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ABSTRACT: As a new dynamic reactive power compensator, the grid-forming Static Var Generator (GF-SVG) can
not only provide reactive power-voltage support, but also has inertial support capability. It has been experimentally
deployed in many wind farms. However, studies have shown that when the three-phase short-circuit fault occurs in
the wind farm, the transient overcurrent during the fault occurrence and fault clearance is suppressed, making it
difficult for GF-SVG to use traditional fixed virtual impedance. Aiming at the problem, firstly, the influence of virtual
reactance on control stability is analyzed using the GF-SVG’s current open-loop transfer function. Secondly, based on
the existing current limitation strategies of GF-SVG, an adaptive virtual reactance current limitation strategy suitable for
symmetrical faults of the power grid is proposed, which limits GF-SVG’s transient overcurrent during fault occurrence
and fault clearance stage to the tolerance range of GF-SVG’s power devices. Based on the GF-SVG’s active power loop
and reactive power loop small signal models, the availability of the proposed adaptive virtual reactance in suppressing
the DC voltage drop of GF-SVG is analyzed, and shortening the transient overvoltage recovery time of the wind farm
after the fault clearance is also discussed. Finally, electromagnetic simulation proves the effectiveness and correctness
of the proposed adaptive current limitation method.

KEYWORDS: GF-SVG; wind farm; current limitation; virtual reactance; stability

1 Introduction
With sustainable energy development in modern power systems, the proportion of sustainable energy

generation is increasingly emphasized, which has become an essential factor in promoting energy transfor-
mation [1–3]. To enhance the operational stability of WFs, the grid-following Static Var Generator (GL-SVG)
installed in the wind farms (WFs) is transformed into a grid-forming one, becoming a research hotspot in the
grid connection of sustainable energy. Additionally, the grid-forming control strategy is divided into voltage-
controlled virtual synchronous generator (VC-VSG) control and current-controlled virtual synchronous
generator (CC-VSG) control [4,5]. The VC-VSG is mainly tailored for the operation short circuit ratio
(OSCR) of the regional power grid in the wind farm cluster, which is dynamically changed owing to the
influence of wind power output. When GF-SVG is only responsible for the reactive power-voltage support,
the active loop is usually accountable for cluster DC voltage control. In addition to having reactive power
support capability, it has short-term active power-frequency support capability by adding supercapacitors
on the DC side and adopting constant frequency control in the active power loop [6].
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However, compared to traditional synchronous generators, GF-SVG integration into WFs is limited
by its control strategy and power device constraints, resulting in weaker overcurrent tolerance ability.
Consequently, effective current limitation methods must be constructed to prevent GF-SVG from off-grid
accidents [7–11].

For grid-forming converters, the existing fault current limitation methods comprise the reference
voltage modification, direct current limitation, and virtual impedance control methods. The fault current
limitation method, based on modifying the voltage reference value, achieves current limitation by adjusting
the reactive voltage loop reference to reduce the converter output voltage. However, fault current detection
accuracy is influenced by various factors, and accurately obtaining the voltage reference value after fault
clearance is difficult [12,13]. The direct current limitation method is implemented by directly modifying
the current reference value to achieve current limitations during fault occurrence. However, the method
does not apply to grid-forming converters without current loops [14]. The virtual impedance method can
be categorized into fixed value virtual impedance (FVI) control and adaptive value virtual impedance
(AVI) control. Only FVI control is used in grid-forming converters, which may influence the current
limitation or control stability [15]. Because virtual impedance setting can’t be adjusted according to varying
fault characteristics and severity degree, the AVI current limitation method is proposed and applied to
fault current limitation in grid-forming converters, where the virtual impedance setting is dynamically
adjusted based on the extent of current overlimit to mitigate the saturation in the converters’ current inner
loop [16–18]. Online optimization enables grid-forming converter scenarios to be identified and adapted
to operational conditions, yet the stringent real-time control requirements pose a significant challenge for
AI-based solutions [19,20].

However, grid-forming converters involved in the literature mentioned above are equipped with DC
power sources (or DC power support sources). However, an analysis of the impact of virtual reactance
variation on DC voltage during active power regulation has not been conducted. Further research is
required to characterize the transient overcurrent mechanisms of GF-SVG during fault occurrence (and fault
clearance). Additionally, the discussion of adaptive virtual reactance’s (AVR’s) impact on the supercapacitor
voltage is essential.

Therefore, the paper’s main innovations are as follows:

(1) Containing the virtual reactance, the open-loop transfer function of the current loop is used to analyze
the influence of the virtual reactance on the control stability.

(2) Based on the transient current variation trend of GF-SVG, the AVR equation is constructed during
WF faults, enabling real-time adjustment of virtual reactance to suppress overcurrent.

(3) The small signal model is used to analyze the inhibitory effect of AVR on the DC voltage drop and the
positive impact of transient overvoltage recovery.

Finally, the feasibility is verified by the system’s electromagnetic simulation model.
The main sections are structured as follows:
Section 2 develops models for the WF system and GF-SVG and analyzes the control structure of GF-

SVG and the current limitation mechanism. Section 3 constructs the current limitation method of GF-SVG
based on AVR. Section 4 examines the influence of AVR on AC/DC voltage. Section 6 presents relevant
conclusions, future research prospects, and the limitations and possible difficulties of the proposed method.
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2 Analysis of GF-SVG Control and Current Limitation Mechanism

2.1 The Control Structure of GF-SVG
The active power loop control of GF-SVG is divided into cluster DC voltage control and constant

frequency control. Since the reactive power support capability of GF-SVG is mainly considered, the active
power control loop adopts cluster DC voltage control. As shown in Fig. 1, Udc is the average value of the three-
phase cluster DC voltage, U*dc is the cluster DC voltage command value, KP

CD and KI
CD are the proportional

and integral coefficients, respectively. θv is the virtual phase.

Figure 1: Typical control scheme of GF-SVG

In the constant AC voltage control reactive power loop, U0 is the rated phase voltage, and Ug is the
actual phase voltage. The difference between U0 and Ug is calculated. The reactive power adjustment value
is obtained by multiplying the difference by the voltage adjustment coefficient Ku. After the reactive power
adjustment value is added to the grid-connected reactive power reference Qb to get reactive power command
Q*, it is subtracted from the grid-side reactive power Qg. The resulting difference is passed through the
integral unit with an integral coefficient K0, which gets a phase voltage adjustment value ΔU. Finally, ΔU is
added to U0, and the virtual excitation electromotive force, Ev, is obtained.

GF-SVG does not rely on the traditional phase-locked loop technology and simulates the characteristics
of the synchronous condenser to achieve synchronization with the power grid. Therefore, its control
robustness is higher under weak grid conditions, which is conducive to the system’s stable operation. As
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shown in Fig. 1, the cluster DC voltage control active power loop is expressed as Eq. (1).

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

P∗ = [Udc −U∗dc] (KCD
P + KCD

I
s
)

P∗
ω0
−

Pg

ω0
− D0 (ω − ω0) = J0

dω
dt

(1)

where Pg is the grid-side active power, P* is the active power reference value, J0 is the virtual inertia coefficient,
ω0 is the rated angular frequency, and D0 is the virtual damping coefficient.

Combined with Fig. 1, the constant AC voltage control reactive power loop is expressed as Eq. (2).

⎧⎪⎪⎪⎨⎪⎪⎪⎩

Q∗ = Qb + Ku (U0 −Ug)
d (Ev −U0)

dt
= K0 (Q∗ − Qg)

(2)

The inner potential droop control can be expressed as Eq. (3).

{
0 − ugq = idrefω0Lv

Ev − ugd = −iqrefω0Lv
(3)

where ugd and ugq are Ug’s d-axis and q-axis components, respectively, Lv is the fixed virtual inductance.
The inner potential droop control generates the reference value of the current inner loop. Then, the

three-phase modulation reference voltage Uiref (i represents the A phase, B phase, and C phase) is generated
after the current inner loop. The trigger pulse of the power device is generated after the modulation.

2.2 Analysis of the Transient Overcurrent Problem
Due to the long transmission distance, WFs are connected to high-voltage converging stations via

overhead lines. Short-circuit faults in these lines can be caused by extreme weather or bird hazards, leading
to an overcurrent problem in the GF-SVG within the WFs.

To analyze the overcurrent problem in GF-SVG during the WF fault, the following assumptions are
made:

1. The losses of power electronic devices and transmission lines are neglected;
2. During the fault period, the leakage reactance of the grid-connection transformer at the WF voltage drop

is neglected. It is approximately assumed that the instantaneous voltage drop at the fault point K in Fig. 2
is equal to the instantaneous voltage drop at Ug.

As can be seen from the structure of the constant AC voltage control reactive power loop shown in Fig. 1,
ΔEv can be expressed as Eq. (4).

ΔEv = U0 + K0 ∫ [Ku (U0 − ΔUg) − Qg + Qs] dt (4)
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Figure 2: Structure of wind farm system

Because the system has three-phase symmetry during the three-phase short-circuit, only one current
phase can be analyzed. The fixed virtual reactance (FVR) Xv and filter reactance Xf between the Ev and the
Ug exist. Then, the equivalent output reactance X and the output current ∣ISVG∣ of GF-SVG can be expressed
as Eq. (5).

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

X = ω0(Lf + Lv)
= Xf + Xv

∣ISVG∣ = ∣
Ev(t0) + ΔEv −Ug

X
∣

(5)

where Ev(t0) is the virtual excitation electromotive force at time t0, Zn is the rated impedance of GF-SVG,
and Xv∈ (0.1Zn, 0.3Zn).

During the short-circuit fault period, the Ug drops. According to Eq. (4), it can be inferred that ΔEv
increases sharply. Combined with Eq. (5), it can be known that the output inductive current ∣ISVG∣ of GF-SVG
surges. However, after the fault is cleared, under the action of the low-voltage ride-through (LVRT) control
of the wind turbine grid-connected converter, the converter still maintains inductive reactive power output
in the short term, which leads to an increase in the Ug. Combining Eqs. (4) and (5), it can be concluded
that ΔEv decreases sharply to a negative value, the capacitive current ∣ISVG∣ of GF-SVG surges after the fault
is cleared.

Analysis of Eq. (5) reveals that, since Xf is a constant value, Xv is a crucial factor in determining the
∣ISVG∣. If Xv is relatively small, it will be difficult to suppress the surge in the ∣ISVG∣. If Xv is huge, although
it can effectively inhibit overcurrent, it will directly weaken the reactive power compensation capability of
GF-SVG.

Accordingly, it is necessary to design an AVR coefficient equation in conjunction with the transient
variation trend of the GF-SVG output current, which improves the current dynamic adjustment ability of
GF-SVG during fault occurrence and fault recovery.
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3 The Current Limitation Method of GF-SVG Based on AVR

3.1 Analysis of the Influence of Virtual Reactance on Control Stability
The regional power grid’s operation short circuit ratio (OSCR) in the wind farm cluster is dynamically

changed owing to the influence of wind power output, so the control stability of GF-SVG is stronger than
that of GL-SVG. Because the inner potential droop control loop is embedded with virtual reactance, it is
necessary to discuss the influence of virtual reactance on stability.

Considering that the response speed of the GF-SVG current inner loop is 10 times that of the power
outer loop [21,22]. It will be analyzed from the perspective of the control bandwidth of the current inner
loop. The control structure of the current closed loop with virtual reactance is shown in Fig. 3.

Figure 3: Current closed-loop control

The current inner loop’s open-loop transfer function H1(s) can be expressed as Eq. (6).

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

H1 (s) = G1 (s)G2 (s) =
KPs + KI

Lvs2

G1 (s) = KP + KI/s
G2 (s) = 1/ (LVs)

(6)

where KP and KI are the parameters of the PI controller.
The closed-loop transfer function H2 (s) of the current inner loop can be obtained according to Eq. (6)

and Fig. 3, which can be expressed as Eq. (7).

H2 (s) =
G1 (s)G2 (s)

1 +G1 (s)G2 (s)
= KPs + KI

Lvs2 + KPs + KI
(7)

According to Eq. (7), the damping ratio ξ and the overshoot MP of the current closed loop can be
expressed as Eq. (8).

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

ξ = KP

2
√

LvKI

Mp = e−
π ξ√
1−ξ2 × 100%

(8)

The rise time is larger as the ξ is smaller, and the MP will be larger. Accordingly, the larger the virtual
reactance, the smaller ξ is, so the current adjustment time becomes longer, and the MP becomes larger.

When KP and KI are constant values, the Bode diagram of different virtual reactance is analyzed to
determine the influence of virtual reactance on control stability. Fig. 4 shows that as the virtual reactance
increases, the cut-off frequency decreases, the phase margin also decreases, and the stability and robustness
of the system decrease.
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Figure 4: Current open-loop transfer function Bode diagram

3.2 Construction of the Current Limitation Strategy Based on AVR
As mentioned in Sections 2.2 and 3.1, virtual reactance is the main factor affecting the current limitation

effect and control stability. An adaptive virtual reactance adjustment method is developed according to
the variation of the SVG’s current output to meet the requirement of the current limitation during fault
occurrence and clearance in the WF.

The virtual reactance is located in the inner potential droop control loop (Fig. 1), and its initial value
should be selected according to GF-SVG’s rated capacity Sn and the U0 [23]. The initial value of AVR is
expressed as Eq. (9).

{
Zn = 3U 2

n/Sn

Xadv0 = 0.1Zn = ω0Ladv0
(9)

where Ladv0 is the initial value of the adaptive virtual inductance, and Xadv0 is the initial value of the AVR.
In the dq coordinate system, the amplitude of the output phase current of GF-SVG is expressed

in Eq. (10).

Ir =
√
(idref)2 + (iqref)

2 (10)

When the short-circuit fault occurs in the power grid, the AVR trigger coefficient Kon determines
whether the GF-SVG enters the adaptive current limitation mode. Kon is expressed as Eq. (11).

Kon = {
0 Ir ≤ Ith

1 Ir > Ith
(11)

where Ith is the current threshold, which is greater than the rated current of GF-SVG and less than its
withstand current.

Then, the expression for the AVR is expressed as Eq. (12).

Xadv = {
Xv Kon = 0
Xadv0em(Ir−Ith) = Xadv0emΔI Kon = 1

(12)
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where m is the virtual reactance adjustment coefficient, and ΔI is the extent of current exceeding the
threshold. To avoid the adverse impact of the abrupt change in virtual reactance on the current inner loop
control, the AVR incorporates an exponential part with e as the base, enabling the virtual reactance to change
reasonably according to the ΔI.

As depicted in Fig. 5, the AVR replaces the FVR in the dynamic inner potential droop control loop
shown in Fig. 1.

Figure 5: Inner potential droop control loop based on AVR

During the fault occurrence and clearance, the relationship between the output current and the current
threshold is judged to determine whether the fault is cleared. If Kon = 1, the GF-SVG adopts AVR control. If
Kon = 0, GF-SVG adopts FVR control.

3.3 Calculation of the AVR Adjustment Coefficient
As the analysis of Section 3.2 shows, the AVR is not only related to the ΔI, but also to the m. Combined

with Eq. (12), it is necessary to change the m, and then flexibly adjust the virtual reactance.
During the transient overcurrent period, the voltage equation based on AVR’s dynamic internal

potential droop control loop is expressed as Eq. (13).

ΔUv =
√
(Ev − ugd)

2 + ugd2

= Ith Xadv0em(Ikmax−Ith)
(13)

where ΔUv is the voltage drop across the virtual reactance, and Ikmax is the maximum value of the
transient overcurrent.

By simplifying Eq. (13), m can be expressed as Eq. (14).

m = In ( ΔUv

Ith Xadv0
) / (Ikmax − Ith) (14)

Eq. (14) shows that with the dynamic change in ΔUv and Ikmax, the m correspondingly changes to adjust
the value of the virtual reactance, thereby achieving the current limitation.
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4 Influence of AVR on AC/DC Voltage

4.1 Inhibitory Effect of Virtual Reactance on DC Voltage Drop
From the perspective of transient voltage support, when a short-circuit fault occurs in the power grid,

the grid-side voltage drops, and the DC-side voltage of GF-SVG decreases. However, when the DC side
voltage drop is severe, it will weaken the reactive power support capability of GF-SVG. To analyze the
inhibitory effect of virtual reactance on the DC side voltage drop, firstly, according to the cluster DC voltage
active loop structure in Fig. 1, the small signal model of the active loop is established, and its structure is
shown in Fig. 6.

Figure 6: Small signal model of active power loop for GF-SVG based on AVR

Ignoring the grid-side frequency disturbance, that is, Δωg = 0. The transfer function of the small signal
model of the active power loop is expressed as Eq. (15).

ΔPE

ΔP∗
= 3U 2

n
J0ω0 Xs2 + D0ω0 Xs + 3U 2

n
(15)

When ΔP* is a step variation, Eq. (16) is expressed as:

ΔPE =
3U 2

n
(J0ω0 Xs2 + D0ω0 Xs + 3U 2

n) s
(16)

Eq. (16) shows that when a short-circuit fault occurs, the DC side cluster voltage decreases from Udc0
to UdcF, and ΔPE can be expressed as Eq. (17).

ΔPE =
1
2

Cdc (U 2
dc0 −U 2

dcF) (17)

where Cdc is a submodule of supercapacitor capacitance.
By simplifying Eq. (17), UdcF can be expressed as Eq. (18).

UdcF =
√

U 2
dc0 −

2ΔPE

Cdc
(18)

According to Eqs. (16)–(18), it can be known that during the fault occurrence, as the virtual reactance
increases, ΔPE will decrease, and the UdcF increases. Compared with the FVR, the proposed AVR current
limitation method significantly reduces the DC voltage drop.

4.2 The Positive Effect of Virtual Reactance on AC Voltage Recovery
A small signal model of GF-SVG’s reactive power-voltage control loop is established in Fig. 7 to analyze

the positive impact of virtual reactance on AC voltage recovery.
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Figure 7: Small signal model of reactive power loop for GF-SVG based on AVR

Based on Fig. 7, the transfer function of the reactive power-voltage control loop for GF-SVG with AVR
can be expressed as Eq. (19).

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ΔQE(s)
ΔU(s) = −

3
√

2U0s + 3KuK0U0√
2Xs + 3K0U0

= −3U0

X
+ (3U0

X
− Ku)

1√
2X

3K0U0
s + 1

(19)

According to Eq. (19), the one-step time constant Tq is expressed as Eq. (20).

Tq =
√

2X
3K0U0

=
√

2 (Xf + Xadv)
3K0U0

(20)

Eq. (19) shows that the closed-loop transfer function of reactive power-voltage control of GF-SVG is a
first-step function. The larger the Tq, the longer it takes for the output reactive power of GF-SVG to reach
the target value.

Based on the WF system simulation model established in Section 2.1 and in conjunction with the
simulation parameters provided in Table 1, the simulation result of the reactive power output of GF-SVG
with AVR control or FVR control is compared after the short-circuit fault at point K is cleared, as shown
in Fig. 8.

Table 1: Simulation model main electrical and control parameters

Parameters/Unit Value
Filter inductance (mH) 10

Number of submodules in each chain 10
Submodule supercapacitor capacitance (F) 4

GF-SVG DC cluster voltage (kV) 35
Initial value of J0 (kg⋅m2) 1.3 × 104

Initial value of DP 2.2 × 105

Power frequency (Hz) 50
Voltage integral coefficient K0 0.01

Voltage adjustment coefficient Kug (VA/V) 1.1 × 104

Single wind turbine output active power (MW) 5
The number of wind turbines 50



Energy Eng. 2025;122(9) 3713

Figure 8: The comparison diagram of the output reactive power of GF-SVG

Compared with using FVR (as indicated by the red shaded area), the GF-SVG using AVR from t3 to t6
can absorb more inductive reactive power from the wind turbines (as indicated by the blue shaded area), so
transient overvoltage recoveries rapidly.

5 Simulation Verification

5.1 Simulation Parameter Settings and Conditions
To validate the effectiveness of the proposed method for GF-SVG based on AVR, an electromagnetic

simulation model of the WF system incorporating GF-SVG is established based on the WF structure shown
in Fig. 2.

5.2 Simulation Results Analysis
The location of the fault point K is shown in Fig. 2. The three-phase symmetrical fault occurs at 7 s and

is cleared at 7.02 s. The threshold current is set as Ith = 3In. FVR control and AVR control are respectively
employed for current limitations. The simulation analysis results are as follows:
(1) Analysis of the current limiting effect

The variation trends of the output current of the GF-SVG and the virtual inductance are shown in Fig. 9.
As can be seen from Fig. 9a, when only FVR control is used for current limitation, the transient overcurrent
is serious during the fault occurrence and the fault clearance. At about 7.05 s, the ΔI reaches approximately
3599 A. In contrast, when the AVR current limitation method is applied at about 7.02 s, analysis of Fig. 9b
reveals that, compared to the FVR control, the output current of GF-SVG is confined within the current
threshold range (−3In~3In) during the fault occurrence and the fault clearance. Meanwhile, as shown
in Fig. 9c, the virtual inductance adaptively adjusts according to the current variation during the fault
occurrence and the fault clearance, and the output current fluctuation of GF-SVG is rapidly suppressed.
Around 7.05 s, the increment of the virtual inductance is approximately 78 mH.
(2) Analysis of the overvoltage recovery effect in the WF

Fig. 10a shows that when FVR control is used for current limitation, the wind turbines still maintain
inductive reactive power output for a short period after the fault is cleared, resulting in an overvoltage
duration of approximately 38 ms. In contrast, with AVR control, the system voltage recovery process is shown
in Fig. 10b, in which the overvoltage duration is reduced to 25 ms.
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Figure 9: Comparison of output current and virtual inductance variation for two current limitation methods in GF-
SVG. (a) The phase current output by GF-SVG controlled by FVR; (b) The phase current output by GF-SVG controlled
by AVR; (c) Comparison of fixed virtual inductance and adaptive virtual inductance

Figure 10: Comparison of transient overvoltage in the WF system under two types of current limitation control for
GF-SVG. (a) The output voltage of GF-SVG controlled by FVR; (b) The output voltage of GF-SVG controlled by AVR

(3) DC voltage variation analysis for GF-SVG
Fig. 11a,b shows that the DC voltage drop of GF-SVG with AVR control in 7~7.1 s is significantly smaller

than that of GF-SVG with FVR control. The maximum DC voltage drop of GF-SVG with FVR control is
about 2880 V. By comparison, the maximum DC voltage drop of GF-SVG with AVR control is about 500 V.

Figure 11: Comparison of DC voltage and active output of GF-SVG under two current limitation methods. (a) The
cluster DC voltage of GF-SVG controlled by FVR; (b) The cluster DC voltage of GF-SVG is controlled by AVR; (c) The
transient output active power of GF-SVG
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After the fault occurs, the output active power variation of GF-SVG under the two current limitation
methods is shown in Fig. 11c. The maximum active power output of GF-SVG with FVR control is about
49.7 MW. By comparison, GF-SVG with AVR control’s maximum active power output is about 21.9 MW.
The maximum active power absorbed by GF-SVG with FVR control is about 55.8 MW. By comparison, the
maximum active power absorbed by GF-SVG with AVR control is about 14.3 MW. The fluctuation of the
active power output of GF-SVG with AVR control is smaller than that of the FVR control in 6.98~7.12 s.

The location of the fault point K is shown in Fig. 2. The three-phase symmetrical fault occurs at 7 s and
is cleared at 7.01 s. The threshold current is set as Ith = 1.5In. FVR control and AVR control are respectively
employed for current limitations. The simulation analysis results are as follows:
(4) Analysis of the current limiting effect

The variation trends of the output current of the GF-SVG and the virtual inductance are shown in Fig. 12.
As can be seen from Fig. 12a, when only FVR control is used for current limitation, the transient overcurrent
is serious during the fault occurrence and the fault clearance. At about 7.04 s, the ΔI reaches approximately
3378 A. In contrast, when the AVR current limitation method is applied at about 7.01 s, analysis of Fig. 12b
reveals that, compared to the FVR control, the output current of GF-SVG is confined within the current
threshold range (−1.5In~1.5In) during the fault occurrence and the fault clearance. Meanwhile, as shown
in Fig. 12c, the virtual inductance adaptively adjusts according to the current variation during the fault
occurrence and the fault clearance, and the output current fluctuation of GF-SVG is rapidly suppressed.
Around 7.05 s, the increment of the virtual inductance is approximately 101 mH.

Figure 12: Comparison of output current and virtual inductance variation for two current limitation methods in GF-
SVG. (a) The phase current output by GF-SVG controlled by FVR; (b) The phase current output by GF-SVG controlled
by AVR; (c) Comparison of fixed virtual inductance and adaptive virtual inductance

(5) Analysis of the overvoltage recovery effect in the WF
It can be seen from Fig. 13a, that when FVR control is used for current limitation, the wind turbines

still maintain inductive reactive power output for a short period after the fault is cleared, resulting in an
overvoltage duration of approximately 45 ms. In contrast, with AVR control, the system voltage recovery
process is shown in Fig. 13b, in which the overvoltage duration is reduced to 22 ms.
(6) DC voltage variation analysis for GF-SVG

It can be seen from Fig. 14a,b that the DC voltage drop of GF-SVG with AVR control in 7~7.12 s is
significantly smaller than GF-SVG with FVR control. The maximum DC voltage drop of GF-SVG with FVR
control is about 1720 V. By comparison, the maximum DC voltage drop of the GF-SVG with AVR control is
about 560 V.
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Figure 13: Comparison of transient overvoltage in the WF system under two types of current limitation control for
GF-SVG. (a) The output voltage of GF-SVG is using the FVR control; (b) The output voltage of GF-SVG is using the
AVR

Figure 14: Comparison of DC voltage and active output of GF-SVG under two current limitation methods. (a) The
cluster DC voltage of GF-SVG controlled by FVR control; (b) The cluster DC voltage of GF-SVG is controlled by AVR
control. (c) The transient output active power of GF-SVG

After the fault occurs, the output active power variation of GF-SVG under the two current limitation
methods is shown in Fig. 14c. The maximum active power output of GF-SVG with FVR control is about
29.3 MW. By comparison, GF-SVG with AVR control’s maximum active power output is about 17.8 MW.
The maximum active power absorbed by GF-SVG with FVR control is about 19.8 MW. By comparison, the
maximum active power absorbed by GF-SVG with AVR control is about 6.5 MW. The fluctuation of the
active power output of GF-SVG with AVR control is smaller than that of the FVR control in 6.98~7.12 s.

6 Conclusion
During the fault occurrence and recovery in the WF system, the GF-SVG exists the transient overcurrent

problem. A current limitation method for GF-SVG is proposed to address the issue based on the AVR. The
following conclusions are drawn:

(1) By analyzing the open-loop transfer function of the current loop containing the virtual reactance,
it is found that as the virtual reactance increases, the phase margin of GF-SVG gradually decreases,
decreasing GF-SVG control stability.

(2) Although the FVR’s current limitation method can realize the GF-SVG’s current limitation, it can not
be reasonably adjusted according to the extent of the current over-limit when the fault occurs. Thus,
the current limitation of GF-SVG during the fault occurrence and the fault recovery is not ideal.
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(3) The proposed AVR current limitation method can effectively address the transient overcurrent
problem of GF-SVG during fault occurrence and fault recovery by adjusting the virtual reactance in
real-time according to the transient variation trend of the output current of the GF-SVG.

(4) During the fault occurrence and the fault recovery stage, for the system overvoltage problem caused
by the LVRT, compared with the FVR current limitation method, the AVR current limitation method
can not only improve the recovery speed of the transient overvoltage after the fault clearance but also
effectively suppress the DC voltage drop of GF-SVG.

(5) Due to methodological constraints, the study primarily addresses adaptive current limitations for
three-phase symmetric faults. The analytical framework adopted does not readily extend to asymmetric
fault conditions. To address these limitations, we will refine the analytical framework and conduct
in-depth research in our subsequent studies.
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Glossary
GF-SVG Grid Forming Static Var Generator
GL-SVG Grid Following Static Var Generator
FVR Fixed Virtual Reactance
AVR Adaptive Virtual Reactance
WF Wind Farm
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