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Letters

Transient Synchronization Stability Improvement Control Strategy for
Grid-Connected VSC Under Symmetrical Grid Fault

Sen Huang, Jun Yao , Member, IEEE, Jinxin Pei , Shiyue Chen , Yi Luo, and Zhaoyang Chen

Abstract—Under grid fault, the grid-connected voltage source converters
(VSCs) have the risk of transient synchronization instability during low
voltage ride through. Based on the equivalent rotor swing equation of VSC,
this letter proposes an improved transient synchronization stability control
strategy, which improves the existence of equilibrium points and transient
synchronization behaviors of the VSC system. Thus, the transient synchro-
nization stability of grid-connected VSC can be significantly enhanced.
The simulation and experimental results demonstrate the validity of the
proposed strategy.

Index Terms— Grid fault, improvement control strategy, transient
synchronization stability.

NOMENCLATURE

Ug, Ut, I Vectors of grid voltage, terminal voltage, and output
current of VSC, respectively.

Rg, Lg, Zg Resistance, inductance, and impedance of the trans-
mission line, respectively.

ωg, ωPLL, ωb Grid voltage vector’s angular frequency, PLL’s output
angular frequency, and angular frequency base value,
respectively.

δ Phase angle difference between PLL’s d-axis reference
frame and grid voltage vector Ug.

Udc DC-link voltage.
kp, ki PI coefficients of the PLL, respectively.
kpf, kif PI coefficients of the AVR, respectively.
Jv, Dv Virtual inertia and virtual damping, respectively.
T ∗
v , Tv Virtual prime mover torque and virtual output torque,

respectively.
Jva, Dva, Tva Additional virtual inertia coefficient, virtual damping

coefficient, and virtual output torque generated by
AVR, respectively.
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Cf, Lf Filter capacitor and filter inductance, respectively.

I. INTRODUCTION

In recent years, to cope with the energy crisis and environmental
pollution, renewable energy generation technology with grid-connected
voltage source converters (VSCs) as the interface for wind turbine
and photovoltaic has been rapidly developed. To improve the secure
and stable operation of the power system, the grid codes have been
issued to require VSC to maintain a connection with the grid and
inject reactive current to support grid voltage under symmetrical grid
faults [1]. However, it is not easy for VSC to synchronize with the
grid under such circumstances. Therefore, the transient synchroniza-
tion stability issue of VSC has attracted great attention. The existing
studies [2]–[4], respectively, applied the voltage-vector-triangle graphic
method, phase portraits, and quasi-static model to analyze the transient
synchronization characteristics of VSC during low voltage ride through
(LVRT) and pointed out that the lack of equilibrium point would cause
VSC to lose synchronization with the grid. In addition, by studying
the VSC’s transient synchronization process, He et al. [5] and Liu
et al. [6] indicated that even if the equilibrium point exists, poor
transient synchronization behaviors would still lead to the loss of
synchronism (LOS). To quantitatively analyze the transient synchro-
nization issue of VSC, the existence of equilibrium point criterion and
equivalent equal area criterion (EAC) was proposed in [7], respectively,
which can quantitatively calculate the transient stability margin of the
system.

In addition to the analytical methods, some control strategies are
also presented to enhance the VSC’s transient synchronization stability.
Göksu et al. [2] and He et al. [5] proposed to introduce the angular
frequency deviation of phase-locked loop (PLL) into the active current
or power instruction to adaptively adjust the stability, but they are
highly susceptible to the converter capacity restriction. A PLL enhanced
control strategy based on additional damping is adopted in [6], which
can improve the transient synchronization process, but it only works
when equilibrium point exists. In [8], an optimal current proportional
control scheme based on line resistance–inductance ratio is proposed,
which can ensure that the system has the maximum stability margin,
but how to accurately obtain line impedance information in a short time
is not easy.

To overcome the limitations of the above approaches, this letter
presents a novel automatic voltage regulation (AVR) control strategy.
By adding an additional q-axis component of the terminal voltage,
the AVR can automatically adjust the PLL’s input variable and im-
prove the synchronization operating status of the VSC system during
grid fault, which can effectively enhance its transient synchronization
stability.
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Fig. 1. Diagram of grid-connected VSC.

II. PROPOSED TRANSIENT SYNCHRONIZATION STABILITY

CONTROL STRATEGY

A. Equivalent Rotor Swing Equation

A typical grid-connected VSC system is given in Fig. 1. Rotor swing
equation is a classic mathematical model for synchronous stability
analysis of synchronous generator (SG), which can provide a reference
for the study of PLL-based VSC’s transient synchronization stability.
According to the article presented in [7], the equivalent rotor swing
equation of the PLL-based VSC system during LVRT can be expressed
as

⎧⎨
⎩

JvdωPLL
dt

=T ∗
v − Tv −Dv(ωPLL − ωg)

T ∗
v= 0, Tv=Ugsinδ − ωgLgI

∗
df −RgI

∗
qf

Jv=
1−kpLgI

∗
df

ki
, Dv=

kpUgωb

ki
cos δ − LgI

∗
df .

(1)

Equation (1) depicts that the VSC’s equivalent rotor swing equation
has the same form as that of SG. There is a similarity between VSC
and SG in the mathematical model when describing synchronization
characteristics. The SG’s synchronization stability is affected by the
unbalanced torque term. Similarly, the torque deviation (T ∗

v − Tv) also
has an impact on VSC’s synchronization stability. As for Jv and Dv,
which represent the anti-disturbance ability. In addition, Jv can be
approximately regarded as a constant, while Dv can be considered
as a function of equivalent power angle (EPA) δ during LVRT [7].
Especially, only if Dv>0, the negative feedback regulation of ωPLL

can be realized.

B. Proposed Control Strategy

For grid-following VSC, PLL is the key to realize grid-connected
synchronization. By controlling the input variable Utq to zero, PLL
can accurately track grid voltage Ug, and then the VSC can realize
subsequent control. However, if |RgI

∗
qf + ωgLgI

∗
df | is greater than |Ug|

due to inappropriate current instruction, Utq cannot be controlled to
zero (i.e., T ∗

v �= Tv), which would lead to non-equilibrium instability
of the system. In addition, even if the system has equilibrium point,
it is not easy to maintain Utq equal to zero owing to poor transient
behaviors, and the system would still be unstable.

In short, controlling the input variable of PLL to zero stably deter-
mines the transient synchronization stability of the VSC. Therefore, in
order to realize this control objective, an improved PLL control strategy
based on AVR is proposed in this letter. As shown in Fig. 2, the AVR
generates an additional q-axis component of the terminal voltage ΔUtq

through the frequency deviation ΔωPLL, which can automatically
adjust the input variable Uvq of the PLL, thereby improving the transient
control performance of the VSC system.

Fig. 2. Diagram of AVR.

With AVR, the input variable of the PLL during LVRT can be
expressed as{

Uvq = −Ug sin δ +RgI
∗
qf + ωPLLLgI

∗
df −ΔUtq

ΔUtq = kpfΔωPLL + kif
∫
ΔωPLLdt.

(2)

Equation (2) shows that if ωPLL deviates from ωg, the AVR would
automatically generate ΔUtq to adjust the input variable Uvq of the
PLL. Hence, after AVR is adopted, the equivalent rotor swing equation
of VSC during LVRT becomes⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(Jv + Jva)
dωPLL

dt
=T ∗

v − (Tv + Tva)− (Dv +Dva)(ωPLL − ωg)
T ∗
v= 0,Tv=Ugsinδ − ωgLgI

∗
df −RgI

∗
qf , Tva = kif

∫
ΔωPLLdt

Jv=
1−kpLgI

∗
df

ki
, Jva =

kpkpf

ki

Dv=
kpUgωb cosδ

ki
− LgI

∗
df ,Dva = kpf +

kpkif

ki
.

(3)
Under the action of AVR, it can be seen from (3) that the virtual

inertia and damping coefficient of the VSC have been significantly
increased with stronger anti-disturbance ability. More importantly, the
additional virtual output torque term Tva can autonomously adjust the
virtual output torque value according to the frequency deviation. As
a result, the system can automatically find the equilibrium point after
large disturbances and has the ability to adaptively balance the Tv and
the T ∗

v , which means the VSC’s transient synchronization stability can
be significantly improved. The detailed analysis considering the impact
of AVR on the VSC’s equilibrium point and transient synchronization
behaviors is given in Sections II-D and II-E.

C. Design of the AVR’s Parameters

Selecting Δδ and ΔωPLL as state variables, and linearizing (3) at
the equilibrium point δk, the small-signal state-space equation of VSC
with AVR can be deduced as[

Δ
•
δ

Δ
•

ωPLL

]
=

[
0 ωb

−SEqa|δk
Jv+Jva

− (Dv+Dva)|δk
Jv+Jva

]

[
Δδ

ΔωPLL

]
= Aa

[
Δδ

ΔωPLL

]
(4)

where SEqa = Ugcosδ + kif/ωb, and SEqa can be defined as the
equivalent synchronization torque coefficient. Then, the characteristic
equation and damping ratio ξ of VSC under the action of AVR can be,
respectively, expressed as

|λE −Aa| = λ2 + λ
Dv

∣∣
δk+Dva

Jv+Jva

+
ωb

Jv+Jva

SEqa

∣∣
δk = 0 (5)

ξ =
kpUgωb cos δk − kiLgI

∗
df + (kikpf + kpkif)

2
√

(1−kpLgI∗df + kpfkp)ki(Ugωb cos δk + kif)
. (6)

According to the control theory, when the damping ratio is 0.707,
the stability and dynamic response rate of the system reach the com-
prehensive optimum. Therefore, the optimum damping ratio ξop (ξ
= 0.707) can be used as the design principle of the AVR controller
parameters. However, it is worth mentioning that in the actual selection
of parameters, as long as the damping ratio can be as close to ξop as
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Fig. 3. Transformation relationship of acceleration and deceleration areas
when Tv0>T ∗

v . (a) Without AVR. (b) With AVR.

possible, AVR can significantly improve the transient stability of the
system. Therefore, AVR has strong adaptability.

D. Impact of AVR on the Equilibrium Point

The existence of equilibrium point is a prerequisite for the VSC
system to achieve transient synchronization stability. The impact of
AVR on the equilibrium point can be discussed as follows.

1) T ∗
v>Tv: When the VSC system lacks equilibrium point due to

insufficient Tv, the excess T ∗
v would drive ωPLL to accelerate,

making ΔωPLL>0. The Tv can only reduce the unbalanced vir-
tual torque difference by increasing δ [7]. However, according to
(3), with AVR,ΔωPLL > 0 would inevitably cause kif�ΔωPLLdt
to increase, resulting in Tva >0. Tva would be used as an
additional torque term to make up for the shortage of Tv and
promote the system to find a new equilibrium point.

2) T ∗
v < Tv: When the VSC system does not exist equilibrium

point due to insufficient T ∗
v , the excess Tv would force ωPLL

to decelerate and make ΔωPLL<0. So that Tv needs to reduce δ
to balance T ∗

v . With AVR, ΔωPLL<0 would cause a decrease in
Tva to counteract the excess Tv and eliminate unbalanced virtual
torque difference, thus, significantly improving the existence of
equilibrium point.

E. Impact of AVR on the Transient Synchronization Behavior

However, even though the equilibrium point exists, the VSC system
may fail to reach the desired equilibrium point due to poor transient
synchronization behaviors during LVRT. Therefore, refer to the article
presented in [7], using equivalent EAC to analyze the transient syn-
chronization behavior of VSC.

1) Tv0>T ∗
v : As shown in Fig. 3(a), when the initial torque value Tv0

is greater than T ∗
v , the system would experience a process of de-

celerating first and then accelerating. Under such circumstance,
the equivalent EAC during LVRT can be expressed as

⎧⎪⎨
⎪⎩

Sdec=
∫ δ0
δk

(Tv − T ∗
v)dδ, SD=

1
ωb

∫ δ0
δmin

Dvdδ

max{Sacc} =
∫ δk
δmin

(T ∗
v − Tv)dδ

Sdec ≤ max{Sacc}+ SD

(7)

where δ0 and δk are the EPA corresponding to the initial time and the
desired equilibrium point. δmin and δmax are the transient synchro-
nization stability boundary. Sdec, Sacc, and SD represent the equivalent
deceleration area, equivalent acceleration area, and virtual damping
energy, respectively. Criterion (7) indicates that only when the sum
of the maximum Sacc and SD is greater than Sdec, the VSC system
can maintain transient energy balance. Otherwise, the VSC would
lose synchronization with the grid and the LOS for angular frequency
dropping would occur.

Fig. 4. Transformation relationship of acceleration and deceleration areas
when Tv0 < T ∗

v . (a) Without AVR. (b) With AVR.

When the proposed AVR is adopted, the equivalent rotor swing
equation changes from (1) to (3). The equivalent EAC of VSC becomes

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Sdec − Sdec_a=
∫ δ0
δk

(Tv − T ∗
v)dδ −

∣∣∣∫ δ0
δk

Tvadδ
∣∣∣

SD + SD_a=
1
ωb

∫ δ0
δmin

Dvdδ +
1
ωb

∫ δ0
δmin

Dvadδ

max{Sacc + Sacc_a} =
∫ δk
δmin

(T ∗
v − Tv)dδ +

∣∣∣∫ δk
δmin

Tvadδ
∣∣∣

Sdec_a − Sdec_a ≤ max{Sacc + Sacc_a}+ SD + SD_a.

(8)

According to Criterion (8) and Fig. 3(b), due to the adaptive adjust-
ment of Tva, the equivalent deceleration area of the system is reduced,
while the maximum acceleration area is significantly increased, which
means that the transient stability margin of the system is increased. In
addition, the existence of Dva increases the virtual damping coefficient
of the system, which can consume more unbalanced energy in the
transient process. Therefore, the transient synchronization stability of
the VSC system during LVRT can be enhanced.

2) Tv0<T ∗
v : As shown in Fig. 4(a), when Tv0 is less than T ∗

v , the
system would experience a process of accelerating first and then de-
celerating. Therefore, the equivalent EAC during LVRT can be derived
as ⎧⎪⎨

⎪⎩
Sacc=

∫ δk
δ0

(T ∗
v − Tv)dδ, SD=

1
ωb

∫ δmax

δ0
Dvdδ

max{Sdec} =
∫ δmax

δk
(Tv − T ∗

v)dδ

Sacc ≤ max{Sdec}+ SD.

(9)

If Criterion (9) is not met, the VSC would lose synchronization with
the grid and the LOS for angular frequency rising would occur.

With AVR, the equivalent EAC of VSC becomes⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Sacc − Sacc_a=
∫ δk
δ0

(T ∗
v − Tv)dδ −

∣∣∣∫ δ0
δk

Tvadδ
∣∣∣

SD + SD_a=
1
ωb

∫ δmax

δ0
Dvdδ +

1
ωb

∫ δmax

δ0
Dvadδ

max{Sdec + Sdec_a} =
∫ δmax

δk
(Tv − T ∗

v)dδ

+
∣∣∣∫ δmax

δk
Tvadδ

∣∣∣
Sacc − Sacc_a ≤ max{Sdec + Sdec_a}+ SD + SD_a.

(10)

According to Fig. 4(b) and Criterion (10), due to AVR, not only
equivalent acceleration area is reduced but also the maximum equiv-
alent deceleration area and virtual damping energy are significantly
increased. Hence, the transient stability of the system is also improved
under this circumstance.

It should be noted that under normal grid condition, small dis-
turbances would also cause the existing proportional–integral (PI)
controller output angular frequency deviation ΔωPLL, which would
make AVR output ΔUtq, thereby affecting the input of the existing PI
controller. This would vary the virtual output torque characteristics of
the VSC and affect its status, which may make it difficult to operate in
unit power factor mode. Therefore, the AVR strategy is only enabled
under grid fault.
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Fig. 5. Configuration of the grid-connected VSC system.

Fig. 6. Simulation and experimental results of Case 1. (a) Simulation verifi-
cation. (b) Experimental verification.

III. SIMULATION AND EXPERIMENTAL VALIDATION

To verify the effectiveness of the proposed AVR strategy, the simu-
lation and experimental verification are carried out in this section. The
simulated system and experimental set-up are configured as Figs. 1 and
5, respectively, and their main parameters are given in Tables I and II
of the Appendix.

Case 1: When the grid voltage symmetrically drops to 0.05 p.u., I∗df and
I∗qf are set to 0 p.u. and −1.0 p.u., respectively. According to (1),
T ∗
v<Tv, so there is no equilibrium point existing in the VSC system.

As illustrated in Fig. 6, the unbalanced torque causes the ωPLL to
decrease quickly from 1.0 to 0 p.u. Therefore, the LOS phenomenon
for angular frequency dropping occurs due to the lack of equilibrium
point.

Case 2: To address the LOS issue of Case 1, the proposed AVR is
adopted. As shown in Fig. 7, the VSC system avoids the LOS
phenomenon. AVR enables the VSC system to transition to a new
stable equilibrium point, making theωPLL quickly restore to 1.0 p.u.
after a rapid transient adjustment.

Case 3: When the grid voltage drops to 0.1 p.u., I∗df and I∗qf are set to
0 and −0.9 p.u., respectively. Based on (1), there are equilibrium
points for the VSC system. However, according to Criterion (7)
proposed in [7], the transient energy of the VSC system is un-
balanced under such condition, which means that the instability
incident cannot be avoided. As shown in Fig. 8, the insufficient
acceleration area results in the ωPLL decreasing gradually. Thus,
the LOS phenomenon for angular frequency dropping occurs again
due to poor transient synchronization behavior.

Fig. 7. Simulation and experimental results of Case 2. (a) Simulation verifi-
cation. (b) Experimental verification.

Fig. 8. Simulation and experimental results of Case 3. (a) Simulation verifi-
cation. (b) Experimental verification.

Case 4: Similarly, with AVR, it can be seen from Fig. 9 that the
LOS issue of Case 3 has been addressed. The VSC can well keep
synchronization with the grid during LVRT and the ωPLL rapidly
return to the rated value after a fast transient synchronization process.

To further demonstrate the effectiveness of AVR proposed in this
letter, a comparative analysis with existing transient stability strategy is
performed. The literature [6] proposed an additional damping control
method to improve the VSC’s transient stability. Fig. 10 shows the
control effect comparison between this strategy and AVR.

When the grid voltage drops to 0.05 p.u., I∗df and I∗qf are set to 0.6 and
−0.8 p.u., respectively. According to (1), T ∗

v>Tv, so no equilibrium
point exists in the VSC system. As can be seen from Fig. 10, the
additional damping control strategy cannot deal with the condition of
lacking equilibrium point and the LOS incident for angular frequency
rising occurs, while the proposed AVR strategy can help VSC operate
stably to a new equilibrium point.



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 5, MAY 2022 4961

Fig. 9. Simulation and experimental results of Case 4. (a) Simulation verifi-
cation. (b) Experimental verification.

Fig. 10. Control effect comparison. (a) Additional damping control method
proposed in [6]. (b) AVR strategy.

Consequently, the simulation and experimental studies nicely
demonstrate that the proposed AVR strategy has a significant improve-
ment effect on both the existence of equilibrium points and transient
synchronization behaviors of the grid-connected VSC under grid sym-
metrical fault.

IV. CONCLUSION

The contribution of this letter is to put forward a transient synchro-
nization stability improvement control strategy based on AVR, which
can help the VSC system improve the existence of equilibrium points
and transient synchronization behaviors. Both the theoretical analysis
and experimental results prove that under the action of AVR strategy, the

VSC can avoid transient instability incidents and its LVRT capability
can be significantly enhanced under symmetrical grid fault. Finally,
considering that the asymmetrical faults are more likely to occur, the
control scheme proposed in this letter can also provide a foundation for
addressing the VSC’s transient synchronization stability issue under
asymmetric grid faults.

APPENDIX

TABLE I
PARAMETERS OF THE SIMULATION SYSTEM

TABLE II
PARAMETERS OF THE EXPERIMENTAL VSC SYSTEM
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