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Abstract—Damping control plays an important role in 

suppressing the oscillation modes of virtual synchronous 

generators (VSGs). The most widely used damping control method 

through a frequency deviation feedback path is confronted with 

multiple challenging inherent contradictions among the different 

control objectives, resulting in seriously degraded control 

performance of VSGs. To resolve these contradictions 

fundamentally, this paper proposes a novel phase feedforward 

damping (PFD) control method for VSG from the perspective of 

restructuring the damping controller. It replaces the traditional 

frequency deviation feedback path with a novel damping 

controller utilizing a phase feedforward path. Then, considering 

the grid-connected and islanding operation modes, respectively, a 

detailed comparative study of the traditional damping-based VSG 

(Tra-VSG) and the PFD-based VSG (PFD-VSG) is conducted. 

Both the theoretical and experimental results demonstrate 

convincingly that the proposed PFD control method can reconcile 

the different control objects of VSG, and thus, compared with Tra-

VSG, PFD-VSG exhibits vastly superior response performance of 

the active power and the frequency in both grid-connected and 

islanding operation modes.  

 
Index Terms—Damping control, response speed, oscillation 

suppression, frequency response, virtual synchronous generators 

(VSGs), voltage-source converters (VSCs). 

I. INTRODUCTION 

ITH the development of distributed generation, the 

proportion of power electronic converters in the power 

systems is increasing very fast, thereby inducing the current 

trend towards converter-dominated power systems [1]-[3]. To 

cope with the frequency stability problems brought by the 

growing converters with low inertia and weak damping in the 

power systems, the virtual synchronous generator (VSG) 

control strategy has been proposed as an effective and 

promising solution to equip the grid-connected converters with 

the same functions and external characteristics as synchronous 

generators (SGs), e.g. providing inertia, damping, and primary 

frequency and voltage regulation services, etc., so that the 

converter-interfaced distributed generation units can be more 

compatible with the existing power grids, and thus can achieve 

a large-scale connection with the power systems easily [4]-[6].   

Due to the introduction of virtual inertia, a VSG usually 

behaves as a typical second-order dynamic system and thereby 

needs to add proper damping to suppress the oscillation modes. 

The most straightforward way is to mimic the damping 

windings of SGs, together with the swing equation [6]-[8]. 

Unfortunately, due to the lack of magnetic coupling mechanism 

of SGs, VSGs have to depend on a phase-locked loop (PLL) to 

detect the grid frequency to produce the damping power, which 

contradicts the fundamental aims of VSGs and also incurs 

potential instability risks [9], [10]. Hence, a PLL-free damping 

control method has become the most widely used way to supply 

the damping effect by using the nominal frequency instead of 

the grid frequency in the PLL-based method [11]. Nevertheless, 

this approach has multiple challenging contradictions, which 

will degrade the control performance of VSGs seriously in 

various aspects.  

a) There is a contradiction between the dynamic response 

indices of the active power, viz. the response speed and the 

overshoot suppression ability. This is an inherent problem of a 

second-order system, which the traditional PLL-free damping-

based VSG (Tra-VSG) belongs to.  

b) There is a contradiction between the goals of droop control 

and damping control. As it is well known, the droop control and 

the damping control in VSG are deployed for different purposes. 

However, the droop coefficient and the damping factor in Tra-

VSG are equivalent to one identical parameter, resulting in a 

virtual impossibility of achieving the control goals of droop and 

damping simultaneously. Moreover, the power sharing 

performance among the VSGs will also be subjected to the 

impacts of the unwanted interaction between the droop and 

damping control. 

c) There is a contradiction between the goals of accelerating 

the active power response and suppressing the frequency 

fluctuations. In power systems, active power is commonly 

expected to respond rapidly for reaching power balance fast, 

whereas it is preferable to exhibit a slow frequency dynamic 

response to restrain the fluctuations [12]. However, when 

tuning the parameters in the traditional PLL-free damping 

controller, the response speed of active power and that of 

frequency always change in the same trend, viz. becoming 
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faster or slower at the same time.  

Recently, numerous enhanced damping methods have been 

reported successively to improve the dynamic response of the 

frequency and/or the active power, including self-adapting 

parameter based, additional poles and zeros placement based, 

additional correction control loop based, virtual impedance 

based, state feedback based, Fuzzy control based, artificial 

intelligence (AI) based methods, etc. Therein, the self-adapting 

parameter based methods can obtain better dynamic responses 

of the active power and/or the frequency by regulating 

adaptively the parameters in VSG, e.g. the virtual inertia [13], 

[14], the damping factor [15], or the two parameters at the same 

time [16]-[20], etc. However, these methods are based on the 

traditional damping control structure, and therefore still fail to 

resolve the inherent contradictions mentioned above. 

Meanwhile, the nonlinearity of these methods complicates the 

design of the system. Moreover, the assessment of the stability 

and the seamless operation between the grid-connected and 

islanded modes still need further investigations. The additional 

poles and zeros placement based methods can also improve the 

damping control and optimize the dynamic response greatly by 

adding extra poles and/or zeros properly [9], [21], [22], but 

these methods usually need to utilize the derivate parts that are 

sensitive to noise, thereby being prone to incur instability. The 

additional correction control loop based methods insert one or 

more auxiliary control loops into the basic VSG controller to 

damp the power oscillations and adjust the dynamic response 

[23]-[25], which are at the cost of design complexity and risk 

of instability due to the introduction of the derivative parts. The 

virtual impedance based method takes full advantage of the 

damping effect of the output impedance to supplement the 

system damping and thus help the VSG to stabilize itself [26], 

[27]. Nevertheless, this group of methods still cannot settle the 

conflicts among the different control goals. Moreover, the 

damping effect provided by the impedance is always inadequate, 

and the auxiliary impedance will aggravate the power coupling, 

which impacts adversely on the system's performance and 

stability. The state feedback method is also used to develop a 

damping controller of VSG. Combined with a proper pole 

placement, this type of method demonstrates a strong dynamic 

response performance [28], [29]. However, these methods 

increase the design complexity dramatically, and the control 

performance heavily relies on the accuracy of the state observer 

or estimator. Moreover, fuzzy control [30], [31], and AI control 

[32], [34], have been applied to the VSG control strategy as well 

lately to improve the frequency stability, enhance the inertia 

response, and suppress the power oscillations. Despite the 

manifest superiority, this type of non-analytical method fails to 

reveal the internal mechanism. In addition, the design rules of 

the fuzzy controller must fully depend on the experience of the 

designer. The AI-based methods need to be based on long-time 

self-learning, and their complicated algorithms are difficult to 

be implemented by the present mainstream digital signal 

processors. 

As a whole, the existing literature has not presented an 

effective damping control method to reconcile the diverse 

control objectives in VSG fundamentally. Motivated by this, 

this paper proposes a simple yet highly effective damping 

control method for VSG by utilizing a phase feedforward path 

instead of the traditional frequency deviation feedback path. In 

comparison to existing literature, the main contributions made 

in this paper and their significance are summarized as follows. 

First, the proposed idea breaks the limitation of mimicking SG 

and builds a novel mechanism of producing damping power. 

Accordingly, it resolves the inherent control contradictions in 

VSG radically and avoids the trade-off of the multiple control 

objectives, thereby simplifying the controller design and 

improving the VSG performance greatly. Second, the proposed 

damping control approach is simple, linear, based on fixed 

control parameters, with no need for derivate parts, and thus can 

be easily implemented in engineering. Practically, it can 

markedly enhance the response performance of the active 

power and the output frequency of VSG simultaneously in both 

the grid-connected and islanding operation modes by tuning 

only one parameter, i.e. the damping factor. Third, based on an 

in-depth analytical study, great insights into the internal 

mechanism of the multiple contradictions among the different 

control objectives in VSG are also given in this article. 

The rest of the paper is organized as follows. In Section II, 

two groups of the most typical damping control strategies, viz. 

the traditional PLL-based and PLL-free damping control 

strategies are introduced and analyzed, and then the novel PFD 

control scheme is presented. Further, detailed comparative 

analyses between Tra-VSG and PFD-VSG under two scenarios, 

grid-connected and islanding operation modes, are conducted 

in Sections III and IV. Then, the grid-connected and islanding 

experiments are shown to verify the theoretical analysis in 

Section V. Finally, Section VI makes the concluding remarks.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

II. DIFFERENT DAMPING CONTROL METHODS OF VSGS 

Fig. 1 (a) and (b) depict a complete and a simplified diagram 

of a grid-connected VSG system, respectively. Therein, Pref and 

Qref are the active and reactive power references, P and Q are 

the output active and reactive power, uabc and iabc are the output 

voltages and output currents of VSG, E and  are the amplitude 

(in RMS) and phase of the output voltage of VSG, Lf and Cf are 

the filter inductance and capacitor, C is the DC-side capacitor, 

X is the equivalent connection impedance between the VSG and 

the grid, δ is the power angle, viz. the phase difference between 

the VSG and the grid, and U is RMS value of the grid voltage. 
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Fig. 1.  Grid-connected VSG system. (a) Diagram of circuit and control system; 

(b) Simplified diagram. 
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The VSG control achieves the regulation of the output active 

power and reactive power by controlling the phase and 

amplitude of the output voltage, respectively. The inner loop 

can employ the frequently used cascaded voltage and current 

controller to obtain better control flexibility and performance 

[35].  

Next, the different damping control methods, together with 

the VSG control, will be explained in detail.  

A. Traditional Damping Control Methods of VSGs 

1) Traditional PLL-based damping control method 

A complete VSG control strategy, including virtual inertia 

control, droop control, and damping control, can be expressed 

mathematically as  

 
g

m D

d( )

d
M P P P

t

 −
= − −  (1) 

where M = Jref, J is the virtual inertia, ref is the nominal 

angular frequency,  is the output angular frequency, g is the 

grid angular frequency, P is the output active power, PD is the 

damping power used for suppressing the oscillations, Pm is the 

virtual mechanical power produced by the droop control, and it 

can be written by 

 ( )m ref P refP P k  = − −  (2) 

where Pref is the active power reference, and kP is the P- droop 

coefficient. 

The block diagram of a VSG using a PLL-based damping 

control is depicted in Fig. 2 (a). Therein, the PLL-based 

damping controller mimics the mechanism of damping 

windings in SG, namely producing an additional damping 

power based on the deviation between the output frequency and 

the grid frequency, which can be expressed by 

 D g( )P D  = −  (3) 

where D is the damping factor. The fundamental principle of 

the PLL-based damping control is attempting to pull the active 

power back to the equilibrium point by adding PD to Pm or 

subtracting PD from Pm properly according to the sign of  − g.  

However, different from the SG, due to the lack of a physical 

magnetic field coupling mechanism like SG, VSG has to rely 

on a PLL to detect the frequency deviation, viz.  − g, to 

produce the damping power. However, the dependency of PLL 

on the grid voltage contradicts the basic objective of VSG, viz. 

having voltage source characteristics with independently-

controlled output voltage amplitude and frequency and thereby 

possessing a grid-forming ability. Consequently, the PLL-based 

method is not suitable for the current trend of converter-

dominated power systems. Besides, the PLL-based method is 

affected by the performance of the PLL and even incurs 

instability issues or failures when the grid voltage fluctuates, 

becomes distorted, or the grid is weakly connected, etc. 

2) Traditional PLL-free damping control  

 Accordingly, the PLL-based damping control method has 

been replaced by the PLL-free method. Nowadays, the PLL-

free method has become the most widely-used method, whose 

block diagram can be drawn as Fig. 2 (b). The main difference 

between the PLL-based and the PLL-free damping methods is 

that the latter uses the nominal frequency instead of the grid 

frequency to produce the damping power, thereby expressing 

the damping power as  

 D ref( )P D  = −  (4) 

 It can be seen that the damping power described by (4) has 

the same mathematical expression as the droop control 

expressed by (2). In other words, the droop coefficient and the 

damping factor play the same role in the control loop and can 

be regarded as one identical parameter. However, the function 

of the droop coefficient is to provide the frequency-supporting 

service required by the power systems and to match with the 

other converters to share the power proportionally, whereas the 

function of the damping factor is to suppress the oscillation 

modes of the control system. Practically, the optimal ranges of 

the droop coefficient and the damping factor usually do not 

overlap. As a result, the traditional PLL-free damping control 

method can hardly achieve the damping and droop control goals 

at the same time.  This is one of the major deficiencies of the 

PLL-free damping control method, and other deficiencies will 

be analyzed in detail in Sections III and IV.  

B. Proposed Phase Feedforward Damping (PFD) Control 

Method 

To address the deficiencies of the traditional PLL-free 

damping control method, this paper proposes a novel damping 

control method by utilizing a phase feedforward path instead of 

the traditional frequency deviation feedback path. The block 

diagram of a VSG employing the proposed phase feedforward 

damping method, called PFD-VSG for short, is depicted in Fig. 

3. Therein, K is the gain of the phase feedforward path. Similar 

to D in Tra-VSG, enlarging K can add the damping to the 

closed-loop system, which will be analyzed in detail hereinafter. 

For this reason, K can also be called the damping factor of 

PFD-VSG.   

Next, Sections III and IV will conduct a detailed comparative 

analysis between PFD-VSG and Tra-VSG in two typical 

applications, viz. the grid-connected operation mode and the 

islanding operation mode.  

 
(a) 

 
(b) 

Fig. 2.  Block diagram of a VSG using traditional damping control. (a) PLL-

based damping control; (b) PLL-free damping control (Tra-VSG). 

 
Fig. 3.  Block diagram of a VSG using proposed PFD control (PFD-VSG). 
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III. COMPARATIVE ANALYSIS OF TRA-VSG AND PFD-VSG 

IN GRID-CONNECTED MODE 

The grid-connected operation mode is analyzed firstly, and 

the system configuration is as shown in Fig. 1. The main 

parameters used for the analyses and the later tests are listed in 

TABLE I. 

Accordingly, the closed-loop block diagrams of the grid-

connected Tra-VSG and PFD-VSG systems can be drawn in 

Figs. 4−5, respectively. Therein, s is the Laplace operator, SE is 

the synchronizing power coefficient, satisfying SE = 3EUcosδ/X 

≈ 3EU/X. 

 The output active power and frequency of the grid-connected 

VSG are the most concerned output variables, and their 

dynamic response characteristics can be used to evaluate the 

performance of the control strategies and the parameters inside. 

Based on the closed-loop models of Tra-VSG and PFD-VSG, 

the dynamic characteristics of the active power and frequency 

are comparatively analyzed as follows. Subsequently, the 

system stability is also compared. 

A. Dynamic Characteristics of Output Active Power 

1) ∆P/∆Pref 

According to the closed-loop model of the grid-connected 

Tra-VSG shown in Fig. 4, the active power closed-loop transfer 

function of the Tra-VSG can be expressed as 

 E
PPref_Tra 2

ref P E

( )
( )

SP
G s

P Ms k D s S


= =

 + + +
 (5) 

where the subscript “Tra” or the later “PFD” are used to state 

that the variable or function is specifically used for the Tra-VSG 

or PFD-VSG.  

 It can be found that GPPref_Tra(s) represents a typical second-

order system, whose characteristic function is 

 
2

P E( ) 0Ms k D s S+ + + =  (6) 

where the undamped natural angle frequency n and the 

damping ratio  can be obtained as 

 E P
n_Tra Tra

E

,
2

S k D

M MS
 

+
= =　　  (7) 

 Likewise, the active power closed-loop transfer function of 

the PFD-VSG can be obtained from Fig. 5 as 

 ω P E E
PPref_PFD 2

ref P ω P E E

( )
( )

K k S s SP
G s

P Ms k K k S s S

+
= =

 + + +
 (8) 

 Then, the characteristic function of the PFD-VSG is 

 
2

P ω P E E( ) 0Ms k K k S s S+ + + =  (9) 

Further, calculating the corresponding undamped natural 

angle frequency and the damping ratio yields, respectively, 

 P ω P EE
n_PFD PFD

E

,
2

k K k SS

M MS
 

+
= =　　  (10) 

By comparing (7) and (10),  it can be seen that they have the 

same natural frequency, and the role of damping factor D in the 

damping ratio is replaced with kPKωSE. Hence, once kP and SE 

are set, K plays the same role in the PFD-VSG as D in the 

damping control of Tra-VSG. Therefore, K can be regarded as 

the damping factor of PFD-VSG. Regulating D in Tra-VSG or 

K in PFD-VSG can make an adjustment of the damping ratio. 

 Moreover, compared with GPPref_Tra(s), GPPref_PFD(s) has an 

extra derivative term in the numerator, which brings a zero to 

the system. This derivative term can predict the occurrence of 

an overshoot ahead of time and produce a proper counteraction 

timely to hinder the tendency towards a too large overshoot. 

Therefore, it can help in accelerating the dynamic response of 

the active power. It should be emphasized that despite 

benefiting from the derivative term in GPPref_PFD(s), the actual 

control scheme does not include a derivative part, and hence 

avoids a potential instability risk caused by a derivative control. 

Fig. 6 presents the bode diagrams of ∆P/∆Pref of Tra-VSG 

and PFD-VSG with the different damping ratios, respectively, 

which illustrate the active power dynamic characteristics 

following an active power reference disturbance. 

 As explained before, GPPref_Tra(s) of Tra-VSG is a typical 

second-order system. Therefore, as shown in Fig. 6 (a), if the 

damping ratio is too small, e.g.  = 0.4, the bode diagram will 

exhibit a resonance peak before the cutting frequency, which 

indicates that an oscillation at the resonance frequency will 

appear. By enlarging the damping ratio, the resonance peak will 

be suppressed gradually, thereby inhibiting the overshoots of 

the step response. However, on the other hand, the increase of 

the damping ratio also narrows the bandwidth, implying a 

slower dynamic response. As a consequence, the tuning of the 

damping ratio for Tra-VSG has to trade off the overshoot 

suppression ability against the response speed. Generally, it is 

advisable to select the damping ratio in the interval of [0.707, 

1]. 

 
Fig. 4.  Block diagram of the closed-loop model of a grid-connected Tra-VSG.  

 

 
Fig. 5.  Block diagram of the closed-loop model of a grid-connected PFD-VSG.  

TABLE I 

MAIN PARAMETERS FOR SINGLE-UNIT GRID-CONNECTED SYSTEM 

Parameter Description Value 

Un Nominal/basic voltage 220 V (RMS) 

Pn Nominal/basic power 10 kW 

U Grid voltage (phase-ground) 220 V (RMS) 

Udc DC-side voltage 750 V 

fs Switching frequency 10 kHz 

C DC-side capacitor 850 F 

Lf Filter inductance 0.4 mH 

Cf Filter capacitor 30 F 

ref Nominal angular frequency 100 rad/s (50 Hz) 

g Grid angular frequency 100 rad/s (50 Hz) 

J Moment of inertia  1 kg·m2 

kP Droop coefficient 5000/ W/(rad/s) 

X Connection impedance 0.22 pu 
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 By contrast, the zero that exists in GPPref_PFD(s) of PFD-VSG 

has a significant impact on the dynamic response of the active 

power. First, as shown in Fig. 6 (b), the increase of the damping 

ratio also restrains the resonance peak and weakens the 

oscillations, which is similar to Tra-VSG. Nevertheless, 

opposite to Tra-VSG, augmenting the damping ratio of PFD-

VSG will increase the bandwidth, which suggests that a larger 

damping ratio can bring a faster dynamic response. To sum up, 

enlarging the damping ratio of PFD-VSG can make both the 

overshoot suppression ability and the dynamic response speed 

of the active power move towards the optimal performance 

indices at the same time. Hence, for PFD-VSG, a larger 

damping ratio , viz. a larger damping factor K, is desirable.  

 In conclusion, according to the above theoretical analysis, we 

can discover the first important advantage of PFD-VSG over 

Tra-VSG: PFD-VSG resolves the contradiction between the 

response speed and overshoot suppression ability of the active 

power, and thus it can obtain a fast active power response with 

no overshoots.  

2) ∆P/∆g 

The closed-loop transfer functions of Tra-VSG and PFD-

VSG from the grid frequency disturbance to the output active 

power can be expressed as 

 
( )E P

Pωg_Tra 2
g P E

( )
( )

S Ms k DP
G s

Ms k D s S

+ +
= = −

 + + +
 (11) 

 
( )E P

Pωg_PFD 2
g P ω P E E

( )
( )

S Ms kP
G s

Ms k K k S s S

+
= = −

 + + +
 (12) 

 It can be observed from (11) and (12) that both of them are 

typical second-order systems with a zero. When D = KkPSE, 

they have the same characteristic functions, and the main 

differences between them are the steady-state gains and the 

locations of the zeros. The bode diagrams of ∆P/∆g of Tra-

VSG and PFD-VSG with varying damping ratios can be plotted 

in Fig. 7 (a) and (b), respectively.  

 First, both the resonance peaks of Tra-VSG and PFD-VSG 

can be suppressed with the increase of the damping ratio. 

Second, as the damping ratio grows, the steady-state gain of 

Tra-VSG rises continuously, meaning that the output active 

power will go up. Essentially, this is the result of the unwanted 

impacts of the traditional PLL-free damping controller on the 

droop control. Conversely, no matter how the damping ratio 

varies, the steady-state gain of PFD-VSG always maintains a 

constant of 64 dB, matching with the pre-set droop coefficient 

kP = 10 kW/Hz exactly.  

 Mathematically, the active power dynamic response of Tra-

VSG and PFD-VSG can be expressed as 

 Tra PPref_Tra ref Pωg_Tra ref g( ) ( )( )P G s P G s  = − −  (13) 

 ( )PFD PPref_PFD ref Pωg_PFD ref g( ) ( )P G s P G s  = − −  (14) 

 Calculating the limits of (13) and (14) yields 

( )

( )( )

0_Tra PPref_Tra ref Pωg_Tra ref g
0 0

ref P ref g

lim ( ) lim ( )
s s

P G s P G s

P k D

 

 

→ →
= − −

= + + −
 (15) 

( )

( )

0_PFD PPref_PFD ref Pωg_PFD ref g
0 0

ref P ref g

lim ( ) lim ( )
s s

P G s P G s

P k

 

 

→ →
= − −

= + −

 (16) 

By comparing (15) and (16), it can be seen that, due to the 

effect of the damping control, the equivalent droop coefficient 

of Tra-VSG changes from kP to kP+D, whereas the droop 

coefficient of PFD-VSG is always kP and free from the 

influence of the damping control. Hence, for PFD-VSG, 

increasing the damping factor only enhances the ability to 

suppress dynamic oscillations but does not impact the static 

droop control. This is the second advantage of PFD-VSG: PFD-

VSG eliminates the interactions between the droop control and 

the damping control.  

B. Dynamic Characteristics of Output Frequency 

1) ∆/∆Pref 

The closed-loop transfer functions of Tra-VSG and PFD-

VSG from the active power reference to the output angular 

frequency can be derived as 

 ωPref_Tra 2
ref P E

( )
( )

s
G s

P Ms k D s S


= =

 + + +
 (17) 

( )
ωPref_PFD 2

ref P ω P E E

( )
s

G s
P Ms k K k S s S


= =

 + + +
 (18) 

 When D = KkPSE, Tra-VSG and PFD-VSG have the same 

frequency dynamic response under a disturbance of active 

power reference. Likewise, the bode diagrams of GPref_Tra(s) 

and GPref_PFD(s) for different damping ratios are plotted in Fig. 

8. It can be seen that both the bode diagrams show resonance 

peaks around the damped natural frequency, indicating that the 

dynamic response waveforms of output frequency in the time 

domain will have oscillations or overshoots during a step. With 

the increase of the damping ratios, the resonance peaks of the 

two methods both decline but cannot be eliminated thoroughly, 

showing that the overshoots of the time-domain waveforms 

cannot be suppressed completely.  
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Fig. 6.  Bode diagrams of active power responses under a disturbance of active 

power reference (∆P/∆Pref) for a grid-connected VSG system. (a) Tra-VSG; (b) 
PFD-VSG.  
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2) ∆/∆g 

Then, the closed-loop transfer functions of Tra-VSG and 

PFD-VSG from the grid angular frequency to the output angular 

frequency can also be obtained as 

 E
ωωg_Tra 2

g P E

( )
( )

S
G s

Ms k D s S






= =

 + + +
 (19) 

( )
E

ωωg_PFD 2
g P ω P E E

( )
S

G s
Ms k K k S s S






= =

 + + +
 (20) 

Similarly, when D = KkPSE, the frequency dynamic 

responses of Tra-VSG and PFD-VSG following a grid 

frequency disturbance can be described by an identical second-

order system. The corresponding bode diagrams for different 

damping ratios are shown in Fig. 9. In normal cases, the 

damping ratio is commonly chosen between 0.707 and 1 to 

balance the overshoot suppression performance and the 

response time. However, the output frequency response of a 

grid-connected VSG is a very special case, which aims at 

restraining the fluctuations and slowing down the changing rate. 

Therefore, both Tra-VSG and PFD-VSG prefer larger damping 

ratios to achieve more desirable output frequency responses.  

 By summarizing the impacts of the damping controllers of 

Tra-VSG and PFD-VSG on the active power and frequency 

responses, it can be concluded that, compared with Tra-VSG, 

PFD-VSG can reconcile the need for fast active power response 

and the desire for slow output frequency response. Specifically, 

for Tra-VSG, when the damping ratio is adjusted, the response 

speed of active power and that of frequency will change in the 

same trend, and in other words, the active power and frequency 

responses will become either faster or slower at the same time. 

However, the active power expects a faster response, while a 

slower output frequency response is desirable. Consequently, 

the tuning of the damping ratio of Tra-VSG needs to balance 

the dynamic responses of the active power and the frequency, 

while for PFD-VSG, adding the damping ratio can accelerate 

the active power response and slow down the output frequency 

response simultaneously. Hence, both the optimal 

performances of the active power and the frequency can easily 

be achieved. This is the third advantage of PFD-VSG over Tra-

VSG: PFD-VSG resolves the contradiction between the 

objectives of the active power and the frequency control. 

 As a whole, the above theoretical analyses demonstrate the 

proposed PFD-VSG can resolve the inherent contradictions in 

Tra-VSG, indicating that the PFD-VSG has better control 

performance of the active power and the frequency. Moreover, 

because PFD removes the coupling between the droop control 

and the damping control, the pivotal parameters in PFD-VSG, 

including virtual inertia J, droop coefficient kP, and damping 

factor K, can be designed easily and flexibly. First, the virtual 

inertia J is selected considering the grid requirements and the 

dynamic characteristics of the DC-side generation source. Then, 

the droop coefficient kP is chosen to meet the requirements of 

the primary frequency control. Third, when J and kP are set, the 

damping factor K can be calculated according to the optimal 

damping ratio . Generally, it is suggested that  is larger than 

1, and   around 2 is desirable in the above case.  

C. Stability Analysis of Grid-connected System 

Notice that when choosing the same damping ratio, the Tra-

VSG and PFD-VSG have identical characteristic equations, viz. 

(6) and (9). Therefore, the locations of the poles do not change 

following the insertion of the feedforward damping path. 

Namely, the PFD does not influence the absolute stability of the 

gird-connected VSG. Nevertheless, due to the introduction of 

zero, the relative stability will be impacted, which can be 

quantified by the stability margins.  

The open-loop transfer functions of the grid-connected Tra-

VSG and PFD-VSG system can be obtained as 

 
E

ol_Tra 2
P

( )
( )

S
G s

Ms k D s
=

+ +
 (21) 

 ω P E E
ol_PFD 2

P

( )
K k S s S

G s
Ms k s

+
=

+
 (22) 

  Accordingly, the bode diagrams of (21) and (22) are plotted 

in Fig. 10. It can be seen that when the damping ratio  is set as 

0.4, 0.707, 1, and 2, respectively, the phase margins (PMs) of 

Tra-VSG are 43.1°, 65.5°, 76.3°, and 86.4°, whereas the PMs 

of PFD-VSG are 43.6°, 69.4°, 83.1°, and 92.1°. It can be found 

that the PM of PFD-VSG is enlarged due to the effect of the 

additional zero, and thereby the PFD-VSG exhibits superior 

stability to the Tra-VSG. Besides, enlarging the damping ratio 

is beneficial to stability and both the Tra-VSG and PFD-VSG 
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Fig. 8.  Bode diagrams of output frequency responses under a disturbance of 

active power reference (∆/∆Pref) for a grid-connected VSG system. (a) Tra-

VSG; (b) PFD-VSG.  
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Fig. 10.  Bode diagrams of open-loop transfer functions of grid-connected VSG 
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will have desirable PMs when the damping ratio is set 

reasonably, e.g.  ≥ 0.707.  

On the other hand, the declining slope in the high-frequency 

range of the PFD-VSG becomes −20dB/dec while the Tra-VSG 

is −40dB/dec, implying that PFD-VSG has a reduced rejection 

ability of high-frequency interference. Fortunately, the inputs 

of the feedforward damping path of PFD-VSG are the angular 

frequency reference and the output of the inertia controller. The 

former always keeps constant during the operation, and the 

latter always changes very slowly because of the big virtual 

inertia. Thereby, the reduction in the rejection ability of high-

frequency signals will not exert a great influence on the anti-

interference performance of PFD-VSG. 

IV. COMPARATIVE ANALYSIS OF TRA-VSG AND PFD-VSG 

IN ISLANDING MODE 

In this section, the performances of Tra-VSG and PFD-VSG 

in the islanding operation mode are analyzed comparatively. 

Here, a parallel two-unit system connected to a common load is 

taken as a paradigm of the islanding operation for the later 

analysis, which is depicted in Fig. 11. Similar conclusions can 

also be drawn according to a larger multiple-unit system. The 

differentiated parameters of the units are listed in TABLE II, 

and the other parameters of the units are still set uniformly 

according to TABLE I.  

A. Modeling of a Two-unit System with a Common Load  

The block diagram of the equivalent closed-loop model of 

the parallel Tra-VSG and PFD-VSG system can be drawn as 

Fig. 12 (a) and (b), respectively [36]. Then, the allocated active 

power for the ith unit can be calculated as  

 ( ) EE1 E2
load

E1 E2 E1 E2

i
i i j

SS S
P P

S S S S
  =  −  + 

+ +
 (23) 

where i and j indicate the serial number of the units, here i = 1, 

j = 2 or i = 2, j = 1, Pload is the disturbance of the common load, 

and SEi is the synchronizing power coefficient of the ith unit, 

satisfying  

 E

3
cos , 1, 2.i i

i i
i

EU
S i

X
d= =  (24) 

 The equivalent open-loop transfer functions from the 

allocated active power to the output phase and the output 

angular frequency of the ith Tra-VSG or PFD-VSG, which are 

highlighted by purple and green backgrounds in Fig. 12 (a) and 

(b), respectively, can be described mathematically by  

 
( )

Tra,

ol_θP, Tra, 2
Tra, P

1
, 1, 2.

i

i
i i i i

G i
P M s k D s


= = =

 + +
 (25) 

 
PFD, ω P
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i i i
i

i i i

K k s
G i

P M s k s

 +
= = =

 +
 (26) 

 
Tra,
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1
, 1, 2.

i

i
i i i i

G i
P M s k D


= = =

 + +
 (27) 

 
PFD,

ol_ωP, PFD,
PFD, P

1
, 1, 2.

i

i
i i i

G i
P M s k


= = =

 +
 (28) 

where the subscripts “Tra” or “PFD” are used to state that the 

variable or function is specifically used for the Tra-VSG or 

PFD-VSG, similarly hereinafter.  

Then, the closed-loop active power transfer functions of the 

ith Tra-VSG and PFD-VSG can be derived as  

 
Tra,

P_Tra,
ol_θP, Tra, Eload

ol_θP, Tra, E

1
( )

( ) 1
1

( ) 1

i

i
i i

j j

P
G s

G s SP

G s S


= =

−
+

−

 (29) 
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i
i i

j j

P
G s

G s SP

G s S


= =

−
+

−

 (30) 

where i = 1, j = 2 or i = 2, j = 1. 

Further, the closed-loop frequency transfer functions of the 

ith Tra-VSG and PFD-VSG can be written as 

 
Tra, ol_ωP, Tra,

ω_Tra,
ol_θP, Tra, Eload
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 (31) 
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ol_θP, PFD, Eload

ol_θP, PFD, E

( )
( )

( ) 1
1

( ) 1

i i

i
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Fig. 11.  Diagram of a two-unit system with a common load.  

TABLE II 
DIFFERENTIATED PARAMETERS FOR THE TWO-UNIT SYSTEM 

Description Unit #1 Unit #2 

Basic/Nominal power Pn1 10 kW Pn2 20 kW 

Moment of inertia  J1 1 kg·m2 J2 4 kg·m2 

Droop coefficient kP1 5/ kW/(rad/s) kP2 10/ kW/(rad/s) 

Connection impedance X1 0.2 pu X2 0.4 pu 

Damping ratio ζ1 
Case I: [0.4, 2] 
Case II: 1 

ζ2 
Case I: ζ2 = ζ1 
Case II: [0.4, 2] 
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Fig. 12.  Block diagram of the equivalent closed-loop model of the parallel two-

unit system with a common load. (a) Tra-VSG; (b) PFD-VSG. 
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where i = 1, j = 2 or i = 2, j = 1.  

 By using the closed-loop transfer functions, the dynamic 

response characteristics of the active powers and the output 

angular frequencies can be analyzed further. 

B. Case I: ζ1 = ζ2 

The case in which the units have the same damping ratio is 

firstly considered.  

1) Dynamic response of output active power  

Comparing (29) and (30), the active power transfer functions 

of Tra-VSG and PFD-VSG have the same forms but different 

poles and zeros. The corresponding bode diagrams are plotted 

in Figs. 13−14, respectively.  

First, it can be seen that, for both the Tra-VSGs and PFD-

VSGs, when the system is undamped, the bode diagram of unit 

#1 has a concave resonance peak while unit #2 has a convex 

one. It implies that the step response of unit #1 has a descending 

overshoot while that of unit #2 has an ascending overshoot. 

Then, as the damping ratios increase, the resonance peaks of 

Tra-VSGs and PFD-VSGs are both reduced, which indicates 

smaller oscillations and overshoots. Differently, the resonance 

peak of Tra-VSG disappears when ζ ≥ 1, whereas the resonance 

peak of PFD-VSG is eliminated until ζ ≥ 2. Second, adding the 

damping ratios narrows the bandwidths of both the Tra-VSGs 

and thus the Tra-VSGs will exhibit slower dynamic responses. 

Conversely, both the PFD-VSGs will get larger bandwidths 

with the increase of damping ratios, thereby having faster 

dynamic responses. In other words, the Tra-VSGs in the 

islanding operation mode also face the same contradiction as 

the grid-connected mode, viz. the contradiction between 

obtaining faster dynamic response and enhancing the overshoot 

suppress ability. By contrast, the PFD-VSGs in islanding mode 

can resolve this contradiction as well and it can achieve better 

dynamic performance than the Tra-VSGs. Third, because the 

per-unit values of the parameters of the two units in (29) and 

(30) are well-matched, for Tra-VSG and PFD-VSG, the ratios 

of the steady-state gains of unit #1 and unit #2 are equal to 

kP1/kP2, and do not change following the damping ratios. It 

indicates that the active power can be shared as planned for both 

the Tra-VSG and PFD-VSG system under Case I. 

2) Dynamic response of output frequency  

Figs. 15−16 show the bode diagrams of the output angular 

frequency responses of the Tra-VSGs and the PFD-VSGs, 

respectively, according to (31) and (32).  

With the increase of the damping ratios, the gains of both the 

Tra-VSGs in the low-frequency range decrease gradually, while 

the low-frequency gains of the PFD-VSGs remain unchanged. 

Calculating the limits of G_Tra(s) and G_PFD(s) at zero, 

respectively, yields 

 ω_Tra,
0

P1 1 P2 2

1
lim ( ) , 1, 2.i
s

G s i
k D k D→

= =
+ + +

 (33) 

 ω_ PFD,
0

P1 P2

1
lim ( ) , 1, 2.i
s

G s i
k k→

= =
+

 (34) 

  It can be seen that the equivalent droop coefficient of the 

parallel Tra-VSG system declines as the damping factors grow. 

Consequently, the -P characteristics will become excessively 

flat, resulting in a risk of turning a small error in the control 

system, e.g. the sampling error, into an extremely large error of 

the output active power. On the contrary, the proposed phase 

feedforward damping control method can avoid this negative 

impact. No matter how the damping factors of the PFD-VSGs 

vary, the steady-state gains of G_PFD,1(s) and G_PFD,2(s) are 

always dominated by the pre-set droop coefficients, so that the 

system can always maintain the pre-designed optimal droop 

characteristics.  

 In terms of dynamic responses, unit #1 of the parallel Tra-

VSG system always has a small and gentle resonance peak at a 

few Hz even when ζ ≥ 1, which implies that an overshoot will 

occur after a load disturbance, whereas both the PFD-VSGs 

have no resonance peaks and thereby no overshoots. Moreover, 

all the magnitudes in the high-frequency range of the Tra-VSGs 
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Fig. 15.  Bode diagrams of output frequency responses of Tra-VSGs under 

Case I (ζ1 = ζ2). (a) Unit #1; (b) Unit #2.  
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Fig. 16.  Bode diagrams of output frequency responses of PFD-VSGs under 

Case I (ζ1 = ζ2). (a) Unit #1; (b) Unit #2.  
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Fig. 13.  Bode diagrams of active power responses of Tra-VSGs under Case I 

(ζ1 = ζ2). (a) Unit #1; (b) Unit #2.  
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Fig. 14.  Bode diagrams of active power responses of PFD-VSGs under Case I 

(ζ1 = ζ2). (a) Unit #1; (b) Unit #2.  
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and PFD-VSGs drop at a slope of −20dB/dec, and thereby both 

the Tra-VSG and PFD-VSG have a decent rejection ability of 

high-frequency interference in this islanding case.  

C. Case II: ζ1 ≠ ζ2 

This section will further discuss the case of the units with 

different damping ratios. Specifically, keep ζ1 equal to 1 and 

change ζ2 in the range of [0.4, 2], and observe the responses of 

the output active power and frequency of the two units. 

1) Dynamic response of output active power  

Calculating the limits of GP_Tra(s) and GP_PFD(s), respectively, 

yields 

 P
P_Tra,

0
P1 1 P2 2

lim ( ) , 1, 2.i i
i

s

k D
G s i

k D k D→

+
= =

+ + +
 (35) 

 P
P _ PFD,

0
P1 P2

lim ( ) , 1, 2.i
i

s

k
G s i

k k→
= =

+
 (36) 

 Therefore, the power sharing between the units can be 

obtained as 

 
P_Tra,1Tra,1 0 P1 1

Tra, 2 P_Tra, 2 P2 2
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lim ( )

lim ( )
s

s

G sP k D

P G s k D
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 +
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 +
 (37) 
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PFD, 2 P_ PFD, 2 P2
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s
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G sP k

P G s k
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→


= =


 (38) 

According to (37), the active power sharing proportion 

between the Tra-VSGs depends on both the droop coefficients 

and damping factors. When kP1, kP2, and D1 are set, the variation 

of D2 will have a remarkable impact on the active power sharing. 

When ζ2 increases, viz. D2 increases, ΔP1/ΔP2 will get smaller, 

deviating from the planned sharing ratio. It can be proved by 

the bode diagrams of the Tra-VSGs as shown in Fig. 17. With 

the enlargement of ζ2, the steady-state gain of unit #1 declines 

continuously while the steady-state gain of unit #2 goes up 

accordingly.  

By contrast, for the parallel PFD-VSG system, the steady-

state gains of the units always remain unchanged, as shown in 

Fig. 18. It can be seen from (38) that no matter how ζ2 varies, 

the active power sharing between PFD-VSGs always remains 

to be the planned ratio of the droop coefficients, viz. kP1/kP2, 

which is independent of the damping factors. Generally, the 

droop coefficients are set according to the power ratings of the 

units. In a conclusion, the PFD-VSG eliminates the negative 

impact of the damping control on the droop control, and hence 

the PFD-VSG is more advantageous to accurate power sharing 

than the Tra-VSG. 

 Concerning the transient characteristics, the increase of ζ2 

can suppress the resonance peaks of the two units. However, 

when ζ2 is too large, the reverse resonance peaks appear instead, 

indicating the occurrence of reverse overshoots in the time-

domain waveforms. The reason for this phenomenon is that the 

difference between the damping ratios of the two units is too 

great. Accordingly, it is satisfying to choose ζ2 larger slightly 

than ζ1 for parallel PFD-VSG systems. As for Fig. 17, ζ2 = 1.5 

is a good choice. 

2) Dynamic response of output frequency  

The bode diagrams of the output frequency responses for 

parallel Tra-VSG system and parallel PFD-VSG system are 

shown in Figs. 19−20, respectively. 

For a parallel Tra-VSG system, both the steady-state gains of 

the two units descend following the growth of ζ2. On the 

contrary, for a parallel PFD-VSG system, the steady-state gains 

of the two units keep unchanged. Therefore, the Tra-VSGs 

increase the risk of producing a large control error due to a too 

flat -P characteristic, whereas the PFD-VSGs can always 

maintain the optimal droop characteristics, regardless of the 

tuning of the damping control, which is the same as in Case I. 

In terms of the dynamic response, due to the difference 

between the damping ratios of the Tra-VSGs, a growing convex 

resonance will arise in the bode diagram of the first Tra-VSG 

as ζ2 increases to a certain extent, e.g. ζ2 ≥ 1 in Fig. 19 (a), while 
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Fig. 19.  Bode diagrams of output frequency responses of Tra-VSGs under 

Case II (ζ1 ≠ ζ2). (a) Unit #1; (b) Unit #2.  
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Fig. 20.  Bode diagrams of output frequency responses of PFD-VSGs under 

Case II (ζ1 ≠ ζ2). (a) Unit #1; (b) Unit #2. 

-14
-12

-10

-8

-6

-4

-30

0

30

GP_Tra, 1(s)

Frequency (Hz)
10-1 101 102 103100

M
ag

n
it

u
d

e 
(d

B
)

P
h

as
e 

(d
eg

)

2 = 0.4
2 = 0.707
2 = 1

2 = 1.5

2 = 22   

2   

2   

-8

-6

-4

-2

-20

-10

0

10

GP_Tra, 2(s)

Frequency (Hz)
10-1 101 102 103100

M
ag

n
it

u
d

e 
(d

B
)

P
h

as
e 

(d
eg

)

2 = 0.4
2 = 0.707
2 = 1

2 = 1.5

2 = 2

2   

2   

2   

 
(a)               (b) 

Fig. 17.  Bode diagrams of active power responses of Tra-VSGs under Case II 
(ζ1 ≠ ζ2). (a) Unit #1; (b) Unit #2.  
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Fig. 18.  Bode diagrams of active power responses of PFD-VSGs under Case 
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the second Tra-VSG does not produce any resonance peaks. In 

contrast, for the parallel PFD-VSG system, both the PFD-VSGs 

do not exhibit any resonance peaks with the rise of ζ2. Therefore, 

the first Tra-VSG will have an overshoot during a load change 

while both the PFD-VSGs will not. Besides, they have the same 

ability to reject the high-frequency interference due to the same 

declining speed (−20dB/dec) in the high-frequency range.  

D. Stability Analysis of Islanding System 

According to Fig. 12, the open-loop transfer functions of the 

Tra-VSGs and PFD-VSGs can be obtained as 

 
ol_θP, Tra,

ol_Tra,
ol_θP, Tra,

, 1, 2.
1

i

i
i

K G
G i

K G


= =

+ 
 (39) 

 
ol_θP, PFD,

ol_PFD,
ol_θP, PFD,

, 1, 2.
1

i

i
i

K G
G i

K G


= =

+ 
 (40) 

where K = SE1SE2/(SE1+SE2). 

 Then, keep ζ1 equal to 1 and change ζ2 in the range of [0.4, 

2]. The bode diagrams of the open-loop transfer functions of the 

Tra-VSGs and PFD-VSGs can be plotted further in Figs. 21−22. 

It can be seen that under different damping ratios, both the Tra-

VSG and PFD-VSG have sufficiently large PMs (around 90°). 

Therefore, it can be concluded that both the islanding Tra-VSG 

and PFD-VSG systems exhibit very fine stability. Besides, it 

should be emphasized that, although the declining slope in the 

high-frequency range of the open-loop bode plots of the PFD-

VSG becomes −20dB/dec which seems smaller than −40dB/dec 

of the Tra-VSG, by comparing the closed-loop responses of the 

two output variables, viz. the output active power and angular 

frequency as shown in Figs. 17−20, the Tra-VSG and PFD-

VSG systems have the same closed-loop declining slope in the 

high-frequency range, implying that the islanding Tra-VSG and 

PFD-VSG systems have a similar anti-interference ability of the 

responses of the active power and output frequency. 

V. EXPERIMENTAL VERIFICATION 

 A hardware-in-loop (HIL) platform is built to verify the 

aforesaid theoretical conclusions, whose photograph and setup 

are shown in Fig. 23. Therein, the tested circuits operate in real 

time with a step size of 8 μs in the target machine, and the 

control algorithms of the Tra-VSGs or the PFD-VSGs run in 

DSPs TMS320F28335 with clock cycles of 1/150 μs. The 

conversion and communication of the signals between the 

target machine and DSP peripheral circuit are realized by 

multifunction I/O cards Humusoft MF624. The waveforms and 

data are monitored and recorded by an oscilloscope in real time.  

The experiments are conducted in two scenarios, viz. a 

single-unit grid-connected system, and a parallel two-unit 

system with a common load, to verify the performance of the 

proposed damping control method in grid-connected mode and 

islanding mode, respectively. The tested systems and the 

experimental parameters are the same as those used for the 

foregoing theoretical analysis, as shown in Fig. 1 (a) and Fig. 

11 and listed in TABLEs I and II, respectively.  

A. Single-Unit Grid-connected System 

This section is to test the grid-connected performance by 

using a single-unit system connecting to the grid.  

1) ∆Pe/∆Pref 

The active power waveforms of Tra-VSG and PFD-VSG in 

the case that Pref steps up from 0 to 5 kW at t0 are shown in Fig. 

24 (a) and (b), respectively. Therein, the colorful solid lines are 

the experimental waveforms, and the black thin dotted lines are 

the results of the theoretical models built in Section III, which 

are the same as the later experimental waveforms. It can be 

observed that the theoretical results coincide very closely with 

the experimental results. 

According to Fig. 24 (a), in terms of Tra-VSG, with the 

increase of the damping ratio , the overshoot is suppressed 

gradually. When  ≥ 1, the overshoot disappears completely. 

On the other hand, a greater damping ratio also makes the 

settling time to become longer, indicating a slower response.  

It can be further observed from Fig. 24 (b) that, for PFD-VSG, 

I/O card
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Target machine

Host machine

Plant model
Signal conversion & 

communication
Controller
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Fig. 23.  Photograph and setup of the HIL platform. 
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Fig. 21.  Bode diagrams of open-loop transfer functions of Tra-VSGs (ζ1 = 1, ζ2 

= 0.4, 0.707, 1, 2). (a) Unit #1; (b) Unit #2. 
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the overshoot can also be restrained effectively by increasing 

the damping ratio . But, due to the effect of the zero, there still 

exists a little overshoot when  = 1. The overshoot disappears 

finally until  ≥ 2. Concerning the response time, PFD-VSG has 

an opposite rule compared with Tra-VSG. Namely, adding the 

damping ratio of the PFD-VSG reduces the settling time of the 

active power, thereby obtaining a faster dynamic response. 

Accordingly, an optimal K can be found to achieve a no-

overshoot and fast response at the same time.  

 The above experimental results demonstrate the superiority 

of the PFD-VSG over Tra-VSG in addressing the contradiction 

between a stronger overshoot suppression ability and a faster 

response of the output active power, which is consistent with 

the previous theoretical analysis.  

2) ∆Pe/∆g 

Fig. 25 (a) and (b) show the active power waveforms of Tra-

VSG and PFD-VSG following a grid frequency disturbance. To 

begin with, the VSG operates stably with Pref = 5 kW. At t0, the 

grid frequency steps down from 50 Hz to 49.9 Hz.  

  Concerning Tra-VSG, according to Fig. 25 (a), although the 

oscillation is inhibited with the increase of the damping ratio, 

yet the steady-state value of active power after the disturbance 

becomes undesirably large. Actually, according to the pre-set 

droop coefficient kP, viz. 10 kW/Hz, the steady-state value of 

active power should stay at 6 kW. However, due to the 

unwanted effect of the damping control, except for the 

deviation caused by the droop control, an extra error is also 

produced. Taking the case of  = 1 as an example, viz. D = 62 

kW/Hz accordingly, the extra error even reaches 6.2 kW (P = 

12.2 kW). As a consequence, it would incur severely uneven 

power sharing problems and possibly an overload fault.  

Unlike Tra-VSG, the output active power of PFD-VSG with 

different K after the grid frequency disturbance always 

maintains at the planned value of 6 kW. Therefore, it validates 

the advantage of PFD-VSG over Tra-VSG in avoiding the 

adverse impacts of the damping control on the droop control.  

 Besides, for PFD-VSG, the settling time of active power will 

decrease at first and rise afterwards as the damping ratio 

increases. Accordingly, there is an optimal value of K to obtain 

the best dynamic performance ( = 2 is superb in this test).   

3) ∆/∆Pref 

 Fig. 26 shows the output frequency response waveforms of 

the Tra-VSG and PFD-VSG following an active power 

reference step from 0 to 5 kW at t0, which look the same because 
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Fig. 25.  Active power response waveforms of a grid-connected VSG with 

different damping ratios when the grid frequency steps from 50 Hz to 49.9 Hz 
at t0. (a) Tra-VSG; (b) PFD-VSG. 
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Fig. 26.  Response waveforms of the output frequency of a grid-connected VSG 

with different damping ratios when the active power reference steps from 0 to 

5 kW at t0. (a) Tra-VSG; (b) PFD-VSG. 
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Fig. 27.  Response waveforms of the output frequency of a grid-connected VSG 
with different damping ratios when the grid frequency steps from 50 Hz to 49.9 

Hz at t0. (a) Tra-VSG; (b) PFD-VSG. 
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Fig. 24.  Active power response waveforms of a grid-connected VSG with 

different damping ratios when the active power reference steps from 0 to 5 kW 

at t0. (a) Tra-VSG; (b) PFD-VSG. 
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their transfer functions can be regarded as one when their 

damping factors are matched. Hence, the Tra-VSG and PFD-

VSG can be discussed together.  

 It can be seen that the growing damping ratios can make the 

overshoots smaller, the rise times shorter, and the settling times 

shorter at first and longer afterwards. Meanwhile, as the 

damping ratios rise, the overshoots can be reduced continuously 

but cannot be eliminated, which agrees with the theoretical 

analysis based on Fig. 8. Practically, very large damping ratios 

can make the overshoots so small that the maximum deviations 

are not too far from the final steady-state values. In this case, 

although the settling times increase, the variation rates of the 

frequencies also decline, which is more favorable to the 

frequency stability. From this perspective, larger damping 

ratios, namely a bigger D in Tra-VSG or a bigger K in PFD-

VSG, are preferable.  

4) ∆/∆g 

Fig. 27 shows the output frequency response waveforms of 

Tra-VSG and PFD-VSG following a grid frequency step from 

50 Hz to 49.9 Hz at t0.  Likewise, the Tra-VSG and the PFD-

VSG have similar transfer functions of the ∆/∆g and can be 

discussed together. As it can be seen, enlarging the damping 

ratios can suppress and even eliminate the overshoots, and also 

make the output frequency responses slower. Therefore, it can 

be concluded that larger damping ratios are also more suitable 

for both Tra-VSG and PFD-VSG concerning the dynamic 

response of ∆/∆g. 

5) Comparison of overall performance 

Further, to test the overall performance of Tra-VSG and 

PFD-VSG with the optimized parameters in the grid-connected 

application, a comparative experiment is conducted for Tra-

VSG with  = 0.707, Tra-VSG with  = 1, and PFD-VSG with 

 = 2. The active power and frequency waveforms are shown in 

Fig. 28. At first, the VSG works normally with no output active 

power. At t0, the active power reference steps from 0 to 10 kW, 

and after 1.6 s, the grid frequency steps from 50 Hz to 50.1 Hz. 

 According to Fig. 28 (a), the active power waveform of Tra-

VSG with  = 0.707 exhibits a small overshoot following the 

Pref step because of the insufficient damping. Then, the active 

power falls from 10 kW to 5.5 kW after the grid frequency step 

and a very mall downward overshoot also appears. Actually, 

according to the pre-set droop coefficient, viz. 10 kW/Hz, the 

planned output active power should be 9 kW. The deviation of 

3.5 kW is caused by the undesirable effect of the damping 

control on the droop control. For eliminating the overshoot,  ≥ 

1 should be set, e.g. the purple waveforms. It can be observed 

that, due to the rise of the damping ratio, although the 

overshoots disappear, the active power response of Tra-VSG 

with  = 1 becomes slower. Moreover, when the grid frequency 

steps to 50.1 Hz, the deviation of active power is enlarged 

further. The steady-state value declines to 2.8 kW with an error 

of 6.2 kW. By contrast, in terms of the proposed PFD-VSG in 

this article, the active power has the fastest response (0.3 s 

shorter than Tra-VSG with  = 1) and does not exhibit any 

overshoots. Above all, the damping control of PFD-VSG has no 

impact on droop control. The output active power always 

remains to be the planned value of 9 kW with no error. 

 Further, to guarantee a fast enough response speed of active 

power, Tra-VSG cannot be chosen with a too large damping 

ratio. As a consequence, the overshoot of the output frequency 

of Tra-VSG cannot be suppressed adequately. As shown in Fig. 

28 (b), the frequency overshoots are 50.125 Hz for  = 0.707 

and 50.105 Hz for  = 1. However, PFD-VSG can obtain 

superior output frequency response at  = 2, whose overshoot is 

only 50.062 Hz. Besides, the output frequency response of the 

PFD-VSG after a grid frequency step is slower than the Tra-

VSGs, which demonstrates that PFD-VSG has a stronger ability 

to maintain frequency stability.  

 As a whole, the proposed PFD-VSG exhibits vastly superior 

performance than Tra-VSG in the responses of both the active 

power and the frequency. 

B. Two-Unit System with a Common Load 

This section will test the performance of Tra-VSG and PFD-

VSG in islanding operation mode by using a parallel two-unit 

system connecting to a common load, where the units employ 

both Tra-VSG strategies or both PFD-VSG strategies. Two 

cases, viz. ζ1 = ζ2, and ζ1 ≠ ζ2, are considered, respectively. 

1) Case I: ζ1 = ζ2  

In Case I, the two units employ the same damping ratio, viz.  

ζ1 = ζ2. The load steps from 0 to 10 kW at t0. The corresponding 

experimental waveforms of the active power and the frequency 

of Tra-VSGs and PFD-VSGs following a load step under 

different damping ratios are given in Figs. 29−30.   

First, the active power responses are analyzed. For the 

parallel Tra-VSG system as shown in Fig. 29 (a), by increasing 

the damping ratio , the oscillations and overshoots of the active 

power responses of both the Tra-VSGs are suppressed 

gradually. Until  ≥ 1, the overshoots are eliminated fully. 

However, the active power responses are also slowed down 

following the growth of . By contrast, in terms of the PFD-

VSGs, as shown in Fig. 29 (b), the enlargement of  can also 

restrain the overshoots of both units effectively. The overshoots 

disappear completely when  ≥ 1.5. Fortunately, unlike Tra-

VSGs, the responses of the PFD-VSGs are accelerated with the 
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Fig. 28.  Active power and frequency power response waveforms of grid-

connected Tra-VSG and PFD-VSG when the active power reference steps from 

0 to 10 kW at t0 and then grid frequency steps from 50 Hz to 50.1 Hz at t0 + 
1.6s. (a) Active power; (b) Frequency. 

 



 13 

growth of . This illustrates the superiority of PFD-VSG in 

optimizing the overshoot suppression ability and response 

speed of the active power simultaneously. Meanwhile, no 

matter the parallel Tra-VSG system or the parallel PFD-VSG 

system, when ζ1 = ζ2, the active power sharing proportion 

maintains always 1:2, viz. the ratio of the droop coefficients of 

the two units, as a result of the well-matched parameters.  

Then, the responses of the output frequency are analyzed. 

The output frequency waveforms of the two units shown in Fig. 

30 demonstrate that overshoots of the Tra-VSGs are reduced by 

adding the damping. However, the steady-state deviations of 

the frequencies of the Tra-VSGs after the disturbance are 

reduced because adding the damping factors also means 

augmenting the droop coefficients of the Tra-VSGs. Although 

a smaller frequency deviation is preferable, this also incurs an 

extremely flat -P characteristic, thereby raising the risk of 

turning tiny control deviations into very large output errors. On 

the contrary, the final steady-state frequencies of the parallel 

PFD-VSG system are always kept constant, which are only 

controlled by the pre-designed droop characteristics, avoiding 

the effects of the damping control. Further, considering the 

transient responses, both the parallel Tra-VSG and PFD-VSG 

systems exhibit a small rate of change of frequency, implying 

that they both realize desired inertia control. Besides, unit #1 of 

the parallel Tra-VSG system always exhibits an overshoot or 

oscillation even when ζ > 1. On the contrary, both the PFD-

VSGs do not have any overshoots or oscillations even when the 

damping ratio is very small, e.g. ζ = 0.4 shown in Fig. 30 (b). 

The transient processes of the frequencies of PFD-VSGs are 

rather gentle. The above experimental phenomena coincide 

well with the theoretical conclusions.  

2) Case II: ζ1 ≠ ζ2  

In case II, the damping ratio of unit #1 is designed to be 1, 

and the damping ratio of unit #2 varies among 0.4, 0.707, 1, 1.5, 

and 2. The active power and frequency waveforms of Tra-VSGs 

and PFD-VSGs are shown in Figs. 31−32, where the common 

load steps from 0 to 10 kW at t0. 

 It can be seen from Fig. 31(a) that, except for the damping 

effects similar to Case I, the power sharing between the parallel 

Tra-VSGs also changes with the variation of 2. With the rise 

of 2, the output active power of unit #1 drops continuously 

from 5.50 kW (2 = 0.4) to 2.13 kW (2 = 2), and the active 
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Fig. 31.  Active power response waveforms of the two-unit system in Case II 

(1 ≠ 2) with 1 = 1 and a changing 2 when the load steps from 0 to 10 kW at 

t0. (a) Tra-VSGs; (b) PFD-VSGs. 
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Fig. 32.  Response waveforms of the output frequencies of the two-unit system 

in Case II (1 ≠ 2) with 1 = 1 and a changing 2 when the load steps from 0 to 

10 kW at t0. (a) Tra-VSGs; (b) PFD-VSGs. 
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Fig. 29.  Active power response waveforms of the two-unit system in Case I (1 

= 2) with the different damping ratios when the load steps from 0 to 10 kW at 

t0. (a) Tra-VSGs; (b) PFD-VSGs. 
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Fig. 30. Response waveforms of the output frequencies of the two-unit system 

in Case I (1 = 2) with the different damping ratios when the load steps from 0 

to 10 kW at t0. (a) Tra-VSGs; (b) PFD-VSGs. 
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power of unit #2 increases accordingly from 4.50 kW (2 = 0.4) 

to 7.87 kW (2 = 2).  The corresponding power-sharing ratio 

P1:P2 changes from 1.22:1 to 0.27:1, which deviates from the 

pre-designed 1:2. 

 Unlike Tra-VSGs, as shown in Fig. 31(b), the power sharing 

between the PFD-VSGs can always remain 1:2 no matter how 

2 varies, which is only dominated by the pre-designed droop 

coefficients according to the power ratings of the two units. 

Therefore, it demonstrates the advantage of the PFD method in 

eliminating the poor impacts of the damping control on power 

sharing.  

Moreover, it can be observed from Fig. 31 that, for the same 

damping ratios, the active powers of PFD-VSGs have a smaller 

settling time and thereby have a faster dynamic response speed 

than Tra-VSGs. On the other hand, reverse overshoots in 

parallel PFD-VSG system can be observed when 2 is much 

larger than 1, e.g. 2 = 2, which agrees well with the theoretical 

analysis shown in Fig. 18. 

 In terms of the output frequency responses shown in Fig. 32, 

firstly for the parallel Tra-VSG system, the first overshoot of 

unit #1 after the disturbance does not change with the variation 

of 2. When 2 <1=1, unit #2 also has an overshoot, and a 

smaller 2 means a longer settling time. When 2 is added, the 

overshoot of unit #2 is suppressed gradually. Until 2 ≥1=1, the 

overshoot of unit #2 is eliminated fully, and a larger 2 means a 

slower dynamic response.  

 Then, considering the parallel PFD-VSG system, the steady-

state values of the frequencies after the disturbances always 

maintain a fixed value of 49.67 Hz as designed by the droop 

control. Furthermore, the frequencies of both the units do not 

have any overshoots and can arrive at the final steady-state 

operating points gently, which indicates that the PFD control 

maintains the inertia characteristics of VSG pretty well.  

The above experimental results verify the conclusions drawn 

by the previous theoretical analysis and demonstrate the 

superior performance of the PFD-VSG compared with the Tra-

VSG. The primary reason for these superiorities is the PFD-

VSG fundamentally resolves the three inherent contradictions 

among the different control objectives of Tra-VSG. Finally, 

TABLE III summarizes these advantages of the PFD-VSG and 

the corresponding primary reasons in both grid-connected and 

islanding operation modes.  

VI. CONCLUSIONS 

This paper proposes a simple but highly effective phase 

feedforward damping (PFD) control method for VSG, which 

fundamentally resolves the inherent control contradictions in 

the most widely-used damping control method based on 

frequency deviation feedback. Therefore, PFD-based VSG 

(PFD-VSG) exhibits the following advantages. 

First, concerning the grid-connected operation mode, a) the 

PFD-VSG can resolve the contradiction between the response 

speed and the overshoot suppression ability of the active power, 

thereby being able to accelerate the active power response and 

restrain from the overshoots; b) PFD-VSG can eliminate the 

interactions between the droop control and the damping control, 

thereby achieving both the goals of droop control and damping 

control; c) PFD-VSG can settle the conflict between the 

objectives of the active power and frequency control, and 

thereby can obtain desirable active power and output frequency 

responses simultaneously. 

Second, concerning the islanding operation mode, a) the 

PFD-VSGs can achieve an accurate load sharing in strict 

accordance with the power rating ratio, independent of the 

negative impacts of the damping control; b) PFD-VSGs can 

resolve the contradiction between the response speed and the 

overshoot suppression ability of the active power when the 

parameters are well-matched among the units, which is similar 

to the grid-connected mode; c) PFD-VSGs avoid the 

excessively flat -P characteristics, thereby preventing a small 

error in the control system from turning into an extremely large 

error of the output active power; d) PFD-VSGs have gentler 

transient processes of frequencies without any overshoots. 

Both the theoretical analysis and the experimental results 

demonstrate convincingly the above conclusions. As a whole, 

TABLE III 
ADVANTAGES OF PFD-VSG OVER TRA-VSG 

Reasons 

Advantages 

① PFD-VSG resolves the contradiction 

between response speed and overshoot 

suppression ability of active power. 

② PFD-VSG resolves the contradiction 

between droop control and damping 

control. 

③ PFD-VSG resolves the contradiction 

between the objectives of active power 

and frequency control. 

Grid-Connected mode 

-- PFD-VSG can optimize overshoot 
suppression ability and response speed 

of active power simultaneously, and 

thereby can obtain a faster active power 

response with no overshoots. 

-- Damping control of PFD-VSG does 
not affect the steady-state output active 

power. 

-- PFD-VSG achieves both the goals of 

droop control and damping control. 

-- PFD-VSG obtains desirable active 
power and output frequency responses 

simultaneously, i.e. fast active power 

response yet small frequency 

fluctuation. 

Islanding mode 

-- PFD-VSGs can obtain better dynamic 

characteristics of the output active 

power over Tra-VSGs. 

-- PFD-VSGs always keep predesigned 

-P characteristics, regardless of the 

impact of damping control. 

-- PFD-VSG is more advantageous to 

accurate power sharing than Tra-VSG. 
-- PFD-VSGs avoid the excessively flat 

-P characteristics and prevent small 

errors in the control system from turning 

into large errors of output active power. 

-- Under the preconditions of desired 
response of output frequency, dynamic 

performance of active power of PFD-

VSG can also be improved further. 
-- PFD-VSGs have gentler transient 

processes of frequency without any 

overshoots and fluctuations. 
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PFD-VSGs display better active power and frequency dynamic 

performance than traditional VSGs in both grid-connected and 

islanding operation modes. 
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