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An Optimal Damping Design of Virtual Synchronous 

Generators for Transient Stability Enhancement 

Xiaoling Xiong, Member, IEEE, Chao Wu, Member, IEEE, Peng Cheng, Member, IEEE,  

and Frede Blaabjerg, Fellow, IEEE 
ABSTRACT－A transient damping method (TDM), introducing 

the frequency of a virtual synchronous generator (VSG) through 

a high-pass filter (HPF) to the power reference, is usually adopted 

to stabilize the system against disturbances. However, different 

from a small-signal stability perspective, this letter reveals that 

the gain of HPF should not be too large due to the transient 

stability issues. Thus, an optimal parameter design method of the 

TDM is proposed for the improvement of transient stability. The 

experimental results validate the theoretical findings.  

 

Index Terms—Virtual synchronous generators (VSGs), transient 

stability, damping, high-pass filter (HPF). 

I. INTRODUCTION 

Over the past decade, the virtual synchronous generators 

(VSGs) concept was proposed to emulate the swing equation 

of a synchronous generator (SG) in the control of power 

converters [1], [2]. Consequently, the VSG can benefit from 

the advantages of SG, such as providing an inertial response, 

operating in both grid-connected and islanded modes without 

changing control strategies, etc. Thus, the VSG with short-term 

energy storage to provide inertia support is becoming an 

attractive approach for integrating renewable power into the 

grid. However, the emulation of the swing equation also 

introduces the oscillatory mode of a typical SG. Therefore, a 

proper damping method should be added to the VSG control. 

The damping methods can be generally divided into two 

types. The dominant one is to add the damping effect through 

the active power control loop (APCL) [2]-[8], and the other is 

to model the damping effect via the reactive power control loop 

(RPCL) [9]. The simplest way is using the frequency 

difference between the VSG frequency and the nominal 

frequency in APCL, which is also known as P-f droop gain [2]. 

However, strengthening the damping effect may change the 

droop characteristics. To solve this problem, using the 

measured grid frequency to replace the nominal frequency is 

proposed in [3], [4]. This method just provides a damping 

effect during the transient period but does not affect steady-

state characteristics. However, the frequency estimator must be 

adopted to measure the grid frequency. To avoid using the 

measurement-based frequency estimator, a simpler 

implementation is used to replace the frequency estimator in 

[5], [6], where the grid frequency can be approximated by 

filtering the VSG frequency with a low-pass filter (LPF). Here, 

the damping effect can be equivalently achieved by 

introducing the VSG frequency through a high-pass filter (HPF) 

to the active power reference, which is regarded as the transient 

damping method (TDM).  

More damping methods with higher-order filters are also 

proposed, i.e., the damping correction loop method [7], the 

state feedback with a low-pass filter [8], using a similar 

conventional power system stabilizer (PSS) [9], etc. However, 

the dynamics are becoming more complicated, and tuning the 

parameters of the required higher-order filters is much more 

difficult. By comparison, the TDM through an HPF is an 

effective and more straightforward solution, which is our 

concern in this letter. 

In the existing research, the parameters of TDM were just 

studied and designed using eigenvalue analysis from a small-

signal stability perspective [5], [6]. However, the effects of 

TDM on transient stability when the system is subjected to a 

large disturbance and parameter design based on transient 

stability are still absent. Thus, this letter attempts to fill this 

gap. First, the dynamics of the transient damping term is 

deduced based on the power angle and the VSG frequency. 

Then, combining with the outer power control loops, a third-

order nonlinear state-space model is derived to represent the 

dynamics of the system. The transient stability of the VSG is 

assessed by the trajectories in the state-space, which reveals 

that the TDM has a critical impact on the transient stability. 

The parameter design guidelines are given based on transient 

responses, which are further verified by the experimental 

results.  

II. DYNAMIC REPRESENTATION OF THE VSG  

A. System Description 

Fig. 1 shows the diagram of a grid-connected VSG with 

TDM, where Lf is the converter filter, Lg and Rg compose the 

grid impedance. Vg=Vgejωgt  and Vpcc=Vpccejθpcc  are the 

space vectors of the grid voltage and the PCC voltage. Ig 

denotes the current space vector injected into the grid. P and Q  
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Fig. 1. General control scheme of a three-phase grid-connected VSG with the 

transient damping control. 

represent the active and reactive power injected into the grid 

from the PCC. Usually, the dc-link voltage is regulated by a 

front-end converter [10] or by an energy storage converter [11]. 

Hence, a constant dc-link voltage is assumed in this letter [12], 

[13]. The outer power control loop, i.e., the VSG control, is to 

generate the PCC voltage reference, i.e., Vref=Vrefe
jθref . 

Usually, a fast inner voltage-vector control is employed [12], 

[13], resulting in Vpcc ideally tracking Vref. Thus, Vpcc = Vref. 

In Fig. 1, Pref and Qref are active and reactive power 

references. ω denotes the VSG frequency, and ω = ω0 + Δω, 

which can be derived as  

 0

1
ref

p

P P x
Js D

     


 (1) 

where J and Dp are the virtual inertia and the P-f droop gain, 

respectively. x denotes the HPF output term, which is derived 

as 

hK s
x

s



 


 (2) 

Here, x can be divided into two parts, given as, 

1 2

define
h

h

K
x K x x

s


 


     


 (3) 

It can be seen that x1 is similar to Dp term, which can provide 

a damping effect on the system. Without HPF (α = 0), Kh 

changes the P-f droop gain, which can be entirely avoided by 

using an HPF to filter out the steady-state offset in Δω. 

However, the cutoff frequency of HPF should not be too large, 

and Kh is required to be large enough in order for the damping 

design to obtain the small-signal stability. 

The Q-V droop control is employed for the RPCL, and the 

control law of which is given by 

 0ref q refV V D Q Q    (4) 

where Kq is Q-V droop gain, V0 is the rated voltage magnitude. 

δ is defined as the power angle, given as δ = θref－ωgt. Thus, 

P and Q can be deduced as  

 2

2 2

cos sin3

2

pcc pcc g g g pcc g

g g

V V V R X V V
P

R X

  
 


 (5) 

 2

2 2

cos sin3

2

pcc pcc g g g pcc g

g g

V V V X R V V
Q

R X

  
 


 (6) 

Substituting (6) into (4) and considering Vpcc = Vref, Vpcc can 

be solved as a function of δ, denoted as Vpcc(δ). Then 

substituting Vpcc(δ) into (5), the P-δ relationship when 

considering the effects of the RPCL, represented by P(δ), can 

be obtained. Thus, the P－δ curves with different Rg and Xg 

can be plotted, as shown in Fig. 2. It can be seen that the power 

transfer capability of the VSG varies with different grid 

impedances. The maximum power Pmax that can be transmitted 

becomes higher with a larger Rg and smaller Xg. Meanwhile, 

the allowed variation range of δ, i.e., δosm, is much wider with 

a larger Rg and smaller Xg, benefiting the transient stability 

during grid voltage sag. 

 
Fig. 2. P-δ curves with different Rg and Xg, the other parameters are the same 

as in Table I. 

B. Dynamic Representations 

The transient stability is the ability of the VSG to maintain 

synchronization with the grid when subjected to a large 

disturbance. Thus, the dynamic response of the power angle δ 

determines the transient stability during the grid fault, such as 

grid voltage sag. δ = ∫ωdt－ωgt, where ω can be modeled with 

(1) under the condition that the overcurrent protection is not 

triggered during the grid fault. Otherwise, the VSG control 

should be switched to grid-following control, whose transient 

stability is mainly determined by PLL. Thus, this letter only 

focuses on the effects of TDM on transient stability without 

triggering the overcurrent limit.  

For the conventional VSG, applying the derivation on both 

δ and ω, the dynamics of δ can be obtained. Different from that, 

the dynamics of x need to be considered when TDM is used. 

Therefore, the dynamic behaviors of the system in Fig. 1 can 

be derived from (1) and (2), which is a third-order nonlinear 

system, represented in the standard form as 
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 (7) 

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

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

implies Δωe = ωg-ω0, xe = 0, and δe should satisfy that P(δe) = 

Pref -Dp(ωg-ω0), where two values can be solved for δe. The 

smaller δe is for the stable EP, and the larger one is for the 

unstable EP. The precondition for transient stability is that EPs 

exist after the grid voltage sag [12]. In order to focus on the 

impacts of TDM on transient stability, the grid voltage 

dropping from 1 p.u. to 0.6 p.u. is chosen in this letter to 

demonstrate the existence of EPs.    

III. TRANSIENT STABILITY ANALYSIS OF VSG  

A. The Impacts of TDM on Transient stability 

To investigate the transient stability of the VSG, a MATLAB 

command “ode45” is adopted to solve the nonlinear 

differential equations in (7) with the steady-state before the 

fault serving as the initial state. Thus, the solutions of the state 

variables in (7) can be obtained, according to which the state-

space trajectories after grid voltage sag can be plotted. To 

provide more clear visual support, the trajectory projections on 

the Δω-δ plane are preferably used instead of the three-

dimensional state-space, as shown in Fig. 3(a), where the main 

parameters in Table I are used. From Fig. 3(a), the responses 

of δ and Δω after the grid voltage sag can be intuitively 

observed. δ increases when Δω> 0, and decreases when Δω < 

0. If Δω fails to decline to zero before the unstable EP, δ will 

diverge to infinite, which would cause instability, such as the 

control without TDM (Kh =0). The TDM with a proper 

coefficient Kh can remove the instability and improve the 

transient stability due to the additional damping effect, i.e., Kh 

=20 p.u. and Kh =50 p.u.. However, different from the 

conclusions from the small-signal stability, a too-large Kh will 

deteriorate the transient stability, such as Kh =60 p.u.. To solve 

this problem, the dynamics of HPF during the transient period 

should be considered. 

It is reported that a positive Dp always supplies a positive 

damping effect to enhance transient stability [12]. Thus, x1 in 

(3) always provides a positive damping effect. Then, x2 is the 

root cause of negative impacts. Combining with Fig. 1, it can 

be concluded that the sign of x2 should be the same as that of 

Δω, in order to provide a positive damping effect. Fig. 3(b) 

shows the trajectory projections on the x2-Δω plane, which 

was divided into four regions by x2 = 0 and Δω = 0. Almost all 

the trajectories belong to the second and fourth quadrants, 

which provide negative damping effects. Moreover, the 

impacts of x2 become worse when Kh is increased, which can 

be clearly observed from the first stage of the trajectory, i.e., x2 

declines much more rapidly when Kh rises. As a result, Δω 

even cannot decrease below zero when Kh increases to 60. To 

conclude, x1 always supplies a positive damping effect, which 

can be improved by a larger Kh. Yet, x2 has a negative influence, 

and it worsens more when Kh increases. Thus, Kh of the HPF 

needs to be chosen within a limited range of values to 

guarantee the transient stability of the system. 
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Fig. 3. Trajectories of the VSG in the state space with different Kh (α = 3 rad/s) 

when the grid voltage drops from 1 p.u. to 0.6 p.u. (a) The trajectory 

projections on the Δω-δ plane, and (b) the trajectory projections of three cases 

on the x2-Δω plane. 

B. Design Guidelines of HPF  

From the above analysis, the TDM can enhance 

synchronization stability with proper Kh and α selections. Thus, 

the allowable parameter ranges need to be found, which is also 

important design information for engineers to identify how far 

or close the system is from the instability region. To this end, 

many selections of α and Kh with a small change step need to 

be swept and examined. Substituting each set of α and Kh into 

(7) and then solve (7) with the command “ode45”. According 

to the solutions, the dynamics of (7) can be checked whether 

stable or not under the specific set of α and Kh (if the solution 

of power angle δ exceeds δue at any time, the system is 

unstable). In the beginning, a smaller number of selections is 

used to find the general parameter range, and then a large 

number of selections (such as 200*500 combinations in this 
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letter) are examined to get more accurate results in our study. 

The computer used for the calculations is a Lenovo ThinkPad 

with a 1.99 GHz Intel Core i7-8550U processor, 24 GB of 

RAM， and a 64-bit operating system with Win10. Using this 

laptop, it requires about 10 minutes to test all 200*500 

different combinations of α and Kh. Finally, after the large 

number selections of α and Kh are tested, the required 

parameter design space is specified automatically for transient 

stability, as shown in Fig. 4, where the stable and unstable 

operation regions are shaded and without shading, respectively. 

From there, it can be seen that α should be smaller than 3.3 

rad/s. Otherwise, the TDM can not enhance transient stability. 

With a smaller α, the allowable range for Kh becomes larger. 

However, the system dynamics will be slower. Therefore, α =3 

rad/s is chosen in this letter, and Kh must be within [16 p.u., 54 

p.u.], which agrees with the trajectory prediction in Fig. 3(a). 
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Fig. 4. The allowable range for the parameters using TDM.  

It should be noted that the detailed parameter design in Fig. 

4 is conducted under the worst-case to guarantee the robust 

operation of the VSG with variations in grid impedance. 

Suppose the lowest short circuit ratio (SCR) of the grid is 2, 

the equivalent largest grid inductance can be calculated as 12 

mH. Thus, the worst-case, i.e., Rg = 0 and Lg = 12 mH, is used 

to design the damping parameters, and the results are shown in 

Fig. 4. For a much weaker grid, the analytical method and 

damping design guidelines established in this letter can be 

easily applied. 

 
Fig.5. Experimental setup used in the experiments. 

IV. EXPERIMENTAL VALIDATION 

The experimental setup, as shown in Fig. 5, is built to verify 

the theoretical analysis, and experiments are carried out in the 

lab. The main parameters of the VSG are given in Table I. 

TABLE I MAIN PARAMETERS OF THE VSG SYSTEM USED IN EXPERIMENTS 

Parameters Description Value p.u. 

Pref Rated active power 2 kW 1.0 

Qref Rated reactive power 0 0 

V0 Rated voltage 100 V 1.0 

Vg Normal grid voltage 100 V 1.0 

ω0  Grid angular frequency 314 rad/s 1.0 

Lg Grid inductance 12 mH 0.5 

Rg Equivalent grid resistance 48 mΩ 0.006 

Dp P-f droop gain  25 Pmax/ω0 25 

J Virtual inertia 20 Pmax/ω0 20 

Dq Q-V droop gain 0.1V0/Qmax 0.1 

Kh Gain of TDM 1 Pmax/ω0 1 

Fig. 6 shows the experimental transient responses of the 

VSG. It can be observed that without TDM, a low-frequency 

oscillation is triggered by the grid fault, which confirms the 

transient stability prediction by the trajectory in the state-space 

shown with the red line in Fig. 3(a). The instability can be 

removed by enabling the TDM with Kh = 20 p.u. in Fig. 6(c). 

However, if Kh is not large enough, i.e., Kh = 10 p.u., the TDM 

cannot provide an adequate damping effect during the transient 

period, still resulting in transient instability. Maintaining the 

Kh within its allowable range as determined by Fig. 4 to supply 

more damping effect, such as Kh = 20 p.u., the system can be 

stabilized. Yet, affected by the HPF dynamics, Kh can not be 

too large. Otherwise, the system will lose synchronization 

again when Kh is increased to 60 p.u.. These experimental 

results agree well with the theoretical analysis with the state-

space trajectories depicted in Fig. 3 and the parameter range 

given in Fig. 4, which further confirms the correctness of the 

theoretical findings. 

V. CONCLUSION 
The effects of the TDM on transient stability are first studied 

in this letter. The state-space trajectories are adopted to 

illustrate that the TDM can enhance the power angle stability 

due to the more damping effects provided. However, 

influenced by the HPF dynamics, the parameters of TDM 

should be designed and chosen within a relatively limited 

range. The experimental results have verified the effectiveness 

of the theoretical analysis and the parameter range of TDM. 
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