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High penetration of inverter-based power sources with VSG control impact 
on electromechanical oscillation of power system 
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A B S T R A C T   

The virtual synchronous generator (VSG) provides a promising solution to integrate a high penetration of 
inverter-based sources into the power system without threatening the frequency and voltage stability, which may 
solve the problem that the traditional maximum power point tracking (MPPT) control cannot provide the 
necessary ancillary. Due to different design principles, the impact of the VSG on the power system may be quite 
different compared with the traditional synchronous generators (SGs). This paper aims to study the impact of 
replacing SGs with VSGs on the electromechanical oscillation of the power system. It starts with the comparison 
of modeling between VSGs and SGs and establishment of a general small-signal model representing both the SGs 
and VSGs with frequency and voltage regulation. Accordingly, a comprehensive small-signal analysis is executed 
in details in order to study the changing of electromechanical dynamics. Finally, simulation results in Matlab/ 
Simulink verify the analysis. It shows how the states of a VSG will influence the electromechanical oscillation by 
changing the participation factors in those modes.   

1. Introduction 

As more and more inverter-based generation are integrated into the 
power system, the synchronous generators (SGs) are being replaced and 
the total physical inertia decreases, which may lead to larger rate of 
change of frequency (RoCoF), larger frequency and voltage deviation 
following various disturbances in the power system [1,2]. To overcome 
this problem, some novel controllers can be used, where more details 
can be found in [3] and [4]. Among them, the virtual synchronous 
generator (VSG) is a promising solution. 

A VSG enables the inverter-based power sources to provide the vir-
tual inertia by controlling a static inverter to emulate an SG with the 
help of some reserved energy, e.g., additional energy storage, DC-link 
capacitor, moving the output power away from the MPPT, etc. Mean-
while, the frequency and voltage droop characteristics of a governor and 
automatic voltage regulator (AVR) are easy to be embedded into the 
control of a VSG. In this way, it is possible to operate the power system 
with a high penetration of inverter-based power sources. More details 
about the VSG can be found in [5] and [6]. 

However, regardless of using a common vector control or a new VSG 
control method, they are different from an actual SG [7,8]. Compared to 
the traditional power system, the dynamics with inverter-based power 

sources will change, which is an important topic to study. 
In [9–12], the impacts of photovoltaic (PV) generation and wind 

turbine (WT) generation on the power system are studied. However, the 
used controllers are MPPT but not the VSG and only simulation results 
are given. In [13–16], the impact of the VSG control on the system 
response is considered. However, they are still studied by only the 
simulation. In a word, the above works give no theoretical analysis, and 
some necessary studies such as small-signal analysis are not involved. In 
comparison, small-signal analysis is performed in [17–21]. However, 
only the MPPT control, droop control, and PLL-based virtual inertia 
control are in focus. Obviously, all these methods are different from the 
VSG control. Therefore, the impact of the VSG-based generation on the 
small-signal stability of the power system is not addressed in the above 
papers. 

Recently, as the VSG draws more attention, its small-signal dynamics 
begin to be studied. In [22] and [23], a small-signal model is established 
for the VSG. However, the studied systems are single machine infinite 
bus systems. The impact of the VSG on the dynamics of the power system 
cannot be reflected. Considering a more practical case, a paralleled 
system with an SG and a VSG is studied in [24], which reveals that a VSG 
may contribute to damp the electromechanical oscillation, as the elec-
trical delays in the governor may lead to fast frequency change and large 

* Corresponding author. 
E-mail address: mche@energy.aau.dk (M. Chen).  

Contents lists available at ScienceDirect 

International Journal of Electrical Power and Energy Systems 

journal homepage: www.elsevier.com/locate/ijepes 

https://doi.org/10.1016/j.ijepes.2022.108370 
Received 31 October 2021; Received in revised form 25 April 2022; Accepted 26 May 2022   

mailto:mche@energy.aau.dk
www.sciencedirect.com/science/journal/01420615
https://www.elsevier.com/locate/ijepes
https://doi.org/10.1016/j.ijepes.2022.108370
https://doi.org/10.1016/j.ijepes.2022.108370
https://doi.org/10.1016/j.ijepes.2022.108370
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2022.108370&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


International Journal of Electrical Power and Energy Systems 142 (2022) 108370

2

oscillations. However, as the focused system has only two generators, 
which includes only one electromechanical mode, this conclusion is not 
convincing if the power system becomes more complicated. In the 
following of this paper, it will show that not all the electromechanical 
mode can be damped by a VSG. Therefore, a system with multiple 
generators (e.g., ≥ 3) is necessary to be used when comprehensively 
studying the impact of the VSGs on the electromechanical oscillation. 
This work has been initially studied in [25] and [26] by using multiple- 
machine systems. However, they only prove that the VSG may deterio-
rate the electromechanical stability. In this paper, it will reveal that a 
VSG may have positive, negative, or almost no impact on a specific 
electromechanical mode, which has large relationship with the partici-
pation factors and the significant states. It should be mentioned that, 
although [19] uses the participation factors analysis, it does not consider 
the virtual inertia, which has significant impacts on the electrome-
chanical oscillations. There are no comparisons between the SG- 
dominated system and the system with VSGs in [19] as well. From the 
aforementioned analysis, in a power system with multiple generators, 
the variations of the electromechanical oscillation characteristics when 
traditional SGs are gradually replaced by the VSGs are still needed to be 
assessed and evaluated in detail, which is the key purpose of this paper. 

In this paper, the IEEE 9-bus system including 3 generators, which is 
widely used as a standard system for the scenarios of hybrid SG/VSG and 
100% inverter-based sources [7], is used to investigate the impact of the 
inverter-based sources with the VSG control on the electromechanical 
oscillation by small-signal analysis. The studied problem is mainly 
related to the small-signal angle stability representing by the oscillations 
between the rotors (or virtual rotors) of generators, where a lineariza-
tion at a specific steady-state operation point is always necessary 
[27,32]. Other stability problems, e.g., voltage stability, transient sta-
bility, etc., are also import but not concerned in this paper. SGs in the 
system are replaced by VSGs one by one to represent various cases, and 
finally all the SGs are fully replaced by VSGs, which implies a 100% 
penetration of power-electronic-based sources. It is worth mentioning 
that the parameters of a VSG such as the inertia constant, droop gain, 
etc., are selected to be identical with the corresponding SG. Meanwhile, 
the topology of the system is assumed to be identical. Therefore, dif-
ferences between a VSG and an SG can only origin from the modeling 
part and the comparisons can be fair. Meanwhile, in order to well 
perform the functions of the VSG, it is required that there is enough 
reserved energy in the normal operation [5,6,16], which is also an 
assumption in this paper. The findings are verified by simulations in 
Matlab/Simulink. Finally, in order to prove the findings can be applied 
to other power system, Kundur’s four-machine two-area system is also 
tested in the simulation. Compared to the existing works, the analysis in 
this paper considers the following three features simultaneously:  

1) The system with multiple electromechanical modes.  
2) Replacing SGs with VSGs in a power system.  
3) Small-signal analysis by combining both participation factors and 

eigenvalues. 

Thereafter, the contributions of this paper are summarized as 
follows:  

1) The relationships of the electromechanical modes, significant states, 
and VSGs in the power system with multiple generators are revealed.  

2) According to the small-signal analysis, guidelines are proposed to 
guide how to damp a specific electromechanical mode by replacing 
an SG with VSG in a power system with multiple generators.  

3) Different impacts of the inertia on the traditional power system and 
the system with VSGs are revealed. 

The rest of the paper is organized as follows: Section 2 presents the 
differences between a VSG and an SG. A general model to represent both 
the SG and VSG for small-signal analysis is established. After that, a 

comprehensive small-signal analysis is conducted in Section 3. Section 4 
validates the dynamics of the power system by simulations, and Section 
5 gives the conclusions. 

2. Small-signal modeling of the power system 

Fig. 1 shows the single line diagram of IEEE 9-bus power system with 
three power sources and three loads. In this paper, the power source (G1, 
G2, and G3) can be either a traditional SG with a governor and AVR or a 
VSG. 

2.1. Comparison and general model for power sources 

Fig. 2 shows the general diagram of the power sources. An SG is 
controlled by the governor and AVR using the feedbacks of the rotor 
speed and terminal voltages. A VSG emulates the governor and AVR by a 
virtual governor and a virtual AVR in order to participate in the fre-
quency and voltage primary regulation. Meanwhile, a virtual rotor and a 
virtual winding are used to emulate the characteristics of an actual SG. 
The virtual rotor generates the angular frequency ω and the rotor angle 
θ, while the magnitude of the internal voltage Ef and 0 are used as the d- 
axis and q-axis inputs of the virtual winding. The inner loops use the 
typical structure of double PI controllers with decoupling and feedfor-
ward terms [16,23]. It should be mentioned that, as seen from Fig. 2, all 
the transformations of frame are based on θ, which implies that all the 
variables are controlled in a same d-q frame defined by θ. Therefore, no 
additional PLL is required. More details about the frame transformation 
of a VSG can refer to [23]. By emulating the models of the rotor and 
governor, a VSG couples the frequency and active power like an SG. 
Therefore, a VSG can synchronize to the power grid by the active power 
regulation, i.e., power-based synchronization, without relying on a PLL 
[31]. 

In the following, the small-signal models of each part of the VSG and 
SG are compared. At the same time, they will provide the basis for the 
analysis the Section 3. There are different models for the VSG, where a 
comparison between the SG and the VSG with a detailed model has been 
performed in [15]. However, the detailed model is complicated, which is 
rarely used in the existing research. In this paper, we choose a widely 
used simplified form to make the analysis typical. It will be shown that 
this simplified model only focuses on emulating the important inertia, 
droop, and steady-state electromagnetic characteristics of the SG, while 
others such as the mechanical dynamics of the actual governor and AVR 
are not included. This can be achieved due to the fact that the VSG is 
control-based without relying on some physical structures. It can be 
expected that the dynamics of the simplified VSG will be different from 
an actual SG in detail. Furthermore, as we only focus on the electro-
mechanical mode in this paper, the quick dynamics of the inner loops 
and lines are neglected, which is a usual strategy [12,21,27,32]. More 
details about their models can refer to [23] and [27]. Some of the 
matrices definitions are included in the Appendix. All the models are 
built in the p.u. system. 

Fig. 1. Single line diagram of IEEE 9-bus system.  
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2.1.1. Rotor and virtual rotor 
The angular frequency ω is determined by the same equation for both 

the VSG and the SG. However, the calculation of the output power p is 
different. For an SG, p is the electromagnetic power, which is calculated 
by. 

p = E′

diod +E′

qioq −
(

X ′

d − X ′

q

)
iodioq (1) 

where E’
d and E’

q are the transient voltages, X’
d and X’

q are the transient 
reactances, iod and ioq are the output currents. Then the state differential 
equation of the rotor of the SG is. 

Δω̇ =
1

2H
ΔPm +BrwΔio +BrΔE′ (2) 

where Pm is the input power of the rotor, H is the inertia constant, io 
= [iod, ioq]T, E’ = [E’

d, E’
q]

T, Br and Brw are the coefficient matrices. 
For a VSG, p is the output power, which is calculated by. 

p = vdiod + vqioq (3) 

where vdq are the capacitor voltages under dq reference frame. Then 

the state differential equation of the virtual rotor of the VSG, by 
defining, v = [vd, vq]T is. 

Δω̇ =
1

2H
ΔPm +BrnetΔio +BrΔv (4)  

2.1.2. Windings and virtual windings 
For an SG, the stator equations are transformed from abc frame to dq 

frame as well. Usually, the 4th-order model, which considers the tran-
sient dynamics of the exciting winding and a q-axis damping winding 
but neglects the sub-transient dynamics, is used in the stability analysis, 
where T’

d0 and T’
q0 are the transient open-circuit time constants [27,32]. 

The small-signal model can be derived as. 

{
ΔĖ = AwΔE + BweΔEf + BwnetΔio

Δv = ΔE′

+ DwnetsΔio
(5) 

As shown in Fig. 2(b), the virtual winding of the VSG is based on the 
steady-state model of an SG, where vdref and vqref are the references for 
the voltage control loop. When neglecting the dynamics of the voltage 
control loop, the small-signal model can be derived as. 

Fig. 2. General diagram of power sources. (a) Synchronous generator. (b) Virtual synchronous generator.  
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Δv = DweΔEf +DwnetΔio (6) 

where Ef is the field voltage. It should be mentioned that although (6) 
does not include the dynamics of the damping windings, it does not 
imply no damping. The virtual governor can provide the damping 
function to stabilize the frequency as well. 

2.1.3. Governor and virtual governor 
Fig. 3 shows the block diagram of the governor system. For the SG, as 

shown in Fig. 3(a), it is supposed that the western system coordinating 
council (WSCC) Type G governor system is used in this paper [28]. Based 
on Fig. 3(a) and defining xg as the state vector of the governor, which is 
constructed by the output of the integrator in every filter, the state-space 
model is derived as. 

{
Δẋg = AgΔxg + BgΔug + BgrΔω

ΔPm = CgΔxg
(7) 

where T1, T2, T3, T4, and T5 are the time constants, and F is the shaft 
output ahead of reheater, Dp is the droop coefficient of the frequency 
control. It should be noticed that the aforementioned time constants 
only represent the mechanical dynamics of a physical governor but not 
the inertia, which has been included in the model of the rotor. For the 
VSG, as it is control-based, we usually only emulate the droop charac-
teristics in the virtual governor system and the other dynamics of the 
actual governor system represented by the aforementioned time con-
stants are not emulated. The small-signal of the droop control is 
expressed as. 

ΔPm = −
1

Dp
Δω+DgΔug (8) 

where ωset and Pset are the set-point values of frequency and active 
power, respectively. Again, the virtual inertia has been included in the 
virtual rotor as shown in Fig. 2, and Fig. 3 only shows the structure of the 
(virtual) governor. 

2.1.4. AVR and virtual AVR 
Fig. 4 shows the block diagram of the AVR system. As seen in Fig. 4 

(a), the AVR for the SG is IEEE Type 1 system in this paper. It is worth 
mentioning that the power system stabilizer (PSS) is disabled 
throughout the paper. This assumption is considered to have a fair 
comparison. On one hand, the case without the PSS implies a worst case, 
which can better show the advantages of the VSG. On the other hand, 
although the PSS is widely used in an SG, it is usually not simulated in 
the VSG as shown in Fig. 2(b). Compared with the virtual AVR, an actual 
AVR only deals with the voltage feedback. According to Fig. 4(a) and 
defining xe as the state vector of the AVR, which is constructed by the 
output of the integrator in every filter, the state-space model of the AVR 
for the SG can be expressed as. 

{
Δẋe = AeΔxe + BesΔVset + BewsΔv

ΔEf = CeΔxe
(9) 

where Vset is the set-point value of the output voltage magnitude, Tr, 
Ta, Te, and Tf are the time constants, Ka, Ke, and Kf are the gains. V is the 

output voltage magnitude, which can be calculated as. 

V =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

v2
d + v2

q

√

(10) 

Similar to the governor system, the virtual AVR of the VSG is built 
based on the droop control as well. Therefore, both the voltage and 
reactive power are used, as shown in Fig. 4(b), which is expressed as. 

Ef = kq

∫
[
Dq(Qset − q) + Vset − V

]
dt (11) 

where Qset is the set-point value of reactive power, kq is an integral 
gain, Dq is the droop coefficient of the reactive power control. Mean-
while, q is the output reactive power, which can be calculated as. 

q = − vdioq + vqiod (12) 

Then, the state differential equation of the virtual AVR can be 
expressed as. 

ΔĖf = BeΔue +BenetΔio +BewΔv (13)  

2.1.5. General model for power sources 
By combining (2), (4) - (9), and (13), the state-space model of a 

power source can be derived as. 
{

ẋp = Apxp + Bpup + BpnetΔio
Δv = Cpxp + DpnetΔio

(14) 

The model shown in (14) is a general form for both the SG and VSG. 
According to the type of power sources, the matrices have different 
expressions. For an SG, there is. 

xp =

⎡

⎢
⎢
⎣

Δω
ΔE′

Δxg
Δxe

⎤

⎥
⎥
⎦, Ap =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 Br
1

2H
Cg 0

0 Aw 0 BweCe

Bgr 0 Ag 0

0 Bews 0 Ae

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(15)  

up =
[

ΔuT
g ΔVset

]T (16)  

Bp =

⎡

⎢
⎢
⎣

0 0
0 0

Bg 0
0 Bes

⎤

⎥
⎥
⎦, Bpnet =

⎡

⎢
⎢
⎣

Brw
Bwnet

0
BewsDwnets

⎤

⎥
⎥
⎦ (17)  

Cp = [ 0 I2 0 0 ], Dpnet = Dwnets (18) 

For a VSG, they are given as. Fig. 3. Block diagram of governor system. (a) Synchronous generator. (b) 
Virtual synchronous generator. 

Fig. 4. Block diagram of AVR system. (a) Synchronous generator. (b) Virtual 
synchronous generator. 
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xp =

[
Δω
ΔEf

]

, Ap =

⎡

⎢
⎣
−

1
2HDp

BrDwe

0 BewDwe

⎤

⎥
⎦, up =

[
Δug
Δue

]

(19)  

Bp =

⎡

⎣

1
2H

Dg 0

0 Be

⎤

⎦, Bpnet =

[
Brnet + BrDwnet
Benet + BewDwnet

]

(20)  

Cp = [ 0 Dwe ], Dpnet = Dwnet (21)  

2.2. Modeling of power system 

The above models are established in local reference frames. In order 
to integrate them together, the local variables should be transformed 
into a common reference frame defined as the local reference frame of 
G1 in this paper. The small-signal model of the angle difference between 
the local reference frame and the common reference frame δ is defined 
as. 

Δδ̇ = Bδxp − Bδ1xp1 (22) 

The components in the local reference frame and those in the com-
mon reference frame have the following relationships: 

Δv = TtΔvco +TvΔδ, Δio = TtΔioco +TiΔδ (23) 

where Tt, Tv, and Ti are the transformation matrices. 
Therefore, the model (14) in the common reference is. 

{
ẋpco = Apcoxpco + Bpcoup + BpnetcoΔioco + Bsxp1

Δvco = Cpcoxpco + DpnetcoΔioco
(24) 

It should be mentioned that, for G1, as Δδ1 = 0, Δδ1 is not including 
in the modeling. If considering Δδ1, there will be an eigenvalue located 
in the origin. 

When considering the system with three power sources as shown in 
Fig. 1, the state-space model can be extended to be. 
{

ẋ = Apsx + Bu + BpsnetΔionet
Δvnet = Cpsx + DpsnetΔionet

(25) 

where. 

x=

⎡

⎣
xp1

xpco2
xpco3

⎤

⎦,Aps=

⎡

⎣
Ap1 0 0
Bs2 Apco2 0
Bs3 0 Apco3

⎤

⎦,u=

⎡

⎣
up1
up2
up3

⎤

⎦, ionet=

⎡

⎣
io1

ioco2
ioco3

⎤

⎦, vnet=

⎡

⎣
v1

vco2
vco3

⎤

⎦

(26) 

B = diag(Bp1, Bpco2, Bpco3) (27). 
Bpsnet = diag(Bpnet1, Bpnetco2, Bpnetco3) (28). 
Cps = diag(Cp1, Cpco2, Cpco3) (29). 
Dpsnet = diag(Dpnet1, Dpnetco2, Dpnetco3) (30). 
Meanwhile, the node equation of the network including loads can be 

expressed as. 
Δionet = YΔvnet (31). 
where Y is the node admittance matrix. Thereafter, combing (25) 

with (31) yields the final state equation of the whole system as. 

ẋ = Ax+Bu (32) 

where. 
A = Aps + Bpsnet(I-YDpsnet)-1YCps (33). 
and it is the state transition matrix and will in the following be used 

to investigate the impact of VSGs on the small-signal stability of the 
power system. 

3. Impact of VSG on small-signal stability of power system 

3.1. Small-signal analysis 

According to the types of power sources, four different cases as given 

in Table 1 are considered, where the penetration is calculated based on 
the capacity. For a fair comparison, when an SG is replaced by a VSG as 
in Table 1, the corresponding parameters of the VSG are set as the same 
as the replaced SG. 

Table 2 shows the eigenvalues related to the electromechanical 
modes in different cases as well as their dominant states. The electro-
mechanical modes are mainly relevant to the angle differences, which 
reflect the swing between the generators’ rotors or virtual rotors. The 
definition and calculation of participation factor can be found in [27]. 

3.1.1. Changes of electromechanical modes 
Fig. 5 shows the electromechanical mode 1 of the system, which is 

with G1 swinging against G2 and G3, and the participation factors of the 
significant states. Fig. 5(a) shows how the damping ratio of mode 1 will 
change from Case 1 to Case 4, while Fig. 5(b) reflects how the partici-
pation factor and significant states will change. Therefore, we can 
conclude the relationship between the damping ratio and the dominate 
states for mode 1 by combing Fig. 5(a) and Fig. 5(b). In Case 1, mode 1 is 
poorly damped, where the frequency and the damping ratio are 1.28 Hz 
and 0.0062. From Fig. 5(b), in Case 1 and Case 2, the participation 
factors are hardly changed when SG1 is replaced by VSG1. In this 
context, the impact of Δω1 makes the damping ratio of mode 1 to in-
crease to 0.042, which shows the positive effect on the damping of the 
electromechanical oscillation of a VSG. Nevertheless, the influence is not 
significantly high because Δω1 is not a dominant state. In Case 3, when 
SG2 is further replaced by VSG2, the participation factor of the domi-
nant state Δδ2 is highly increased. Meanwhile, Δδ2 and Δω2 become 
frequency and angle states from a VSG rather than from an SG. As a 
result, the damping ratio of mode 1 significantly increases to about 0.4 
with the frequency decreasing to 0.93 Hz. Finally, in Case 4, the 
damping ratio of mode 1 is not changed much due to the low partici-
pation factors of Δω3 and Δδ3. It is noted that compared with Case 3, the 
participation factors of Δδ2 and Δω2 slightly decrease. It implies that the 
participation of VSG2 in mode 1 decreases while the participation of 
other states such as Δω1 increases. However, this change in the partic-
ipation factor is small. The states of VSG3 are still not the significant 
states, which cannot highly influence the damping of mode 1. 

In comparison, the eigenvalues and the participation factors corre-
sponding to mode 2, which is with G2 swing against G3, are shown in 
Fig. 6. The frequency and damping ratio of mode 2 in Case 1 are 1.88 Hz 
and 0.053. As seen, mode 2 is scarcely influenced when SG1 is replaced 
by VSG1. This is because the participation factor of Δω1 in mode 2 is 
almost zero. However, in Case 3, the damping ratio of mode 2 deceases 
to 0.02. As seen in Fig. 6(b), although the frequency and angle states 
from VSG2 have almost no participation in mode 2 for Case 3, the 
participation factors of the dominant states from SG3 are increased, 
which increases the electromechanical oscillation. Finally, in Case 4, the 
damping ratio of mode 2 highly increases to 0.43 because it is signifi-
cantly influenced by the states of VSG3. It should be mentioned that, in 
this case, the state of the reactive power control, i.e., ΔEf3, begins to 
influence the electromechanical mode, which is not observed in previ-
ous cases. 

For a better presentation, Fig. 7 shows the changes of the damping 
ratios of the two electromechanical modes in the studied cases. It is in 
accordance with the above discussion. 

From the above analysis, it is concluded that, in general, compared 
with an SG, the frequency and angle states from a VSG have positive 

Table 1 
Summary of the Settings of Power Sources in Fig. 1.  

Case G1 G2 G3 VSG Penetration 

1 SG SG SG 0% 
2 VSG SG SG 43.6% 
3 VSG VSG SG 77.4% 
4 VSG VSG VSG 100%  
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impact on the damping the electromechanical oscillation of the power 
system. Specifically, if the. 

mode increases (e.g., mode 1 in Case 2 and Case 3, and mode 2 in 
Case 4). Moreover, the higher the participation factor is, the more 
obvious the damping effect is. Besides, two more results may occur. If 
replacing an SG by a VSG increases the participation factor of the sig-
nificant states from the SGs instead, the damping ratio of the electro-
mechanical mode decreases (e.g., mode 2 in Case 3). If replacing an SG 

by a VSG does not obviously change the participation factor of the sig-
nificant states from the VSGs and SGs, the damping ratio of the elec-
tromechanical mode is not highly changed as well (e.g., mode 1 in Case 4 
and mode 2 in Case 2). 

3.1.2. Impact of Load step 
To further study the influence of replacing the SGs by VSGs, some 

loci analyses are given in the following. Fig. 8 shows the loci of the 
electromechanical modes when the active power of Load 1 changes from 
5 MW to 250 MW. The location of Load 1 is shown in Fig. 1. As seen, the 
trends of the loci are not changed, i.e., a larger active power load in Load 
1 makes the electromechanical modes move to the right on the s-plane in 
all cases. It also shows that the sensitivities of the modes on the load 
variations are different. The changes of mode 1 and the first three cases 
of mode 2 are relatively small. However, mode 2 in Case 4 is largely 
affected by the load variation. This can also be explained from the 
participation factors. 

Fig. 9 and Fig. 10 show the participation factors of mode 1 and mode 

Table 2 
System Eigenvalues Related to Electromechanical Modes.  

No. Eigenvalues Dominant States 

Case 1 Case 2 Case 3 Case 4 

1 − 0.05 ±
j8.0 

− 0.3 ±
8.1 

− 2.6 ±
j5.9 

− 2.4 ±
j5.8 

Δω and Δδ of G2 
and G3 

2 − 0.6 ±
j11.8 

− 0.5 ±
j12 

− 0.2 ±
j11.4 

− 3.1 ±
j6.4  

Fig. 5. Electromechanical mode 1. (a) eigenvalues. (b) participation factors.  

Fig. 6. Electromechanical mode 2. (a) eigenvalues. (b) participation factors.  

Fig. 7. Damping ratio changes of the studied cases.  
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2, respectively, under the light and heavy load conditions. As seen, for 
mode 1, the values of the participation factors have only small changes 
and the significant states with both the light load and the heavy load are 
same. Therefore, the loci are expected to change little as well. The mode 
2 in the first three cases has the similar condition. However, as shown in 
Fig. 10(b), in Case 4, the significant states of mode 2 with a heavy load 
are changed, where a new state ΔEf3 begins to have large influence. 
Therefore, as shown in Fig. 8, the loci variations of mode 2 in Case 4 are 
expected to be relatively larger. 

3.1.3. Impact of inertia changes 
Fig. 11 shows the loci of the electromechanical modes when H1 

changes from 1 s to 20 s. It should be mentioned that, in practice, the 
inertia constant of an SG is hardly changed. However, in the simulation, 
it is supposed to be changeable for comparison with the VSG. For mode 

1, a larger H1 makes the eigenvalues to move to the right in the first three 
cases and the system becomes more oscillatory. In Case 4, H1 has small 
impact on mode 1. In comparison, H1 has larger impact in Case 4 for 
mode 2. 

Fig. 12 shows the participation factors of mode 1 with small and 
large inertia constants for analysis. In Case 1, the participation factors of 
Δω1 are always small and the damping ratio changes a little as well. 
However, when SG1 is replaced by VSG1 in Case 2, the participation 
factors of Δω1 in mode 1 is highly increased when H1 is small as shown in 
Fig. 12, which leads to large variations in the locus as shown in Fig. 11. 
For a large H1, the participation factor of Δω1 becomes small again as 
shown in Fig. 12(b). Therefore, the variation of the locus is also small. 
The same condition holds in Case 3. Finally, in Case 4, the condition is 
similar with Case 1, where the participation factors of Δω1 are small no 
matter H1 is small or large. 

Fig. 8. Loci of pair of eigenvalues when active power of Load 1 changes from 5 MW to 250 MW. (a) No. 1. (b) No. 2.  

Fig. 9. Participation factors of mode 1 when active power of Load 1 is (a) 5 MW and (b) 250 MW.  
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Another scenario is shown in Fig. 13 and Fig. 14. Fig. 13 shows that 
the variation of H3 mainly affects mode 2. As seen, the damping ratios 
increase with the frequencies decrease in the first three cases for mode 2 
when H3 becomes larger. However, in Case 4, the damping ratio of mode 
2 will decrease, and the frequency is hardly changed by H3. Fig. 14 gives 
the participation factors for mode 2. As it is shown, when H3 is small, the 
dominant state of mode 2 is Δω3, which is expected to be highly affected 
by H3. As H3 increases, Δω3 will not dominate mode 2 any more for Case 
1, Case 2, and Case 4. In comparison, Δω3 is still the dominant state in 
Case 3 when H3 = 5 s, which makes the locus further move to the left as 
seen in Fig. 13(b). 

From the loci analysis above, it is shown that when replacing the SGs 
with VSGs, the participation factors of the electromechanical modes may 
change a lot, which can make the electromechanical modes more easily 

affected by the variation of the inertia constant of the system. However, 
the general conclusion that the frequency and angle states from a VSG 
are more stable than those from the SGs is still hold. Meanwhile, the 
large variation of the loci will be helpful to make full use of advantages 
of the VSG, whose parameters can be flexibly adjusted, in order to 
improve the stable operation of the power system with a high penetra-
tion of inverter-based power sources. For an actual SG, the inertia 
constant is fixed within the physical restraints. As a VSG, it has just a 
virtual rotor and there are not physical restraints for H, which can be 
very large, small, or even time-varying if necessary [23,25,29]. How-
ever, H should guarantee the stability of the power system basically. 

3.1.4. General conclusions 
According to the analysis, this section summarizes some important 

Fig. 10. Participation factors of mode 2 when active power of Load 1 is (a) 5 MW and (b) 250 MW.  

Fig. 11. Loci of pair of eigenvalues when the inertia constant H1 changes from 1 s to 20 s. (a) No. 1. (b) No. 2.  
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general rules as follows.  

1) In general, compared with an SG, the frequency and angle states from 
a VSG have positive impact on the damping the electromechanical 
oscillation of the power system. Nevertheless, the detailed impact on 
a specific oscillation mode is related to its significant states.  

2) If the significant states are replaced from an SG to a VSG, the 
damping ratio of the corresponding electromechanical mode 
increases.  

3) If the replaced states are not the significant states of a specific 
oscillation mode, the damping ratio of this mode may decrease. 
Otherwise, the damping ratio is hardly influenced.  

4) Compared with conventional power system, the damping ratios of 
the electromechanical modes for the system with VSG may be more 
easily affected by the inertia. 

3.2. Guidelines to damp a specific electromechanical mode by VSG 

According to the small-signal analysis, it is shown that a VSG has the 
ability to damp the electromechanical oscillations. This ability has a 
high relationship with the significant states of the electromechanical 
mode. Therefore, guidelines to guide how to damp a specific electro-
mechanical mode by replacing an SG with a VSG is proposed as follows.  

1) Develop the small-signal model of a power system according to 
Section 2. 

2) Calculate the eigenvalues of the system, identify the electrome-
chanical modes and their significant states based on the participation 
factors. 

Fig. 12. Participation factors of mode 1 when the inertia constant H1 is (a) 1 s and (b) 20 s.  

Fig. 13. Loci of pair of eigenvalues when H3 changes from 1 s to 5 s. (a) No.1. (b) No.2.  
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3) Replace the SG corresponding to the dominant states of a specific 
electromechanical mode with a VSG. Then this electromechanical 
mode can be damped by the VSG.  

4) Re-calculate the eigenvalues of the new system with this VSG to 
make sure that this VSG will not deteriorate other electromechanical 
modes. 

4. Simulation results 

4.1. IEEE 9-Bus test system 

The IEEE 9-bus system shown in Fig. 1 is established in Matlab/ 
Simulink and the same cases as specified in Table 1 are used to test the 
performance. The generators are modeled by the non-linear models 
without linear simplifications. All the controllers for SGs and VSGs are 
shown in Section 2. As the frequencies of the electromechanical oscil-
lations are much smaller than the switching frequency. The average 
model is used for the inverters, while the high-frequency component is 
neglected as in [9,10,13,15–17]. The parameters can be found in [32]. 
Some important parameters are shown in Fig. 1 and listed as follows: H1 
= 9.55 s, H2 = 3.33 s, H3 = 2.35 s, Dp1 = Dp2 = Dp3 = 0.02, Dq1 = Dq2 =

Dq3 = 0.05, kq1 = 50, kq2 = 100, kq3 = 100, ωset1 = ωset2 = ωset3 = 1, Pset1 
= Pset2 = Pset3 = 1, Vset1 = 1.04, Vset2 = 1.025, Vset3 = 1.025, Qset1 = Qset2 
= Qset3 = 0. All base values of each generator are based on the rated 
capacity and voltage in Fig. 1. 

4.1.1. Verification of small-signal analysis 
Fig. 15 shows the waveforms for variations of the relative angles 

when there is a load step of 25 MW in Load 1 at t = 90 s. As analyzed in 

Section 3, Δδ2 and Δδ3 are the dominant states for mode 1 and mode 2, 
respectively. As seen, the system becomes much more stable in Case 4 
than in Case 1, which verifies the advantages of VSGs like analyzed in 
Section 3. Meanwhile, it is observed in Fig. 15(b) that the oscillation in 
Δδ3 is stronger in Case 3 than in Case 2. This result is also accordance 
with Fig. 6 that replacing SG2 by VSG2 makes Δδ3 from SG3 participate 
more in mode 2, which decreases the damping ratio of mode 2. 

Fig. 16 shows the waveforms of Δδ2 with different H1 when there is a 
load step of 25 MW in Load 1 at t = 90 s. As seen in Case 2, H1 should not 
be too large in case of poor damped oscillations. On the contrary, it is 
easy to damp this electromechanical oscillation by choosing a small H1 
for VSG1. When more SGs are replaced by VSGs, as in Case 3 and Case 4, 
the oscillation of Δδ2 can always be damped quickly due to the large 
damping ratios with different H1. 

Fig. 17 shows the waveforms of Δδ3 with different H3 when there is a 
load step of 25 MW in Load 1 at t = 90 s. As seen, for the first three cases, 
although the damping of the oscillation can be changed by the variations 
of H3, this oscillation is hard to be damped. This is because the loci of the 
first three cases are always close to the imaginary axis with the damping 
ratio less than 0.08 as shown in Fig. 13. However, for Case 4, the 
oscillation is easily damped when SG3 is replaced by VSG3. The 
damping ratio is larger than 0.2, which is more than two times of the 
damping ratios of the other three cases. The dynamics of Fig. 17 can be 
well predicted by the small-signal analysis. Taking Fig. 17(c) as an 
example, as shown in Fig. 14, the dominant state form mode 2 is Δδ3 for 
both H3 = 1 s and H3 = 5 s in Case 3. It means that the dynamics of Δδ3 
mainly reflects the characteristics of mode 2. As shown in Fig. 13(b), 
when H3 = 1 s, mode 2 is placed at point A. In comparison, when H3 = 5 
s, mode 2 is placed at point B. Obviously, point B (H3 = 5 s) has a larger 

Fig. 14. Participation factors of mode 2 when H3 is (a) 1 s and (b) 5 s.  

Fig. 15. Simulation results of relative angles when there is a 25 MW step in Load 1 at t = 90 s. (a) Δδ2. (b) Δδ3.  
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damping ratio and smaller damped natural frequency than point A (H3 
= 1 s), which is in accordance with Fig. 17(c). 

4.1.2. Damping of mode 2 
This section will present the effectiveness of the proposed damping 

guidelines in Section 3.2, where the mode 2 is in focus. It is shown in 
Fig. 15 and Fig. 17 that both of VSG 1 and VSG 2 cannot well damped 
mode 2. This is because, from the proposed guidelines, the replaced 
states should be the significant states in order to damp an electrome-
chanical mode. However, for mode 2, the significant states only come 
from G3. Therefore, when VSG 1 and VSG 2 are connected into the 
system, Δδ3 still has a large oscillation until, in Case 4, VSG3 is con-
nected. To further validate the correctness of the proposed guidelines, a 
new case, where only G3 is an VSG with G1 and G2 being SGs, is 
compared with other cases in Fig. 18. As shown, when only G3 is a VSG, 
this electromechanical mode is well damped. This is because G3 pro-
vides the significant states of mode 2. 

4.2. Four-Machine Two-Area test system 

In order to verify that the findings based on the IEEE 9-bus test 
system can be applied to other system, this part further considers Kun-
dur’s four-machine two-area test system shown in Fig. 19, which is a 
typical system to study the electromechanical oscillation and has been 
used in many literatures [20,21]. The model details as well as the pa-
rameters are available online [30]. According to the small-signal anal-
ysis, there are three electromechanical modes in this system, where an 
inter-area mode is unstable with the frequency around 0.6 Hz and two 
stable local modes with the frequencies around 1 Hz. Two cases, where 
SG1 and SG4 are replaced by the VSGs, respectively, are considered. Like 

in [30], a 5%-magnitude step at the voltage set-point of G1, which lasts 
12 cycles, is used as the disturbance to generate the electromechanical 
oscillations. 

Based on analysis of the participation factors, all of the four gener-
ators are significant states of the unstable electromechanical mode. 
Therefore, according to the conclusion of this paper, both cases can help 
to damp the inter-area mode. The active powers from Bus 1 to Bus 2, 
which can represent the inter-area mode, are shown in Fig. 20. As 
observed, this mode is well damped by the VSGs. Fig. 21 further shows 
the variations of the electromechanical mode of the studied two cases in 
the s-plane. In both cases, the inter-area mode is changed to be stable as 
expected. Meanwhile, it is also observed from the two local modes that 
the replacement of SG1 and SG4 can only obviously influence one of 
them, respectively. This is because the dominant states of the two local 
modes are only respectively related to one of the replaced SGs rather 
than both of them. These findings are in accordance with the former 
analysis. 

5. Conclusion 

This paper benchmarks the differences of modeling between SGs and 
VSGs, and then investigates the impacts of inverter-based power sources 
with VSG control on the power system using IEEE 9-bus system, where 
the traditional SGs are gradually replaced by the VSGs. The following 
conclusions are obtained:  

1) The impact of replacing an SG with a VSG on the electromechanical 
oscillation can be positive, negative, or quite small. When the 
replaced states are the significant states of an electromechanical 

Fig. 16. Simulation results of Δδ2 with different H1 when there is a 25 MW step in Load 1 at t = 90 s. (a) Case 1. (b) Case 2. (c) Case 3. (d) Case 4.  
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Fig. 17. Simulation results of Δδ3 with different H3 when there is a 25 MW step in Load 1 at t = 90 s. (a) Case 1. (b) Case 2. (c) Case 3. (d) Case 4.  

Fig. 18. Simulation results of damping Δδ3 using only VSG 3.  

Fig. 19. Single line diagram of Kundur’s four-machine two-area test system.  

M. Chen et al.                                                                                                                                                                                                                                   



International Journal of Electrical Power and Energy Systems 142 (2022) 108370

13

mode, the damping ratio of this mode increases. The higher the 
participation factor is, the larger damping ratio is. 

When the replaced states are not the significant states, the partici-
pation of an SG may increase to deteriorate the stability of this elec-
tromechanical mode. Otherwise, replacing an SG with a VSG hardly has 
no impact on this mode.  

2) The proposed damping guidelines using the VSG can effectively 
damp the electromechanical oscillation.  

3) Compared to the traditional power system, the electromechanical 
mode of the system with VSGs is more easily influenced by changing 
of the parameters due to the large variations of the participation 
factors. Therefore, it is easier to make use of the VSGs with adjustable 
parameters to stable the operation of the power system with high 
penetration of inverter-based sources.  

4) The findings are also verified using the four-machine two-area 
system.  

5) In the future, the impact of the VSG on the control modes and the 
transient following a large disturbance still needs to be studied. 
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Appendix 

The details of matrices in Section 2.1 are as follows. 

Aw =

⎡

⎢
⎢
⎢
⎣

−
1

T ′

q0

0

0 −
1

T ′

d0

⎤

⎥
⎥
⎥
⎦
, Bwe =

⎡

⎢
⎣

0
1

T ′

d0

⎤

⎥
⎦, Bwnet =

⎡

⎢
⎢
⎢
⎣

0
Xq − X ′

q

T ′

q0

−
Xd − X ′

d

T ′

d0

0

⎤

⎥
⎥
⎥
⎦
, Dwnets =

[
− Ra X ′

q

− X
′

d − Ra

]

(34)  

Dwe =

[
1
0

]

, Dwnet =

[
− Ra Xq
− Xd − Ra

]

(35)  

Fig. 20. Simulation results of inter-area mode with different cases.  

Fig. 21. Variations of electromechanical mode. (a) SG1 is replaced by VSG. (b).  
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Ag =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

−
1
T1

0 0 0

1
T1

−
1
T3

0 0

0
1
T3

−
1
T4

0

0 0
1 − F

T4
−

1
T5

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, Bg =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣
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0

T2
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1

0 0

0 0

⎤
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⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(36)  

Bgr =

[
T2 − T1

DpT1
− T2

DpT1
0 0

]T

, Cg =

[

0 0
F
T4

1
T5

]

(37)  

ug = [ωset Pset ]
T
, Dg =

[
1

Dp
1
]

(38)  

Ae =

⎡
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⎢
⎢
⎢
⎢
⎣

−
1
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0 0 0

−
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−

1
Ta

−
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TeTf
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Tf

0
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−

1
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0

0 0
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−

1
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⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
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⎥
⎦

, Bes =

⎡

⎢
⎢
⎣

0
Ka
0
0

⎤

⎥
⎥
⎦ (39)  

Bews =

⎡

⎢
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⎣
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V0
0 0 0

vq0

V0
0 0 0

⎤

⎥
⎥
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T

, Ce =

[

0 0
1
Te

0
]

(40)  

ue = [Vset Qset ]
T
, Be = [ kq kqDq ], Benet = [ − kqDqvq0 kqDqvd0 ] (41)  

Bew =

[

kqDqioq0 −
kqvd0

V0
− kqDqiod0 −

kqvq0

V0

]

(42) 

The details of matrices in Section 2.2 are as follows. 

Bδ = [ωn 0 ], Bδ1 = [ωn 0 ] (43)  

xpco =

[
xp
Δδ

]

, Apco =

[
Ap BpnetTi
Bδ 0

]

, Bpco =

[
Bp
0

]

, Bpnetco =

[
BpnetTt

0

]

, Bs =

[
0

− Bδ1

]

(44)  

Cpco =
[

T− 1
t Cp T− 1

t DpnetTi − T− 1
t Tv

]
, Dpnetco = T− 1

t DpnetTt (45)  
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