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Transient Damping Method for Improving the 

Synchronization Stability of Virtual Synchronous 

Generators 

Xiaoling Xiong, Member, IEEE, Chao Wu, Member, IEEE, Bin Hu, Donghua Pan, Member, IEEE and         

Frede Blaabjerg, Fellow, IEEE, 
 

ABSTRACT- The virtual synchronous generator (VSG) was 

proposed to emulate a synchronous machine's dynamics when 

integrating power electronic converter-based distributed energy 

resources to the power grid. However, the VSG's synchronization 

stability during grid faults is not fully explored. The underlying 

mechanism of loss of synchronization (LOS) still needs to be 

further revealed due to VSG's nonlinear characteristics. In this 

paper, a step-by-step analytical method based on combining the 

linear and nonlinear models is proposed to analyze VSG's dynamic 

behaviors during a large disturbance. The relationship between 

the linear and nonlinear models is first brought to light, showing 

that the linear model is suitable for qualitative analysis to give an 

intuitive physical insight. Simultaneously, the latter is adopted for 

quantitative analysis to assess stability after a grid fault. Moreover, 

to avoid the conflict of the synchronization stability and the inertia 

response, a transient damping method is added in the active power 

control loop, which can simultaneously improve the 

synchronization stability and frequency stability. Design 

guidelines are also proposed to identify the parameter of the 

transient damping with different inertia requirements. Finally, the 

experimental results verify the analytical method and the 

theoretical analysis.  

 

Index Terms—Virtual synchronous generators, synchronization 

stability, transient damping, virtual inertia. 

I. INTRODUCTION 

Voltage source converters (VSCs) are widely applied in 

renewable energy generation to connect with the conventional 

power grid. With the increasing penetration of renewable 

energy injected into the grid, the ratio of synchronous-

generators (SGs)-based traditional generation decreases, which 

indicates that the inertia of the power grid is reduced. Thus, as 

the share of the VSC-based resources increases in power grids, 

the voltage at the point of common coupling (PCC) is 

vulnerable to disturbances. This paradigm shift calls for grid 

forming control of the VSC, which means that the VSC should 

have the ability to support the frequency and voltage of the 

power grid [1].  

The implementation of grid forming control is to make VSCs 

perform similarly like SGs. Various control strategies have been 

proposed, among which the simplest and commonly used one 

is the P-f and Q-V droop control [2], [3]. The droop control 

mimics the behavior of SGs on frequency and voltage 

regulations, which changes the output power according to the 

deviation of frequency and voltage. An alternative one is the 

power synchronization control (PSC), which was proposed and 

analyzed in [4], [5] to avoid the instability caused by the phase-

locked loop in the grid-following control under a weak grid [6], 

[7]. In fact, these two control schemes are equivalent when 

connecting to the grid [8]. However, these two methods lack 

synthetic inertia, which leads to a large frequency nadir and a 

high rate of change of frequency (RoCoF) during a large 

disturbance [9]. The large nadir and high RoCoF might be a 

great threat to the power system's frequency stability. Thus, the 

virtual inertia should be added in the PSC or droop control to 

decrease the frequency deviation, which can be complied with 

by virtual synchronous generators (VSG) control method [8], 

[10], [11]. Thus, this paper is going to investigate the VSCs with 

the VSG control strategy.  

Even though the VSG control method has the frequency and 

voltage supporting ability, it still suffers from stability problems 

during different disturbances. According to the disturbance size, 

the stability problems can be divided into two types: small-

signal stability and large-signal synchronization stability 

(transient stability). Substantial research efforts have been 

devoted to the small-signal stability analysis [12]-[14], which 

are basically evaluated by linearizing the system around an 

equilibrium operating point. The linearized model can provide 

clear physical insight and a better understanding of the 

mechanism of losing stability. However, it is not applicable if 

the operating point is changed by a large disturbance [15]-[17]. 

Although the linearizing procedure can be realized again with 
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the new operating equilibrium point, the transient stability 

cannot be guaranteed with the small-signal analysis method. 

Thus, synchronization stability, which describes the ability to 

maintain synchronization with the grid during grid fault, has 

recently received much research interests [15]-[18].  

In [18], the VSC's transient stability with PSC control was 

analyzed and indicated no synchronization stability problem 

when the system has equilibrium points after the grid fault, 

which benefited from the first-order response of the active 

power control loop. However, due to the non-inertia 

contribution, the RoCoF was extremely high, almost a step-up 

response can be observed. In [8], four different types of grid-

forming control are investigated and classified into two groups, 

non-inertia and with inertia responses. It was found that there is 

a conflict with the inertia response and transient stability. A 

mode-adaptive power-angle control was further proposed in 

[15], to enhance the transient stability, but the derivative 

measurement is hard to be implemented in practice. The 

transient stability was evaluated using Lyapunov's direct 

method in [16], [17], which swept the controller parameters one 

by one and derived the system's stable region. However, the 

frequency stability is still not mentioned. Moreover, how to use 

the linearized system to provide clear insight and to which 

extent the small-signal model can be adopted, both are not 

interpreted. 

In the current work, the relationship between the linearized 

and nonlinear models should be investigated further. The 

detailed analyzing methods for assessing VSG's 

synchronization stability during grid fault are still needed to be 

explored. Since most existing works only aim to model the 

transient behaviors, an effective control method to improve the 

synchronization stability should be further studied. Besides, the 

dynamics of frequency response during the grid faults are 

overlooked, which is a significant indicator of the grid-forming 

control. In order to solve these potential problems, the specific 

contributions of this paper can be concluded as follows:  

1. Based on combining the linearized model and the 

nonlinear model of the system, a step-by-step analytical 

method is proposed for analyzing the synchronization 

stability. The relationship between the linear and 

nonlinear model is first revealed. The former one is used 

for qualitative analysis to give clear physical insight and 

better understanding. Additionally, the latter is adopted 

for quantitative analysis to assess stability by using the 

trajectories in the phase plane.  

2. A transient damping method is introduced to enhance 

synchronization stability and frequency stability. The 

RoCoF and maximum frequency variation during the 

transient period are first considered. 

3. Based on the combined analytical method, the 

synchronization stability of the VSG with adding the 

transient damping method is studied in details, and 

guidelines for parameter design are given.  

This paper is organized as follows. The system description 

and the equivalent analytical model of the VSG are presented 

in section II. The combined analytical method for studying 

synchronization stability is elaborated in section III in details, 

where the relationship of the linearized and nonlinear model is 

revealed. Section IV introduces a transient damping method to 

improve synchronization stability and decrease the maximum 

frequency variation during the grid fault. The detailed 

parameter design process of the transient damping is also 

derived. Section V shows the experimental results, and the 

conclusions are drawn in section VI.  

II. SYSTEM DESCRIPTION 

Fig.1 shows the general system diagram of a three-phase 

grid-connected VSG. The traditional grid model with a 

Thevenin equivalent circuit, i.e., an inductance Lg behind an 

infinite bus, is adopted [4], [5]. Here, Vg and Vpcc represent the 

voltage space vectors for the grid and the point of common 

coupling (PCC), respectively, givingVg=Vgejωgt  (usually the  

angular frequency ωg = ω0) and Vpcc=Vpccejθpcc  . Lf and Cf 

represent the VSG's output filter, P and Q are the output active 

power and the reactive power of the VSG, respectively. Ig is the 

vector of the current injected into the grid. The dc-link voltage 

is usually controlled by a front-end converter for a high voltage 

dc system [4], [19], or controlled by an energy storage converter 

for integrating the renewable energy to the grid [10], [11], [20], 

[21]. Hence, the dc voltage can be assumed to be constant when 

analyzing the synchronization stability of VSG [8], [15]-[18]. 
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Fig. 1. General system diagram of a three-phase grid-connected VSG. 

As shown in Fig. 1, Pref and Qref are active and reactive power 

references, respectively. the objective of VSG control is to 

generate the phase and the voltage amplitude reference for the 

PCC voltage, i.e., Vref=Vmrefe
jθref . An inner voltage and current 

control loop is employed to regulate Vpcc to track Vref, and 

implementing an over-current protection. Usually, the inner 

loop's bandwidth is much higher than that of the outer power 

control loop [22], [23]. Due to the decoupled timescales, the 

inner control loop gain can be regarded as unity gain with an 

ideal PCC voltage reference tracking, as the synchronization 

issues are mainly determined by the outer power control loop 

[8], [15-18]. Hence, Vpcc = Vmref, θpcc = θref, the VSG is operated 

as a voltage-controlled voltage source. This simplification has 
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been validated in previous research works [8], [15-18], [24], 

[25], thus, it will be further used without extra verification in 

this paper. If the grid fault triggers the current protection, the 

control will be changed to grid-following control method, and 

the transient stability has been studied in [26], [27]. Therefore, 

this paper only focuses on the transient problems that won't 

trigger the overcurrent protection.  

According to Fig. 1, ω is defined as the angular frequency of 

the VSG, and ω = ω0 + Δω can be easily obtained. From this, 

the active power control law can be written as  

 0

1
ref

p

P P
Js D

    


 (1) 

where J and Dp are the virtual inertia and the gain of frequency 

governor, respectively. 

The reactive power-voltage (Q-V) droop control is employed 

[15], [28] for the reactive power control loop, and the transfer 

function of which is given by 

 0mref q refV V K Q Q    (2) 

where Kq is the controller gain of reactive power.  

Defining δ as the power angle, which is the phase difference 

between Vpcc and Vg, i.e., δ = θpcc－ θg = θref－ωgt. Thus, P and 

Q can be derived as  

sin3

2

pcc g

g

V V
P

X


   (3) 

2 cos3

2

pcc pcc g

g

V V V
Q

X


   (4) 

where Xg =ω0Lg. 

Substituting (4) into (2) and considering Vpcc = Vmref, the 

relationship between Vpcc and δ can be derived, which is given 

in (5) at the bottom of this page. 

According to the above analysis, the VSG's equivalent 

analytical model can be obtained, as shown in Fig. 2. Based on 

this model, the dynamics of VSG during the transient period will 

be analyzed in the following sections. 

δΔω P

VpccΔV Q
V0 

Eq.(3)

Eq.(4)

s
1

Kq

Pref

Qref

ωgtω0

ω
Js+Dp

1

Fig. 2. The equivalent analytical model of the grid-connected VSC. 

III. SYNCHRONIZATION STABILITY ANALYSIS METHOD  

A. Types of Transient Issues 

Substituting (5) into (3), the P－δ curves are obtained, as 

plotted in Fig. 3. As shown by the solid line, the VSG operates 

initially at point a, where P = Pref in the steady-state. After the 

disturbance occurs, there are basically two types of transient 

problems, i.e., the equilibrium point exists or not [8], [18], 

which depends on the depth of the grid voltage sag, as it is 

shown in Fig. 3. The dashed green line shows there is no 

equilibrium point after the grid voltage sag. The 

synchronization cannot be guaranteed just only by 

improving the control strategies or controller design. Thus, 

this type will not be included in this paper.  

In Fig. 3, the dashed red line illustrates the existence of the 

equilibrium point after a disturbance, which is of concern in 

this work. For example, the VSG will switch from point a to 

point d when the grid voltage sag is 20%. The point b and b1 

represent the two equilibrium points, respectively, and the 

corresponding power angles are denoted as δe and δce. If δ 

exceeds δce and then diverges to infinite, which would cause the 

loss of synchronization (LOS) with the grid. Thus, δce is called 

the critical power angle. General speaking, to guarantee the 

stability of a linear system, we need to check the following two 

steps:  

1) Check the existence of an equilibrium point after the 

disturbance. 

2) Check the small-signal stability of the equilibrium point. 

However, due to the nonlinear relationships in Fig. 2, the 

transient response after a large disturbance might differ from 

the linear system. Thus, even if 1) and 2) are satisfied, the 

LOS might occur during the transient period. 

0

Vg=1.0 p.u.

δ0 δe δce δc0 

Pref

P

Vg=0.8 p.u.

Vg=0.4 p.u.

Before 
disturbance

After 

disturbance

a a1b b1

d

δm

Pmax

δ 
π

2
π

 

Fig. 3. P-δ curves with different grid voltage sags, solid line: before 

disturbance, dashed line: after a disturbance when the grid voltage drops 20% 

in red and drops 60% in green. 
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Fig. 4. The differences between the linearized system and the original nonlinear 

system with different grid voltage sag and J = 20 p.u., Dp = 20 p.u., (a) the 

trajectories in the phase plane and (b) The overshoot of power angle with 

different grid voltage sag.  

B.Combining the Linearized and nonlinear models 

Although the nonlinear system is stable in the neighborhood 

of b, how large of this neighborhood is so far not known. As 

shown in Fig. 4(a), the trajectories of the nonlinear system in 

Fig.2 and the corresponding linearized system are both plotted 

using the parameters in Table I in Section V. From there, it can 

be seen that the transient response of the nonlinear system is 

approximately the same as that of the linearized system when 

the grid voltage drops 20%. Yet, there is a large error for the 

grid voltage dropping 40% and 44%. The linearized model even 

gives a wrong stability assessment when the grid voltage 

dropsto 0.56 p.u.. It indicates that a linearized system cannot be 

used for the stability analysis when the voltage drops a lot since 

the system is a strictly nonlinear system during the grid faults. 

A quantitative analysis between the linear and nonlinear models 

during different grid voltage sags is shown in Fig. 4(b). Taking 

Vg drops from 1 p.u. to 0.6 p.u. in Fig. 4(a) as an example, δpj (j 

= l for the linearized system and j = n for the nonlinear system), 

is the peak of δ during the transient period. The power angle 

overshoot is denoted as σ, gives as σ =(δpj －δe)/ δe. It can be 

seen that the power angle overshoot of the nonlinear model will 

deviate a lot from the linearized model when the voltage sag is 

larger than 0.2 p.u.. That is the limitation of the linearized small-

signal model when analyzing the transient process of a 

nonlinear system. 

Fortunately, suppose the nonlinear system is stable during the 

transient period; in that case, it will finally arrive at the 

neighborhood of b, so the trajectory for the nonlinear system 

has a similar response trend as the linearized system, i.e., a 

shrinking spiral converging to b (if the system has a pair of 

conjugate eigenvalues). Thanks to this feature, the linearized 

system can be used for qualitative analysis, such as analyzing 

the overshoot and the damping ratio ζ. A larger ζ leads to a 

smaller overshoot for a linear second-order system, and it also 

applies to the nonlinear system. In order to prove this 

quantitatively, the angle overshoot with different damping 

ratios has been plotted in Fig. 5. The two power angle 

overshoots from the linear and nonlinear models are distinct 

because the voltage drop is large. However, the changing trend 

of overshoot with the damping ratio is the same for the two 

models. In other words, a larger ζ is designed for the linearized 

system to make δpl smaller, δpn will correspondingly become 

smaller, which can improve the transient stability of the system. 

To make sure the synchronization stability, δpn must not exceed 

δce during the transient period, thus improving the system's 

damping ratio becomes significantly essential. 
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Fig. 5. The overshoot of power angle for the linearized system and the original 

nonlinear system with different damping ratios when Vg = 1→ 0.6 p.u.. 

Based on the above analysis, it can be concluded that the 

linearized model can be applied for the qualitative analysis to 

give intuitive physical insight into the synchronization stability 

during grid faults. The nonlinear model is inevitably used for 

the quantitative analysis to make an accurate assessment of the 

synchronization stability. Therefore, to make sure that the 

synchronization stability of the VSG is obtained, despite the 

two steps presented in part A, another step should be checked, 

giving as  

3) During the grid fault, the power angle δ should not exceed 

δce so that the power angle's transient stability can be guaranteed. 

The linear system can be used for the qualitative analysis, and 

the numerical study of the nonlinear system should be adopted 

to obtain the actual behaviors. 

Then we need to check the three requirements. Only if all of 

them are satisfied, the LOS definitely will not happen. However, 
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if the conditions in 1) or 2) are not achieved, there is no need to 

analyze the transient stability in 3), as the system will 

undoubtedly lose its stability.  

IV. INTRODUCING A TRANSIENT DAMPING  

Although high virtual inertia was unexpected from the 

transient stability perspective, it is always emulated in the VSG 

to support the system frequency. Hence, there is an urgent 

demand to stabilize the VSG with a high-inertia contribution.  

In order not to alter the desired steady-state characteristics 

and not to deteriorate the frequency performance, transient 

damping can be added to improve the transient response. The 

transient damping is introduced into the active power control 

loop, by feeding back the frequency difference between the 

VSG and the grid, like shown in Fig. 6. Due to ω = ωg in steady-

state as the system is synchronized with the grid at last, then the 

additional path does not influence the steady-state 

characteristics. Here, it should be noted that a phase-locked 

loop (PLL) is employed to measure the grid's frequency, the 

bandwidth of which is designed much higher in order to avoid 

affecting the transient behaviors of the power control loop.  

Δω

P

Pref refθ

K1

vg

Js
1

s
1

ω0

ω

Dp

ωg
PLL

 

Fig. 6. The transient damping introduced into the active power control loop. 

From Fig. 6, the active power control law can be derived, 

which is different from (1), giving as  

  0 1

1

+ +

+

p ref g

p

Js D P P K

Js D K

 


 



 (6) 

here, ω = ωg is achieved at the steady-state when the system is 

stable, substituting it to (6), which becomes the same as (1), 

indicating the steady-state's frequency deviation is the same. In 

order to analyze the VSG's synchronization stability, the three 

analytical steps presented in section III are applied in the 

following part.  

A. Existence of the Equilibrium Points 

According to the previous description, it can be known that 

the system is a second-order nonlinear system, the dynamics of 

which can be represented in the standard form. Suppose x is the 

state variable vector defined as x= [x1, x2]T. Here, superscript T 

represents the transposition of a matrix or vector and x1 = δ, x2 

= Δω. Thus, we can obtain  

 
2 0

1

1 01 1

2 2

+

+ 3 ( )

2

g

gp g ref

g

x
x

KD K V F x P
x x

J JX J J

 

 

 
  

   
      
 

 (7) 

where dot (·) denotes the time derivative, and F(δ) = Vpcc(δ)sinδ. 

By setting all the differential items in (7) to zero, the 

equilibrium point xe = [δe, Δωe]T can be obtained. This 

obviously implies Δωe = ωg － ω0 and δe must satisfy that  

 
 0

sin3

2

g pcc e e

ref p g

g

V V
P D

X

 
      (8) 

It can be found the equilibrium points are not dependent on 

K1, indicating again the transient damping method does not 

affect the steady-state. Therefore, if and only if the maximum 

output active power of VSG, i.e., Pmax, is larger or equal to Pref 

(assuming ωg = ω0 at stead-state for simplifying describing), the 

equilibrium point exists. For the system in Table I in Section V, 

the critical grid voltage is 0.55 p.u., then Vg dropping to 0.6 p.u. 

is tested in this paper to ensure the existence of the equilibrium 

points. 

B. Small Signal Stability of the Equilibrium Points 

In order to ensure the nonlinear system can converge to the 

just derived xe after a transient period and can finally operate at 

xe stably, we must first assure that xe is small-signal stable. This 

can be done by investigating the dynamical behaviors of the 

linearized system around xe, i.e., to exam the eigenvalues of the 

Jacobian J(xe), which is derived as 

 21 1

0 1
( )

+pJ D K J

 
  

  
e

J x  (9) 

where J21 is calculated as 
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 (10) 

and F' (δ) can be derived as 
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d

K V V

X K V V

  


 


 

  


 

 (11) 

Then, the eigenvalues of the Jacobian are found by 

specifically solving the characteristic equation, det[λI － J(xe)] 

= 0, where I is the unit matrix. The solutions are calculated as 

   
2

2

1 1 21

1 2

+4

2

p pD K D K J J

J


   
，  (12) 

Only if all the eigenvalues have a strictly negative real part, 

xe is stable, and the original nonlinear system is thus small-

signal stable in the neighborhood of xe.  

Suppose when δ = δm, P(δm) = Pmax, as shown in Fig. 3, and 

thus 
dP

dδ
|𝛿𝑚=0 . According to (3), we can get  =0mF   . 

Substituting it to (10), J21(δm) = 0 is derived. From Fig. 3, it 

can be found that P is monotonically increasing with δ when 
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δ < δm and monotonically decreasing with δ when δ > δm. 

Therefore, when δ < δm, 
dP

dδ
>0, then  >0F  , as a result, J21(δ) 

< 0 is obtained. Similarly, when δ > δm, J21(δ) > 0 can be 

derived. These relationships between J21 and δ are also 

illustrated in Fig. 7.  

If P(δm) = Pref, there is only one equilibrium point, such as 

δe = δce = δm. As J21(δm) = 0, λ1 = －(Dp+K1)/J, λ2 = 0 can thus 

be derived. xe is critically stable and can easily lose its stability 

with a small perturbation, which is regarded as unstable. If 

P(δm) > Pref, two equilibriums exist, such as the points b and 

b1 in Fig. 7, meanwhile δe < δm, δce > δm. According to the 

above analysis and Fig. 7, J21(δe) < 0 and J21(δce) > 0 can be 

obtained. According to (12), it can be derived that both λ1 

and λ2 have a negative real part for b, but one of the 

eigenvalues has a positive real part for b1. Thus, point b is 

small-signal stable but point b1 is not. Therefore, from the 

small-signal stability viewpoint, there must be one equilibrium 

point b certainly stable as long as Pmax> Pref. 

J21

δ 

Pmax

Vg=1.0 p.u.

Vg=0.8 p.u.

Vg=0.4 p.u.

P

0

Pin
b

b1

δm

P

δe δce 

J21(δe)

J21(δce)

J21

 

Fig. 7. J21-δ and P-δ curves with different grid voltage sags. Solid line: J21-δ 

curves, dashed line: P-δ curves with the nominal grid voltage in blue, the grid 

voltage drops 20% in red and drops 60% in green. 

C. Qualitative Analysis of Synchronization Stability 

Firstly, the linearized system is employed for the qualitative 

analysis of synchronization stability. To identify the damping 

ratio, the relationship between P and δ shown in Fig. 2 should 

be linearized firstly around b, given as  

   
3 3

ˆˆ =
2 2

define
g g

e p e

g g

V V
P F G F

X X
       (13) 

where cap (^) represents the small variations, Gp is the 

approximate gain between P and δ evaluated at b. From (11) 

and (13), it can be derived that Gp is related to the system 

parameters, such as Vg, Xg, Pref, and Kq. For a given condition, 

these parameters are constant. Thus Gp is constant and Gp > 0 

(as  >0eF   ). Then substituting (13) to Fig. 2, for a small 

perturbation of Pref, the dynamic of δ and ω, can be described 

in the s-domain as  

 2

1

ˆ 1

ˆ +p Pref
Js D K s GP




 
 (14) 

 2

1

ˆ

ˆ +p Pref

s

Js D K s GP




 
 

(15) 

The damping ratio of the system is derived as 

1+
=

2

p

P

D K

JG
  (16) 

Since Gp is constant with the given system condition, ζ is 

determined by Dp, K1 and J. Therefore, a larger Dp, K1 and a 

smaller J are expected to reduce the power angle overshoot and 

thus to improve the synchronization stability. Generally, Dp is 

the frequency governor's gain in VSG, which is always 

designed fixed according to the grid codes; otherwise, it will 

change the desired droop characteristics. Meanwhile, a smaller 

J can enhance transient stability, but it deteriorates the 

frequency response.  

Assuming that there is a step change of the power reference 

(the grid voltage change can be equivalent to the power 

reference change), the Laplace form is 1/s. Thus, according to 

(15) the response of the frequency in the s-domain can be 

deduced as, 

   2 2

1 1

1 1
ˆ

+ +p P p P

s

sJs D K s G Js D K s G
  

   
 (17) 

Using damping and the undamped natural frequency, rewrite 

(17) in the standard form as,  

2

2 2
ˆ

2

n p

n n

G

s s




 


 
 (18) 

where 2 = /n pG J ,  12 = + /n pD K J . 

Thus, the frequency response in the time domain can be 

derived as,  

 
2

2

2

1
ˆ sin 1

1

ntn

n

p

e t
G


  




 


 (19) 

Thus, the RoCoF is deduced as, 

 
2

2

2

ˆ 1
RoCoF= sin 1

1

ntn

n

p

d
e t

dt G


  




  


 (20) 

where 2sin 1   . 

When t=0, the maximum RoCoF is achieved during the 

transient process and it can be calculated as, 

 
2

max 2

1 1
RoCoF sin

1

n

pG J





 


 (21) 

From this, it can be seen that the maximum RoCoF is only 

relevant to the inertia J but has no relationship with the damping 

coefficient Dp and K1.  

When the derivative of frequency is equal to zero, the 

maximum frequency variation can be obtained, given as, 
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 2

2
arcsin 1

1

max
ˆ =

p

n

G
e e

J




  
 

   (22) 

The maximum frequency has an inverse ratio with the inertia 

and damping, which means that the maximum frequency 

variation will decrease with the increase of inertia and damping. 

However, increasing the virtual inertia is unexpected from the 

perspective of the transient stability. Therefore, increasing the 

transient damping is flexible, entirely avoiding the conflict 

between frequency stability and synchronization stability. 

D. Quantitative Analysis of Synchronization Stability 

The numerical study based on (7), i.e., the trajectories in the 

phase plane, is used to obtain the nonlinear system's actual 

behaviors. From the previous analysis, the additional path 

increases the damping ratio, and a larger K1 leads to a larger 

damping ratio, which benefits the transient stability but also 

reduces the frequency variation during the grid fault. The 

transient behavior's influence is further illustrated in Fig. 8 

based on the nonlinear system in (7). It can be observed that 

without the additional path, a LOS occurs when the grid voltage 

drops from 1 p.u. to 0.6 p.u. with J = 20 p.u., due to the poor 

J = 20 p.u., K1=2 p.u.
J = 20 p.u., K1=20 p.u.
J = 20 p.u., K1=60 p.u.
J = 20 p.u., K1=120 p.u.
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J = 20 p.u., K1=2 p.u.
J = 20 p.u., K1=20 p.u.
J = 20 p.u., K1=60 p.u.
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 (
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d
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)
Δ
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(b) 

Fig. 8. The influence of parameters K1 and J on transient performances of the 

VSG when Vg = 1→ 0.6 p.u., (a) the trajectories of the nonlinear system in the 

phase plane and (b) the responses of Δω.  

damping dynamics. Decreasing J to 10 p.u. can remove this 

instability due to an increased ζ reduces the power angle 

overshoot. However, the frequency response becomes worse 

due to the smaller inertia. Since the frequency of VSG is the 

sum of ω0
 and Δω, then the important frequency performance 

indices are determined by Δω. For example, the peak angular 

frequency during the transient period is proportional to the 

maximum deviation of Δω, which is denoted as Δωmax (is 

proportional to �̂�|𝑚𝑎𝑥  in (22)), as shown in Fig. 8. The 

RoCoF is equal to the change rate of Δω. Fig. 8 also shows that 

a smaller J deteriorates the frequency stability due to the larger 

Δωmax and RoCoF. 

Under the same condition, the power angle overshoot and 

Δωmax are reduced with an increase of K1, due to the increased 

ζ. Even an overdamped response of δ can be achieved using a 

sufficiently large K1, i.e., K1 = 120 p.u.. Moreover, the 

maximum deviation Δωmax decreases with increasing of K1, 

which enhances the frequency stability. Therefore, a larger K1 

is expected to reduce the power angle overshoot and improve 

synchronization stability. Otherwise, instability can occur if K1 

is not large enough, i.e., K1 = 2 p.u.. The system suffers from a 

poorly damped dynamics, which causes δ to exceed δce. 

Start

A large K1, i.e., 50 p.u.

Solve (7) to 
get δp  

 δp ≥ δce?

K1 = K1 – 0.1

N

Critical K1 is obtained

Y

 

Fig. 9. Iterative calculation procedure for detecting the critical value of K1. 
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Fig. 10. The stability boundary regarding K1 versus J when Vg = 1→ 0.6 p.u. 

The transient stability benefits a lot with a large K1, but 

extremely large K1 is also undesirable for most practical 

purposes, as it slows down the dynamics of the active power 

loop. The stability boundary with parameter K1 needs to be 
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found, which is also beneficial design information for engineers 

to identify how far or close the system is from the LOS region. 

As only if δ exceeds δce, LOS can occur. Thus, as long as the 

maximum power angle overshoot δp does not exceed δce, the 

synchronization stability can be guaranteed. 

Dp and Kq are usually designed fixed according to the grid 

codes [12]. Then, for each specified virtual inertial J, the critical 

value of K1 for a stable operation can be found with the 

calculation procedure shown in Fig. 9. K1 is initialized with a 

large value, i.e., K1 = 50 p.u. to make sure the system operates 

stably under the specified condition, and then K1 is decreased 

with a small step and find the maximum power angle δp during 

every iterative calculation, until δp exceeds δce. The calculation 

step is set at 0.1, determined by a trade-off between the accuracy 

of the critical value and the computional burden. The procedure 

is then repeated to find all the critical values of K1 under 

different J. The results are shown in Fig.10, where the stable 

and unstable regions of operation are located above and below 

the boundary line. It can be seen that with the increase of J, the 

minimum allowed K1 for the stable operation increases. For 

example, if J < 12 p.u, the additional path is unnecessary, but 

with J ≥ 12, the additional damping must be introduced. Such 

as, if J = 20 p.u, then K1 > 2.1 p.u. must be adopted. Hence, 

adding a larger K1, higher inertia becomes viable. Adjusting K1 

and the inertia together can simultaneously guarantee 

synchronization stability and frequency stability. 

It is worth noting that many damping techniques for VSG 

control have been proposed in other literature, which can be 

generally divided into two categories. Category 1: the damping 

coefficient is mixed with the droop coefficient [10], [11] [14], 

[29], just like Dp in Fig. 1 in this paper, which is a simple and 

basic solution in the VSG control. However, the combined 

droop function with the damping strategy could be problematic 

in scenarios where the damping is not sufficiently large, the 

system suffers from poorly damped dynamics. If increasing Dp 

to increase the damping ratio, which will alter the droop 

function and change the steady-state characteristics. This is also 

the reason for introducing the transient damping method in this 

paper, which increases the damping ratio during the transient 

period, but not to change the steady-state performance. 

Category 2: To avoid changing the steady-state 

characteristics, more sophisticated damping solutions have 

been reported in the literature, which was thoroughly reviewed 

in [30]. An evolving damping solution was proposed in [31], 

[32], by feeding back the angular frequency of the VSG with a 

high-pass filter, which is an attractive solution as it also just 

provides damping during the transient period. However, a 

modification on the damping mechanism will alter the swing 

equation, leading to a higher-order dynamic response [5] and 

thus change the transient behavior. The motivation of this 

manuscript is to reveal the relationship between the linearized 

system and the nonlinear system, establishing a combined 

qualitative and quantitative analysis method for the 

synchronization stability of the VSG, by focusing on the basic 

control scheme. For more sophisticated damping techniques, 

further studies can be easily drawn based on the established 

methodology in this paper. 

E. Other Types of Grid Faults 

The grid faults generally include symmetrical grid faults and 

asymmetrical grid faults. In this paper, the symmetrical three-

phase grid voltage dips are mainly analyzed since they are more 

severe than other asymmetrical grid faults. The same analytical 

methods can be applicable to other types of symmetrical grid 

faults, even power oscillations in [33]. For the asymmetrical 

grid faults, the only difference is that the symmetrical 

components theory should first be used to extract the positive, 

negative, and zero-sequence components.  

Single line-to-ground (SLG) fault, double line-to-ground 

(DLG) fault, line-to-line (LL) fault, as shown in Fig. 11, are the 

main asymmetrical grid faults. Take the SLG fault as an 

example, the most severe case is the interfaced impedance ZF = 

0, then the three-phase grid voltage after the SLG fault in per-

unit can be expressed in the phasor domain as, 

2 3

4 3

=0

=

=
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j

Fb

j
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v

v e

v e















 (23) 
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Fig. 11. Phase configurations at the fault location for a single line-to-ground 

(SLG), a double line-to-ground (DLG), and a line-to-line (LL) fault [34]. 
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Fig. 12. The responses of δ and Δω when a single line-to-ground (SLG) fault 

occurs (J = 20 p.u). 

Firstly, using the symmetrical components theory to extract 

positive-sequence, negative-sequence, and zero-sequence 

components, which can be expressed as, 

+ 2
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 (24) 

where 𝛼 = 𝑒𝑗2𝜋/3 , 𝑣𝐹
+  and 𝑣𝐹

−  are the phasor of positive- 
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and negative-sequence voltage, 𝑣𝐹
0  is the zero-sequence 

voltage. 

Substituting (24) into (23), the magnitude of the three 

voltages can respectively be deduced as,  

0=0.67 =0.33 =0.33F F Fv v v ， ，  (25) 

It can be seen that |𝑣𝐹
+|  is higher than 0.6, better 

synchronization stability can be obtained than the symmetrical 

voltage dropping to 0.6 p.u.. Since there is no corresponding 

control strategy to suppress the negative and zero-sequence, 

these components will not affect the synchronization stability. 

Suppose there are some specific requirements of the negative 

sequence current injection; in that case, the detailed analysis is 

similar to the positive-sequence study, which can be seen in [34] 

and not repeated in this paper, because the primary analytical 

method is the same. 

In order to verify the statement, an asymmetrical SLG fault 

is carried out with the simulation platform in Matlab/Simulink. 

Only the phase a is decreased to 0 p.u., the responses of δ and 

Δω are shown in Fig. 12. It can be seen that the system is stable 

under the worst SLG grid fault, but it has a long period of 

oscillation due to the large inertia. The transient damping 

method is also useful to suppress the asymmetrical fault 

oscillations, which demonstrates that the transient damping 

method is also effective during other types of grid faults. 

V. EXPERIMENTAL VERIFICATION 

To verify the effectiveness of the theoretical synchronization 

stability analysis and the improved transient damping method, 

experiments based on Control-hardware-in-loop (CHIL) are 

carried out in the lab. The hardware platform of CHIL 

verification is shown in Fig. 13. The main circuit of the VSG is 

emulated in Typhoon HIL 602+ with the time step of 1μs. 

Controllers of VSG are implemented in a TMS320F28335 

DSP+FPGA control board, and the sampling frequency is set to 

be 5 kHz.  

VSG's main parameters are presented in Table I, Dp and Kq 

are chosen according to the grid codes like in [5], [12]. For this 

specific system, the worst-case is that the grid voltage drops to 

0.6 p.u. and Pref, Qref remain unchanged during the fault. Then, 

the transient responses of the worst-case are tested. In order to 

perform a comparative verification, different sets of J versus K1 

are examined. The corresponding experimental results are 

shown in Fig. 14 and Fig. 15. From top to bottom in each picture, 

the displayed waveforms are the grid voltage of phase a, i.e., 

Vga, the line current of phase a, Iga, the reactive and active power, 

Q and P, the deviation of VSG frequency Δω and power angle 

δ, respectively.  

In Case I, the system becomes unstable when Vg drops from 

1 p.u. to 0.6 p.u. with J = 20 p.u.. Although the equilibrium point 

exists after the voltage sag, it is not reached due to the power 

angle's large overshoot. A low-frequency oscillation is triggered 

by the fault, which implies an instability caused by the 

 

Fig.13. Control-hardware-in-loop platform used for the synchronization 

stability assessment of VSG. 

TABLE I 

MAIN PARAMETERS OF THE VSG SYSTEM USED IN EXPERIMENTS 

Parameters Description Value p.u. 

Pref Rated active power 2.75 MW 1.0 

Qref Rated reactive power 0 0 

V0 Rated voltage 563 V 1.0 

Vg Normal grid voltage (line peak) 690 V 1.0 

ω0  Grid angular frequency 314 rad/s 1.0 

Lg Grid inductance 255 μH 0.46 

Dp Droop gain of P-f  8 Pmax/ω0 8 

J Virtual inertia 20 Pmax/ω0 20 

Kq Q-V droop gain 0.1V0/Qmax 0.1 

K1 Damping coefficient 1 Pmax/ω0 1 

  

Time: [500 ms/div]

fault

1 p.u. 0.6 p.u. Vga:  [1 p.u./div]

Iga:  [2 p.u./div]

Q:  [2 p.u./div]

P:  [2 p.u./div]

Δω:  [0.1 p.u./div]

δ:  [250◦ /div]

1 p.u.

29◦ 

     Time: [1 s/div]

fault

Vga:  [1 p.u./div]

Iga:  [2 p.u./div]

Q:  [2 p.u./div]

P:  [2 p.u./div]

Δω:  [5  p.u./div]

δ:  [25  /div]

1 p.u. 0.6 p.u.

29  

1 p.u. Δωmax=1.1% p.u.

 
(a)                                                            (b) 

Fig. 14. Measured transient responses of the VSG without addtional damping path (K1 = 0) when Vg dips from 1 p.u. to 0.6 p.u. (a) Case I: J = 20 p.u. and (b) Case 

II: J = 10 p.u..  
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Time: [500 ms/div]

fault

Vga:  [1 p.u./div]

Iga:  [2 p.u./div]

Q:  [2 p.u./div]

P:  [2 p.u./div]

Δω:  [5‰ p.u./div]

δ:  [25◦ /div]

1 p.u. 0.6 p.u.

29◦ 

1 p.u.

Δωmax=0.6% p.u.

 

(a) 

Time: [500 ms/div]

fault

Vga:  [1 p.u./div]

Iga:  [2 p.u./div]

Q:  [2 p.u./div]

P:  [2 p.u./div]

Δω:  [5‰ p.u./div]

δ:  [25◦ /div]

1 p.u. 0.6 p.u.

29◦ 

1 p.u.

Δωmax=0.44% p.u.

 

(b) 

Time: [500 ms/div]

fault

Vga:  [1 p.u./div]

Iga:  [2 p.u./div]

Q:  [2 p.u./div]

P:  [2 p.u./div]

Δω:  [5‰ p.u./div]

δ:  [25◦ /div]

1 p.u. 0.6 p.u.

29◦ 

1 p.u.

Δωmax=0.16% p.u.

 

(c) 

Fig. 15. Measured transient responses of the VSG with the addtional damping 
path in the active control loop and J = 20 p.u. when Vg dips from 1 p.u. to 0.6 

p.u.. (a) Case III: K1 = 20, (b) Case IV: K1 = 60, (c) Case V: K1 = 120.  

lack of damping. On the contrary, a decrease of J is tested in 

Case II, i.e. J = 10 p.u., as shown in Fig. 14(b). Compared to 

Fig. 12, the system can be stable when SLG occurs, and even 

phase a is decreased to zero, indicating that the symmetrical 

grid faults are the most serious. Thus, the three-phase voltage 

sag is investigated in this paper. Under the same condition as in 

Fig 14(a), there is no additional damping path, and the 

instability in Fig. 14(a) is removed with a smaller J in Fig. 14(b), 

but it can be seen that Δωmax and RoCoF are becoming larger. 

These results validate the theoretical analysis in Fig. 8, as 

shown with a red line there. 

Next, introducing a transient-damping into the active power 

control loop is performed with different parameter settings in 

Fig. 15, respectively. From Fig. 15, it can be found that the 

additional transient damping path can stabilize the VSG when 

the grid voltage drops. The power angle overshoot declines with 

an increase of K1. When K1 = 120, almost no power angle 

overshoot can be found. The results agree with the theoretical 

analysis shown in Fig. 8 and Fig. 10.  

Moreover, it can be clearly seen from Fig. 15 that with a 

larger K1 not only reduces the power angle overshoot during the 

fault but also declines Δωmax. These experimental results are 

consistent with the theoretical analyzing results, confirming the 

transient-damping method's effectiveness in this paper, which 

has enhanced the synchronization stability of the VSG without 

degradation of the frequency stability. 

VI. CONCLUSION 
This paper has proposed a comprehensive method for 

analyzing VSG's dynamic performance during a large 

disturbance based on combining the linearized and nonlinear 

models. The method includes three steps: checking the existence 

of equilibrium points, then analyzing the small-signal stability, 

and finally analyze the transient behaviors during the fault. The 

relationship between the linearized and nonlinear models is first 

revealed, showing that the former is used for qualitative analysis 

to give precise physical insight. Simultaneously, the latter is 

adopted for quantitative analysis to assess stability after a grid 

fault. In order to avoid the conflict of the synchronization 

stability and the inertia response of the VSG, a transient damping 

method is added in the active power control loop. The damping 

ratio, power angle overshoot, and the maximum frequency 

variation during the fault are qualitatively interpreted based on a 

linearized model, indicating that the transient damping can 

increase the system's damping ratio, which can enhance the 

synchronization stability and frequency stability simultaneously. 

The parameter design guidelines are proposed to assess the 

synchronization stability with different inertia requirements 

based on a nonlinear model using the trajectories in the phase 

plane. It is found that a larger transient damping is expected with 

larger inertia. Finally, experimental results have verified the 

effectiveness of the combined analytical method, the transient 

damping method, and the parameters design method. 
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