output voltage
reference will be decreased instantaneously at the moment of the
fault occurrence as the result of the sudden change in reactive
power. Therefore, an output voltage-based fault detection block,
which compares the difference between the reference value of
the output voltage of the converter Eref and its rated value
En with the threshold Eth, is employed to ensure the prompt
activation of eDVC.

The effectiveness of the proposed eDVC is further demon-
strated through the perspective of the energy function, with
the adjusted energy function due to the introduction of eDVC
provided in the appendix. By employing eDVC, the attraction
region of the system is expanded, as depicted in Fig. 9(a)
and (b), by enabling the dc-link capacitor to store unbalanced
power and decreasing the converter’s inertia. This expansion
ensures that the system’s initial operating point falls within
the attraction region, thereby preventing transient instability
caused by the system energy exceeding the critical energy. As
shown by the two system trajectories on the δ − ω plane in
Fig. 9(c), when the converter systems operate with the same
dc-side input power and voltage drop level—i.e., starting from
the same initial operating point—the system utilizing eDVC
exhibits an initial energy lower than the critical energy, enabling
it to eventually stabilize at the SEP. In contrast, the system
employing conventional DVC has an initial energy exceeding
the critical energy, leading to a continuous increase in kinetic
energy and ultimately resulting in LOS. Furthermore, due to the
introduction of eDVC, the damping effect of the converter is
enhanced, effectively mitigating the negative damping area, as
illustrated in Fig. 9(d). This adjustment alleviates the risk of the
attraction region disappearing due to negative damping effects.

B. Cost-Effective Design Consideration

To investigate the relationship between the grid voltage fault
depth and the dc-link voltage elevation, analytical results are
presented in Fig. 10, with a fault duration of 625 ms, where
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Fig. 9. Attraction region during transient. (a) DVC. (b) eDVC. (c) δ − ω plane. (d) Negative damping area.

Fig. 10. Required elevation of DC-link voltage for the converter to maintain
stability under different DC-link capacitors and fault depths.

ΔVdc indicates the additional dc-link voltage elevation at SEP
achieved by eDVC compared to the conventional DVC. As
shown in Fig. 10, the use of eDVC expands the stability region
of the GFM converter. Furthermore, with deeper grid voltage
sag ΔUg, a higher extent of dc-link voltage elevation is required
to maintain system stability, indicating that the dc-link capacitor
needs to temporarily store greater levels of unbalanced power
to prevent system from instability. To further demonstrate the
effectiveness of eDVC with different capacitances of the dc-
link capacitor, more detailed experimental results are presented
as follows. When the allowable increase in dc-link voltage is
limited to 0.2 p.u., maintaining synchronization during a 0.9
p.u. fault only requires increasing the capacitance of dc-link
capacitor to 1.75 p.u. This value is significantly lower than that
of a supercapacitor, resulting in a much lower cost. Moreover,
even if the capacitance cannot be increased and remains at 1 p.u.,
employing eDVC still results in a 55.2% increase in the critical
clearing time under a 0.9 p.u. voltage drop fault, significantly
enhancing the stability metric of the converter. Therefore, the
eDVC method does not solely rely on high-value capacitors.
In contrast, it reduces the required capacitance for the system’s
stability or improves stability metric under any dc-link capacitor.

Building on the fact that the eDVC strategy does not rely
on high-value capacitors, another key advantage of this method

lies in its implementation simplicity. The eDVC strategy is a
cost-effective add-on control [40] that utilizes signals from the
existing GFM control interfaces, such as the power angle of the
converter, and the amplitude of the output voltage. Consequently,
it requires no additional hardware interfaces or modifications to
the original GFM control structure. Instead, the implementation
involves only software modifications, significantly reducing sys-
tem complexity and costs while enhancing the system’s stability.
Compared to cost-intensive hardware-based solutions, such as
the integration of supercapacitor [41], the eDVC strategy offers
a practical, efficient, and scalable approach to improving system
transient stability.

C. Consideration of Current Limiter

To prevent converters from overcurrent tripping, circular cur-
rent limiter is adopted. This section discusses the effectiveness
of eDVC considering current limiter.

The expression of current limiter is as follows [43]:

Īreff,dq = σIreff,dq, σ = min

{
1,

IM
‖Ireff,dq‖

}
(13)

where Ireff,dq is the original current reference generated by the
voltage control loop, as shown in Fig. 11. Īreff,dq is the saturated
current reference, and IM is the maximum allowable converter
side current magnitude. Only the magnitude of current reference
is decreased when the magnitude current limiter is triggered,
while its angle is kept unchanged.

When the circular current limiter is triggered, the voltage
integral controller is kept at zero during the current limiting
period avoid the integrator windup. The expression of If,dq can
be rewritten as

If,dq = σKpV

(
Eref

dq − Edq

)
+ σIf,dq

⇒ ReIf,dq = Eref
dq − Edq (14)

where Re =
1−σ

σKpV
is a positive real variable.

Therefore, the inner control loop with the circular current
limiter can be represented as a voltage source behind equivalent
resistance Re [42], as shown in Fig. 11. Take the virtual resis-
tance into consideration, the output active power of the converter
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Fig. 11. System configuration of the GFM converter considering current
limiter [42].

Fig. 12. P − δ diagram of GFM converter considering: (a) current limiter,
(b) current limiter and DVC, and (c) current limiter and eDVC.

should be modified to

Pe =
3

2

(
ωnLg

(Re)
2 + (ωnLg)

2ErefVg sin δ

+
Re

(Re)
2 + (ωnLg)

2

(
(Eref)

2 − ErefVg

)
cos δ − I2MRe

)
(15)

where Re = max{0,Re(R̄e)} with

R̄e =

√
(Eref)2 − 2ErefVg cos δ + V 2

g

I2M
− ω2

nL
2
g. (16)

The P − δ figure of the GFM converter considering current
limiter is shown in Fig. 12(a). As illustrated in the figure, the
primary impact of the current limiter on the transient stability of
the converter is the reduction of the converter’s output active
power after the overcurrent point δOC, as the red solid line
shown in Fig. 12(a). This reduction sways the UEP from δue to
δu∗e , leading to the decrease of decelerating area from S2 to S3,

Fig. 13. Stable region of the GFM converter considering current limiter and
employing: (a) DVC and (b) eDVC.

thereby impairing the transient stability. By incorporating the
proposed eDVC, the unbalanced power is temporarily stored in
the dc-link capacitor. As a result, even when the current limiter is
triggered, the reduction in active power reference caused by the
eDVC effectively decreases the accelerating area and increases
the decelerating area, as shown in Fig. 12(b) and (c), thereby
preventing the power angle from exceeding the UEP.

To further investigate the impact of current limiter on the
effectiveness of eDVC, comparison study under a 325 ms fault
has been conducted and the results are shown in Fig. 13, where
red triangle symbols � denote the operating regime that current
limiter is triggered and the converter loses its stability, blue round
symbols • denote the operating regime that current limiter is not
triggered and the converter keeps its stability, and green triangle
symbols � denote the operating regime that current limiter is
triggered while the converter can still remain synchronization. It
can be seen from Fig. 13(a), smaller maximum allowable current
IM undoubtedly makes the current limiter easier to be triggered,
and results in the reduction of stable region. When the eDVC
is introduced, even if the maximum elevation of dc-link voltage
is limited to 0.1 p.u., it can still significantly enlarge the stable
region of the converter. For instance, as shown in Fig. 13(b),
when IM is set to 1.7 p.u., the maximum fault depth at which
the converter can remain stable increases from 0.6 p.u. to 0.85
p.u., indicating that the resilience of converter to disturbances is
improved. Meanwhile, eDVC helps prevent overcurrent protec-
tion from triggering. For instance, the maximum fault depth that
the output current does not reach its saturation increases from
0.55 p.u. to 0.8 p.u. when the saturation IM is set to 1.7 p.u..
Furthermore, even when the current limiter is already triggered,
namely, the power angle has exceeded the overcurrent point δOC,
eDVC can prevent the power angle from further surpassing the
UEP by expanding the decelerating area. Finally, as illustrated
in Fig. 14, a smaller maximum allowable current IM requires
higher elevation of dc-link voltage to maintain synchronization
of the converter.

D. Comparison With Existing Control Methods

The advantages and limitations of existing control meth-
ods [44], [45], [46], [36], [47], [48] are summarized in Table III.
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TABLE III
COMPARISON OF PROPOSED EDVC AND EXISTING STABILITY ENHANCEMENT CONTROL METHODS

Fig. 14. Required elevation of DC-link voltage for the converter to maintain
stability under different maximum allowable current and fault depth.

TABLE IV
EXPERIMENTAL PARAMETERS I

Compared with the above-mentioned stability enhancement con-
trol methods, eDVC alleviates both the risks of overvoltage,
overcurrent, and LOS simultaneously. Meanwhile, the proposed
control employs add-on design and only uses local information
of the converter for fault detection, making it easy to implement
in practice. Furthermore, due to the existence of fault detection
block, eDVC has no impact on the dynamics under steady-state
operations, ensures the converter to provide sufficient inertia and
voltage support. The main limitation of eDVC is that it requires
signal exchanges between DVC and VSG control block.

V. EXPERIMENTAL VALIDATION

To verify the effectiveness of the proposed energy function-
based stability analysis method and eDVC, a hardware-in-loop-
based experimental platform via RT-box has been developed.

Fig. 15(a) shows the detailed experimental results using pa-
rameters listed in Table IV when the grid voltage drops to 0.48
p.u.. When using the traditional DVC, GFM converter fails to
maintain synchronization, causing Vdc (the deep blue line) to

Fig. 15. Experimental results. (a) Grid voltage drops to 0.48 p.u. (b) Grid
voltage drops to 0.6 p.u. with kidc set to 8 p.u.

exceed its upper limit. Fig. 16(a) illustrates the corresponding
experimental trajectories and the boundary of attraction region.
When the dc-link effect is not considered, the initial point of
the system is located within the attraction region, indicating that
the GFM converter will maintain synchronization during the
large disturbance, which contradicts the experimental results.
Conversely, when the dc-link effect is taken into account, the
attraction region of the system reduces to the blue region in
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Fig. 16. Attraction region during transient. (a) Grid voltage drops to 0.48 p.u. (b) Grid voltage drops to 0.48 p.u. with kidc set to 8 p.u.

Fig. 16(a), resulting in the initial point being outside the attrac-
tion region and LOS, aligning with the experimental results.
Fig. 15(b) shows the experimental results when the grid voltage
drops to 0.6 p.u., with the integral coefficient gain of DVC set to
8 p.u. Negative damping phenomenon is found in this operating
regime, as the power angle exhibits oscillatory behavior where
the amplitude of subsequent cycles larger than that of the first
swing period, indicating the system energy is accumulating
rather than dissipating. Fig. 16(b) illustrates the corresponding
experimental trajectories and the boundary of attraction region.
It can be observed that even if the initial point is located within
the attraction region, negative damping effect can cause the
increase of system energy, thus leading to transient instability.
Overall, ignoring dc-link effect or negative damping effect can
either lead to overly optimistic stability assessment.

To validate the effectiveness of the proposed eDVC, exper-
iments were conducted using parameters listed in Table IV
under a grid voltage drop to 0.48 p.u. It can be seen in Fig. 17,
when a voltage drop fault occurs, the output voltage reference
experiences an instantaneous drop, causing the error to exceed
its threshold, thereby triggering the fault detection block and
activating the eDVC. Due to the instantaneous response of
first-order reactive droop control loop, the grid fault can be
detected with about three quarters of a cycle, ensuring the timely
activation of eDVC. As Fig. 18(a) shows, when the control loop
(I) is applied, theV ref

dc (the light blue line) is elevated during fault,
leading to a faster increase in the dc-link voltage compared to

TABLE V
DYNAMIC CHARACTERISTICS

traditional control, enabling the dc-link capacitor to temporarily
store the unbalanced power. As a result, the increase in Pm

caused by DVC is effectively avoided, even making it less than
Pdc during fault, thus enabling the GFM converter to maintain
synchronization with the grid. Furthermore, as Fig. 18(b) and (c)
shows, by implementing control loop (II), the transient dynamics
of the converter is fastened, thus reducing the overshoot of
the dc-link voltage by 13.4% and the power angle by 14.6%,
resulting in improved transient stability. The results validate the
effectiveness of the proposed control strategy.

Fig. 19 presents the experimental results when the grid voltage
drops to 0.65 p.u., aimed at investigating the impact of eDVC
on the dynamic characteristics of the dc-link voltage and power
angle of the GFM converter. According to the results listed in
Table V, the proposed eDVC reduces the setting time of dc-link
voltage by 70.37%, from tsV to t∗sV shown in Fig. 19(c), while
only causing a 3.86% increase in the dc-link voltage overshoot.
The duration of the dc-link voltage exceeding its reference value
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Fig. 17. Experimental results when grid voltage drops to 0.48 p.u. (a) Fault
detection block. (b) Zoomed scope.

TABLE VI
EXPERIMENTAL PARAMETERS II

is significantly shortened, thereby reducing energy consumption
on the dc-link side and lowering the system’s operating cost. Fur-
thermore, the overshoot and setting time of the power angle are
reduced by 47.59% and 83.39%, respectively, greatly improving
the dynamic performance of the GFM converter during transient
faults and enhancing the transient stability of the converter.

To investigate the effectiveness of the proposed eDVC under
the scenario that the converter is facing the risk of overcurrent
during transient, the experiment considers both current limiter
and dc-link dynamic is conducted. The grid voltage drops to
0.6 p.u. during fault and other system parameters are listed in
Table VI. It can be observed from Fig. 20(a) that when using
the conventional DVC, the dc-link voltage rises rapidly after the
current limiter is triggered due to the decrease in the converter’s

Fig. 18. Experimental results when grid voltage drops to 0.48 p.u. (a) eDVC
with Loop (I). (b) eDVC with Loop (I) and Loop (II). (c) Comparison.

output active power. This leads to an increase in the dc-link
voltage and active power reference, which subsequently enlarges
the accelerating area and reduces the decelerating area, causing
a rapid increase in the power angle. This, in turn, results in a
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Fig. 19. Experimental results when grid voltage drops to 0.65 p.u. (a) DVC.
(b) eDVC. (c) Comparison.

further decrease in output power, ultimately leading to converter
instability. Meanwhile, as shown in Fig. 20(b), when eDVC is
employed, the adjustment in the dc-link voltage reference value
reduces the accelerating area and increases the decelerating area,
thereby preventing the power angle from exceeding UEP.

Fig. 20. Experimental results when grid voltage drops to 0.6 p.u. with current
limiter triggered. (a) DVC. (b) eDVC.

VI. CONCLUSION

In this article, the impact of DVC and parametric effect on
the transient stability of the GFM converter is analyzed from the
perspective of Lyapunov direct method and invariance principle.
The potential energy distribution reveals that the effect of DVC
decreases the attraction region of GFM converter, which may
result in initial energy larger than critical energy and transient
instability in consequence. Meanwhile, DVC and inappropriate
control parameters can introduce negative damping effect to
the system, which may cause attraction region disappearing
even when the initial energy is smaller than critical energy.
To solve this problem, an enhanced DVC for transient stability
improvement is proposed, which enables dc-link capacitor to
temporarily store the unbalanced power between dc and ac side,
expanding the attraction region and alleviating negative damping
effect, while also decreasing the virtual inertia to accelerate
the converging process and thereby alleviate the risk of dc-link
overvoltage. The implementation of eDVC can extend the sys-
tem’s maximum fault clearing time by 55.17% under severe fault
condition. When current limiter is considered, the maximum
fault depth that leads to overcurrent and transient instability can
be extended by 25% simultaneously. Furthermore, the setting
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time of the power angle and dc-link voltage can be decreased
by 70.37% and 83.39%, and the overshoot of the power angle
can be decreased by 47.59%, with only a 3.86% increase in
the overshoot of dc-link voltage. Experimental results have
validated the effectiveness of the proposed energy function and
control strategy.

APPENDIX

A Construction of the Energy Function

There are two main concerns once employing traditional SG-
like transient energy function of the system, whose expression
is as follows:

V =
1

2
JpΔω2 − Prefδ − EVgBg cos δ

=
1

2
JpΔω2 − EVgBg cos δ

−
(
Pdc +

(
kpdc + kidc

∫ )(
(Vdc)

2 − (V ref
dc

)2))
δ

(A.1)

V̇ = Jpδ̈δ̇ − Prefδ̇ + EVgBg sin δδ̇ − ˙Prefδ

= −DpΔω2

−
(
kidc ·

(
(Vdc)

2 − (V ref
dc

)2)
+

2kpdc

Cdc
· (Pdc − Pe)

)
δ︸ ︷︷ ︸

DVC interaction

.

(A.2)

First, with the introduction of DVC, Pref in the energy function
is no longer a constant but a function of time rather than state
variables. This change makes it impossible to calculate the
value of Pref in the energy function. Second, the interaction
term introduced by DVC causes the region where the derivative
of the energy-like Lyapunov function is positive to become
unbounded, thereby rendering the energy function incompatible
with the extended invariance principle. Therefore, two corre-
sponding modifications to the energy function are made: first, for
the interaction term introduced by the proportional coefficient
kpdc, considering the relationship

Pdc − Pe = EVgBg (sin δ − sin δse) (A.3)

an adjusting function was constructed to ensure that it has oppo-
site polarity to Pdc − Pe. By multiplying adjusting function and
power difference, the negative damping area can be guaranteed
bounded

fad (δ) =

(
−δ + ζ sin

(
π

2

δ − δs
e

δu
e − δs

e

)
+ δse

)
. (A.4)

Second, to avoid the appearance of integral coefficient kidc in the
energy function, the replacement of time-dependent function to
state variables-dependent function has been made.

By substituting (1) and (3) into (6), (6) can be rewritten as

d

dt
ΔV 2

dc =
4

Cdc
(Pdc − Pe)

=
4

Cdc
(Pref − Pe + Pdc − Pref)

=
4

Cdc

(
Jpδ̈ +Dpδ̇ −

(
kpdc + kidc

∫ )
ΔV 2

dc

)
(A.5)

where ΔV 2
dc = ((Vdc)

2 − (V ref
dc )2), (A.5) can be rewritten as(

kidc

∫
+kpdc +

Cdc

4

d

dt

)
ΔV 2

dc =
(
Jpδ̈ +Dpδ̇

)
. (A.6)

To avoid introducing higher order dynamics, the integral term is
ignored. Take the integration of (A.6), whose expression is∫

ΔV 2
dcdt =

1

kpdc

((
Jpδ̇ −Dp (δ − δse)

)
− Cdc

4
ΔV 2

dc

)
.

(A.7)
Therefore, the time-dependent term in the energy function can
be replaced by state-variables-dependent term.

B Seminegative Definite of dV/dt

The negativeness of time derivative of the derived energy
function (8) can be proved by using chain rule for partial
derivatives, which can be evaluated as follows:

V̇(ω, δ, Vdc) =
∂V

∂ω

dω

dt
+

∂V

∂δ

dδ

dt
+

∂V

∂Vdc

dVdc

dt

= Jpδ̈ · δ̇ − Pdc · δ̇ + EVgBg sin δ · δ̇

+ kpdc

(
(Vdc)

2 − (V ref
dc

)2) · δ̇
+

kidc
kpdc

(
Jδ̇ −Dp (δ − δse)−

Cdc

4

(
(Vdc)

2 − (V ref
dc

)2)) · δ̇

+ ξ · 2Vdc
˙Vdc

(
−δ + ζ sin

(
π

2

δ − δs
e

δu
e − δs

e

)
+ δse

)

+ ξ ·
((

V ref
dc

)2 − (V sat
dc

)2)
cos

(
π

2

δ − δs
e

δu
e − δs

e

)
Δω. (B.1)

By substituting (A.7) into (B.1), the first three row of (B.1) can
be rewritten as

V̇1 =
[
Jpδ̈ + Pdc

+

(
kpdc + kidc

∫ )(
(Vdc)

2 − (V ref
dc

)2)
−EVgBg sin δ] δ̇

= −DpΔω2. (B.2)

Therefore, the first part of (B.1) is proved to be negative.
For the second part of the (B.1), i.e., the fourth row of (B.1),

it can be rewritten into

V̇2 = 2ξ · Vdc
˙Vdc

(
−δ + ζ sin

(
π

2

δ − δs
e

δu
e − δs

e

)
+ δse

)

=
4ξ

Cdc
(Pdc − Pe)

(
−δ + ζ sin

(
π

2

δ − δs
e

δu
e − δs

e

)
+ δse

)

= C (sin δse − sin δ)

(
−δ + ζ sin

(
π

2

δ − δs
e

δu
e − δs

e

)
+ δse

)
(B.3)



XU et al.: STABILITY ANALYSIS AND CONTROL DESIGN OF GRID-FORMING CONVERTERS WITH DC-LINK EFFECT 6827

whereC = 4ξ · EVgBg/Cdc. Obviously, (sin δse − sin δ) is pos-
itive for δ < δse and δ > δue , negative for δse < δ < δue . When ζ

is set as δue − δse, adjusting function (−δ + ζ sin(π2
δ−δs

e
δu

e−δs
e
) + δse)

can be demonstrated to exhibit opposite definiteness. Therefore,
the second part of (B.1) is proven to be negative.

For the third part of (B.1), (V ref
dc )2 − (V sat

dc )2 is always neg-
ative, while cos(π2

δ−δs
e

δu
e−δs

e
) is positive for −δue + 2δse < δ < δue .

Therefore, the dynamic interaction term is negative during the
accelerating process of the power angle, which is the primary
focus of transient stability.

C Adjustment of Energy Function Facilitated by eDVC

Since the swing equation of the GFM converter with eDVC is
modified as (12), the energy function is correspondingly adjusted
to

V∗ =
1

2
(Jp − kpdckdd)Δω2 − Pdcδ − EVgBg cos δ

− 1

2
kidckd (δ − δ0)

2 + . . . (C.1)

V̇∗ = − (Dp + kpdckd − kidckdd)Δω2 + . . . . (C.2)
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