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Active Power Oscillation Damping Based on
Acceleration Control in Paralleled Virtual
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Abstract—Although the virtual synchronous generator provides
a grid-friendly operational mode for power converters, it may
also introduce disadvantages similar to a traditional synchronous
generator such as power oscillation in the parallel mode due to
large virtual inertia. This article proposes an additional damping
strategy to suppress the power oscillation. After analyzing the re-
lationship between the output power and the angular acceleration,
a damping strategy is designed by the acceleration control with a
disturbance compensation. Small-signal analysis is also applied to
study the stability of the proposed method. Finally, experiments
are carried out to verify the proposed auxiliary damping method.

Index Terms—Acceleration control, damping control, parallel
operation, power oscillation, virtual synchronous generator (VSG).

I. INTRODUCTION

MOTIVATED by the favorable characteristics of a tradi-
tional synchronous generator, the virtual synchronous

generator (VSG) is proposed in order to overcome the shortages
of the common control strategies applied in an inverter, which
are lacking inertia in general [1]–[6]. By applying the mathe-
matical model of a synchronous generator in the control system,
an inverter can emulate the inertia characteristics even though
there is not an actual mechanical rotor [7], [8]. Therefore, the
frequency performance will be improved in a power system with
more power-electronic-based power supplies using the virtual
inertia. In the case of a system without inertial sources such as
some islanded microgrids, this feature is especially important.

Plenty of implementations have been proposed for the
VSG [9], [10]. Although there are different modeling approaches
among them, the key characteristic of inertia is always intro-
duced by imitating the swing equation of the rotor in a syn-
chronous generator. Simultaneously, in this way, the synchro-
nization is naturally changed to a power-based process rather
than depending on a phase-locked loop (PLL). In addition,
the steady-state droop characteristics of the governor and the
automatic voltage regulator (AVR) in a synchronous generator
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can easily be applied to a VSG as well. Currently, there is no
standard on how the transient response of a VSG should be.
However, as synchronous generators have been well used in the
power system, which shows good robustness, it could be a good
way to control a VSG to behave as close as possible to a syn-
chronous generator. An improved implementation motivated by
this point is proposed in [11]. In conclusion, from the viewpoint
of the power grid, a static inverter can operate in the way of
a rotating synchronous generator [12]. Therefore, the VSG is
seen as a grid-friendly way to integrate the power-electronic-
based sources without threatening the normal operation of the
traditional power grid.

Nevertheless, some disadvantages of a synchronous generator
may still be observed in a VSG, one of which is the power
oscillations due to the large inertia [13], [14]. In parallel VSG
systems, this phenomenon can easier occur [15]–[18]. Compared
to an actual synchronous generator, the power oscillation may
have more serious impacts on a VSG. This is because the power
semiconductor devices have lower overcurrent capability and
the damping of a power-electronic-based grid is much smaller.

In [17], the center of inertia is used to damp the power oscil-
lation in a paralleled VSGs system. However, it has to depend
on a central controller. In some decentralized implementations,
the damping of a VSG can be improved by adding a PLL-based
virtual damping term. This will inevitably introduce PLL-related
problems, especially in a weak grid [19]. Similarly, the droop
control can be used to improve the damping ability [20], [21].
However, it is most preferable in the case of the grid-connected
mode. In an islanded system with parallel VSGs, changing the
droop control will influence the steady-state regulation char-
acteristics. In [22], a nonlinear power damping controller is
proposed. However, the coupling between the frequency and
voltage control is increased. Meanwhile, the analysis of a non-
linear system is difficult. In comparison, a linear damping control
strategy for a VSG is presented in [23]. Nevertheless, it focuses
on the oscillations caused by the coupling between the active and
reactive power control loops, and the parameters are determined
by a complicated online algorithm. Some easier online damp-
ing correction methods can be found in [24]–[26], which are
designed by self-adaptive or optimal control. All these methods
are based on a stiff power grid, which may not be applied when
the steady-state frequency of the system changes in an islanded
system. In [27], a damping correction loop is used in order
to increase the degree of freedom of a single synchronverter,
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Fig. 1. Topology and control structure of a traditional VSG.

where damping the power oscillations in a parallel system is
not considered. Virtual impedance is another effective method
to improve the stability of a single VSG [28], [29]. As described
in [30] and [31], the power oscillation for parallel VSGs can be
canceled when there are specific relationships between parame-
ters of the VSGs including the virtual impedances. This requires
a central manager to design the parameters of all parallel VSGs
simultaneously, which is inflexible and may not be feasible in
practice. Meanwhile, even though the virtual impedances can be
designed properly, the performance can still be influenced by the
impedances of the lines, whose accurate values are difficult to be
obtained. Although a damping strategy proposed in [31] helps to
decrease the power oscillation, it shows that a large oscillatory
magnitude can still be observed without a proper impedance
matching.

This article focuses on providing a damping strategy to sup-
press the power oscillation for parallel VSGs with only the
locally available information. Although the parameters of the
parallel VSGs do not meet a specific requirement, the power
oscillation can still be well damped by using the proposed
method.

The rest of the article is organized as follows. Section II
provides a brief introduction of the VSG and power oscillation
in the parallel mode. In Section III, the proposed additional
damping method based on the acceleration control is described
in details, and the stability analysis is also given. Section IV
presents the experimental results. Finally, the conclusion is
drawn in Section V.

II. ACTIVE POWER OSCILLATION OF PARALLEL VSGS

A. Overview of Conventional VSG

Fig. 1 shows the topology and the control block diagram of a
traditional VSG. The power stage consists of a dc source repre-
sented by Vdc, and a three-phase inverter with an LC filter, where

Lf , Rf , and Cf are the equivalent inductance and resistance of
the filter inductor, and the filter capacitance, respectively. Ls

and Rs represent, respectively, the equivalent inductance and
resistance connecting to a main grid, microgrid, or just a local
load according to different operation modes. i, v, and io are the
currents of the filter inductor, the output voltages, and the output
currents, respectively. The subscripts “abc” and “dq” represent
the components in the abc and dq frames. The output active
power p and reactive power q are calculated and fed into the
VSG control to derive the voltage references vdqref for the inner
voltage and current control loops. In this article, if there is not
specific illustration, all the following modeling and analysis are
given based on the per unit (p.u.) system.

The VSG control emulates the characteristics and control of an
actual synchronous generator, which consists of four parts, i.e.,
the virtual rotor, virtual winding, virtual governor, and virtual
AVR. The virtual rotor represents the inertia characteristics,
which is expressed as⎧⎪⎪⎨

⎪⎪⎩
P0 − p∗ − pd = 2H

dω∗

dt

dθ

dt
= ω∗ωn

(1)

where the superscript “*” represents the p.u. value and the
subscript “0” represents the set-point value. pd is the damping
power, ω and ωn are the virtual angle speed of the rotor and
its nominal value, and θ is the rotor angle. H is the inertia
constant. The virtual winding represents the electromagnetic
characteristics, which uses the steady-state model to enhance
the decoupling of the influence between the active and reactive
power.

The virtual governor and virtual AVR emulate the frequency
and voltage regulation in the traditional power system by using
droop control, which can be expressed as

−Dppd = ω0 − ω∗ (2)

Uref = kq

∫
[Dq(Q0 − q∗) + V0 − V ∗]dt (3)

where Dp and Dq are the P − ω and Q− V droop coefficients,
respectively. As can be seen from Fig. 1, the feedback signal of
voltage magnitudeV and the angle for coordinate transformation
are obtained from the control signals, which implies that the PLL
can be completely eliminated.

B. Causes of Active Power Oscillation

When voltage sources such as VSGs are paralleled with each
other, the power oscillation may occur due to the resynchroniza-
tion process after a disturbance. The system used in this article
is shown in Fig. 2, which includes two VSGs as an example.

According to Fig. 1, the state-space representation of the fre-
quency regulation following a load disturbance can be expressed
as [30] {

ẋ = Ax+BΔp∗load

y = Cx+DΔp∗load

(4)
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Fig. 2. Topology of two paralleled VSG systems connected to a load.

where

x =
[
Δω∗

1 Δω∗
2 Δδ

]T
(5)

y =
[
Δp∗1 Δp∗2

]T
(6)

A =

⎡
⎢⎣−

1
2H1Dp1

0 − K1K2

2H1(K1+K2)

0 − 1
2H2Dp2

K1K2

2H2(K1+K2)

ωn −ωn 0

⎤
⎥⎦ (7)

B =
[
− K1

2H1(K1+K2)
− K2

2H2(K1+K2)
0
]T

(8)

C =

[
0 0 K1K2

K1+K2

0 0 − K1K2

K1+K2

]
(9)

D =
[

K1

K1+K2

K2

K1+K2

]T
(10)

where K1 and K2 are two parameters determined by the steady-
state operation point calculated by

Ki =
∂pi
∂δi

∣∣∣∣
∞

(11)

where i is 1 or 2 for VSG1 and VSG2, respectively. As can be
seen, the paralleled VSGs are interconnected with each other by
the relative rotor angle Δδ=Δθ1 −Δθ2. According to the loci
analysis in [31], the state variable of Δδ may introduce a pair of
conjugate plural dominated poles, which leads to oscillations in
the output power.

III. PROPOSED DAMPING CONTROL

A. Analysis of Control Target and Control Signal

Based on (1) and (2), the frequency dynamics of the VSG can
be represented as

P0 +
1

Dp
(ω0 − ω∗)− p∗ = 2H

dω∗

dt
. (12)

In order to damp the power oscillation, a new control input u
is added in (12) as

u+ P0 +
1

Dp
(ω0 − ω∗)− p∗ = 2H

dω∗

dt
. (13)

By rearranging (13), the output power of the VSG can be
expressed as

p∗ = u+ P0 +
1

Dp
ω0 − 1

Dp
ω∗
∞

−
(

1

Dp

∫
dω∗

dt
dt+ 2H

dω∗

dt

)
(14)

where ω∗
∞ is the initial value. As shown, the VSG can be seen

as a system, where the output p∗ is controlled by dω∗/dt via
a proportional integral (PI) controller with proportional and
integral gains being 2H and 1/Dp, respectively. Neglecting the
effect of the constant term P0 + (1/Dp)ω0 − (1/Dp)ω

∗
∞, p∗ is

expressed in the frequency domain as

p∗(s) = u(s)− 2Hs+ 1/Dp

s
ω̇∗(s). (15)

Therefore, the oscillatory characteristics of p∗(s) is deter-
mined by the poles of ω̇∗(s) andu(s). If ω̇∗(s) andu(s) introduce
conjugate plural dominated poles, oscillations will occur in
the output active power. Otherwise, if ω̇∗(s) and u can only
introduce negative real poles, no oscillations will be observed in
the output power.

According to the aforementioned analysis, it is possible to
control the output power by the controlling of dω∗/dt. If the
dynamics of dω∗/dt can be damped with a damped input u, no
oscillations will occur in p∗. Besides, the P−ω droop charac-
teristics in the steady-state should not be changed in order to
keep an accurate power sharing among VSGs, which requires
that, according to (13), the steady-state value of the control input
u is zero. In summary, the control targets can be expressed as
follows.

1) Poles of ω̇∗(s) are negative real poles.
2) Poles of u are negative real poles.
3) limt→∞ u = 0.

B. Acceleration Control Based Damping Control

Based on Section III-A, the power oscillation can be con-
trolled by the angular acceleration ω̇∗. By choosing ω̇∗ as a state
variable, the time derivative of (13) is

u̇− 1

Dp
ω̇∗ − ṗ∗ = 2Hω̈∗. (16)

As the control input u itself should be controlled as well, u
is seen as the second state space. By defining an intermediate
variable μ as

u̇ = μ (17)

the state-space representation of acceleration control of the VSG
can be expressed as[

ω̈∗

u̇

]
=

[− 1
2HDp

0

0 0

] [
ω̇∗

u

]
+

[
1

2H
1

]
μ+

[− 1
2H
0

]
ṗ∗ (18)

[
ω̇∗

u

]
=

[
1 0
0 1

] [
ω̇∗

u

]
. (19)

As can be seen, the model is a single input, double output
system and there is a disturbance introduced by ṗ∗. It should be
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Fig. 3. Equivalent circuit diagram of paralleled VSGs system.

mentioned that the so-called disturbance is an equivalent term in
mathematics but not representing the actual disturbance of the
system. As shown in the equivalent circuit of the paralleled VSGs
system in Fig. 3, the actual disturbance for VSG 1 comes from the
rest parts of the system such as the load variation and the output
of VSG 2. However, all these disturbances will be reflected in
the variation of p∗1. Therefore, ṗ∗ includes the information of
the actual disturbances, which is used to design the controller
according to (18).

First, if neglecting the disturbance, the dynamics of the
outputs are expected to be completely controlled by the state
feedback control. However, the disturbance may influence the
performance of the controller. In order to decrease the impact of
ṗ∗, a large control gain should be used. In the following stability
analysis, it will show that instability may occur in this case by
leading one of the negative real root to cross the imaginary axis.
This is because the disturbance matrix Bd is not adjustable by
the feedback control. The virtual impedances are used to avoid
using a large feedback gain [31]. However, as stated above,
the impedances of the parallel VSGs may not exactly meet the
required relationship.

It is worth noting that the disturbance ṗ∗ will return to be zero
in steady state. Therefore, in order to take the disturbance into
consideration in the feedback control, take ṗ∗ as the third state
variable. Then, the state-space representation of (18) and (19) is
extended to the following:⎡

⎣ω̈∗

u̇
p̈∗

⎤
⎦ =

⎡
⎣− 1

2HDp
0 − 1

2H

0 0 0
0 0 0

⎤
⎦
⎡
⎣ω̇∗

u
ṗ∗

⎤
⎦+

⎡
⎣ 1

2H
1
0

⎤
⎦μ+

⎡
⎣00
1

⎤
⎦ p̈∗

(20)

[
ω̇∗

u

]
=

[
1 0 0
0 1 0

]⎡⎣ω̇∗

u
ṗ∗

⎤
⎦ . (21)

Compared the upper model with a standard state-space model,
[ω̇∗ u ṗ∗]T can be seen as the state vector andμ can be seen as the
input. Then, according to the state feedback theory, the control
signal μ can be defined as [32]

μ = − [
k1 k2 k3

] [
ω̇∗ u ṗ∗

]T
(22)

where k1, k2, and k3 are the feedback gains. Combining (17)
and (22) yields

u̇ = − [
k1 k2 k3

] [
ω̇∗ u ṗ∗

]T
= −k1ω̇

∗ − k2u− k3ṗ
∗. (23)

Then, u can be solved in the s domain as

u = − k1
s+ k2

ω̇∗ − k3 s

s+ k2
p∗ (24)

Fig. 4. Frequency control of VSG with the proposed damping method.

where a more general form is

u = − k1
s+ k2

ω̇∗ − k3 s

s+ k4
p∗. (25)

As can be seen, the feedback signal is a combination of the
low-frequency component of the frequency acceleration and the
high-frequency component of the active power. It should be
noted that (20) is still not a standard state-space representation
due to p̈∗. In theory, the state-space representation can be further
extended by taking p̈∗ as a state variable in order to decrease
the influence of the disturbance. However, more extended state
variables will lead to more differential terms, which cannot be
fulfilled in practice. The block diagram of the frequency control
of the VSG with the proposed damping control strategy is shown
in Fig. 4.

By choosing different feedback gains, different control per-
formances can be achieved. The following gives a remark on
some special cases.

1) Case 1: k1 = k3 = 0. It is the traditional VSG control.
2) Case 2: k1 = 0. The feedback signal contains only the

power signal, which is seen as a disturbance suppression
control. However, ω̇∗ is not controlled, which implies that
a large frequency deviation may occur.

3) Case 3: k3 = 0. The feedback signal contains only the
frequency signal. Compared with the method in [31], if
setting the feedback gains as k1 = D and k2 = 1/Tω , they
are equivalent. Therefore, the damping strategy proposed
in [31] can be seen as a special case of the acceleration
control method in this article. Obviously, because there
is no disturbance suppression, the control performance is
highly affected.

4) Case 4: k2 = 0 or k4 = 0. In this case, u is not controlled
and the system represented by (18) and (19) is simplified to
a single-input, single-output system. It is possible that the
disturbance can be completely compensated by an active
disturbance suppression in theory. However, the steady-
state characteristics will inevitably be changed. Therefore,
k2 and k4 should be compromisely chosen between better
oscillation suppression and smaller steady-state error.

Based on the proposed control strategy, the closed-loop Bode
diagrams of Δp∗1(s)/Δp∗load(s) in the parallel VSGs system
shown in Fig. 2 are compared in Fig. 5. In this article, the
used parameters are the same as in the experiments shown in
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Fig. 5. Comparison of frequency characteristics with different control strate-
gies.

Fig. 6. Bode diagram of Δp∗1(s)/Δp∗load(s) with different line impedances.

Section IV if there is not specific illustration. As seen, under the
traditional VSG control, there will be a resonance peak at the
frequency around 2.6 Hz. In Case 2, when only the disturbance
suppression signal is introduced in the feedback control, the
resonance is damped. However, a new resonance point occurs
at a higher frequency around 10 Hz. Although this resonance
can quickly be damped, a large oscillation is anticipated to be
observed at the beginning of the disturbance. On the contrary, in
Case 3 with only the acceleration feedback without a disturbance
suppression, a smaller resonance frequency around 1.1 Hz will
occur. The resonance peak decreases in this situation, but a
longer settle time may be needed. This is the reason why an
additional virtual impedance design should be used to further
damp the oscillation in [31]. With the proposed method, the
existing resonance can be well damped. Meanwhile, no new
resonance point with a high peak will be introduced into the
system.

Before investigating the impact of the proposed controller on
the stability of the system, a study on the line impedance effects
is first carried on. As shown in the equivalent circuit of the paral-
leled VSGs system in Fig. 3, Xs represents the line impedance.
Thanks to the function of the virtual inductor, the line can be seen
as inductive. In the following, the impact of the line impedance
Xs1 will be studied. It is supposed that Ls1 changes within ±
50% of the used value in the experiment (1 mH). Fig. 6 shows

Fig. 7. Block diagram of small-signal model for paralleled VSG system.

the frequency characteristics of the system with different line
impedances controlled by the proposed method. It is noted that
the low-frequency domain is hardly influenced by Ls1, whereas
the gain, in a relatively high-frequency domain, decreases with
the increase of Ls1, which implies a larger damping. It is worth
noting that the resonance peak is always damped with different
line impedances compared with the traditional VSG shown in
Fig. 5. Therefore, the proposed method is robust to the line
impedance.

It should be mentioned that although a simple paralleled VSGs
system is used in this article, the topology of the rest of the
system in Fig. 3 can be other complicated structure with multiple
VSGs. On one hand, the model can be easily derived based on
the method in [33]. On the other hand, the proposed method has
a relatively high robustness. It is because, as stated before in
Fig. 3, all of the disturbances from the rest of the system will be
reflected in the variation of p∗1 and then the control input by the
designed power feedback.

C. Stability Analysis

With the proposed controllers, the dynamics of the paralleled
VSG system shown in Fig. 2 is described by (4), (13), and (25).
Therefore, the block diagram of the small-signal model can be
derived as shown in Fig. 7. Based on this, the new state-space
representation becomes{

ẋnew = Anewxnew +BnewΔp∗load

y = Cnewxnew +DΔp∗load

(26)

where a new state vector xnew is

xnew =
[
x x1 x2 x3 x4

]T
(27)

where x1 and x2 are the new state variables introduced by the
proposed feedback controllers in VSG1, and x3 and x4 are the
new state variables in VSG2. In addition, the state transition
matrix is shown in (30) shown at the bottom of the next page,
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TABLE I
EXPERIMENTAL SETUP PARAMETERS

and the other matrices are given as

Bnew =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

B −
⎡
⎣

k13

2H1
0

0 k23

2H2

0 0

⎤
⎦D

⎡
⎢⎢⎣

0 0 0
k11 0 0
0 0 0
0 k21 0

⎤
⎥⎥⎦B +

⎡
⎢⎢⎣
k13k14 0

−k11k13

2H1
0

0 k23k24
0 −k21k23

2H2

⎤
⎥⎥⎦D

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(28)

Cnew = C

⎡
⎣1 0 0 0 0 0 0
0 1 0 0 0 0 0
0 0 1 0 0 0 0

⎤
⎦ (29)

In the following, the matrix Anew is used to conduct a small-
signal analysis. As the parallel VSGs have the same control
structure as shown in Fig. 1, only the parameter variations of
VSG1 are studied as an example and we only focus on the
dominant poles. The required parameters are identical with the
ones in the experiments given in Table I, which will be further
described in Section IV in detail.

For the purpose of comparison, Fig. 8(a) shows the loci of
the traditional VSG when H1 changes and Fig. 8(b) shows the
result with the proposed control. It can be seen that when H1

increases, all the three dominated poles of the traditional VSG
move closer to the imaginary axis. The pair of plural poles can
always influence the dynamics of the system. Moreover, from
H1 = 2 s, they have even larger impacts than the real pole. Thus,
obvious oscillations will occur. Meanwhile, a small H1 is not
good for the frequency support. Fig. 8(b) shows that the proposed
control can keep the dominant poles to be negative real, which
implies a small oscillation.

Fig. 9 shows the root loci family, which is related to the
parameters of the frequency feedback signal. As seen, when
k12 is small (e.g., k12 = 30 or 50), all the dominant poles are

Fig. 8. Dominated poles when H1 increases from 1 to 20 s of (a) traditional
VSG and (b) the proposed control.

Fig. 9. Dominant poles of the proposed control when k11 increases from 1000
to 5000 with different k12.

negative real in the investigated range of k11. In this situation,
as k11 increases, one of the dominant poles move away from
the imaginary axis with the others close to the imaginary axis.
However, when k12 increases to 70 with a small k11, a pair
of plural poles will occur, which enlarges the oscillation of
the system. This oscillatory mode can be canceled by further
increasing k11, which implies that the value of k11 should not
be too small. Meanwhile, k12 is not supposed to be too small
as well. As shown, the loci of a smaller k12 are closer to the
imaginary axis, which will increase the settle time.

Anew =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A−
⎡
⎣

k13

2H1
0

0 k23

2H2

0 0

⎤
⎦C

⎡
⎣ 1

2H1
− 1

2H1
0 0

0 0 1
2H2

− 1
2H2

0 0 0 0

⎤
⎦

⎡
⎢⎢⎣

0 0 0
k11 0 0
0 0 0
0 k21 0

⎤
⎥⎥⎦A+

⎡
⎢⎢⎣
k13k14 0

−k11k13

2H1
0

0 k23k24
0 −k21k23

2H2

⎤
⎥⎥⎦C

⎡
⎢⎢⎣
−k14 0 0 0
k11

2H1
−k12 − k11

2H1
0 0

0 0 −k24 0

0 0 k21

2H2
−k22 − k21

2H2

⎤
⎥⎥⎦

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(30)
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Fig. 10. Desirable region of parameters of frequency feedback, where 1),
2), and 3) mean the boundaries are derived according to the corresponding
principles.

Fig. 11. Dominant poles of the proposed control when k13 increases from 1
to 40 with different k14.

Then, the parameters of the frequency feedback should be
chosen by making tradeoffs among the following principles.

1) In order to have a small settle time, the dominant negative
real pole should be away from the imaginary axis with
a certain distance (e.g., ≥ 0.5). Therefore, k11 should be
small and k12 should be large.

2) In order to well damp the oscillation, the existing plural
poles should be canceled. Therefore, k11 should be large.

3) In order to limit the high-frequency noise, the time con-
stant of the frequency feedback should not be small (e.g.,
≥ 0.01 s). Therefore, k12 should be small.

According to the upper principles, the desirable region of the
parameters of the frequency feedback is shown in Fig. 10. In this
article, there is (k11, k12) = (3000, 50).

Fig. 11 shows the root loci family, which is related to the
parameters of the power feedback signal. As seen, when k13
is small, there is a pair of plural poles with a small natural
frequency, which is not preferable. As k13 increases, this pair
of poles meet and are split into two negative real ones, which
implies that the dominant oscillatory mode is canceled. How-
ever, if k14 is small (e.g., k14 = 30), one of the poles will meet
another one to constitute a new pair of plural poles. Meanwhile,
k14 is not supposed to be too large as well. This is because a
large k14 will make the power feedback close to a differential
term, which may amplify the noise.

Then, the parameters of the power feedback should be chosen
by making tradeoffs between the following principles.

1) In order to well damp the oscillation, the existing plural
poles should be canceled. Therefore, k13 and k14 should
be large.

Fig. 12. Desirable region of parameters of power feedback, where 1), 2), and
3) mean the boundaries are derived according to the corresponding principles.

Fig. 13. Setup of experimental paralleled VSG system.

2) In order to avoid the introduction of new oscillation mode,
there should be no new plural poles. Therefore, k13 should
be small.

3) In order to limit the high-frequency noise, the time con-
stant of the power feedback should not be small (e.g., ≥
0.01 s). Therefore, k14 should be small.

According to the upper principles, the desirable region of the
parameters of the power feedback is shown in Fig. 12. In this
article, there is (k13, k14) = (20, 50).

In conclusion, the parameters of the proposed controller
should not be arbitrarily chosen. However, it is still feasible
to design them in a relatively large range in order to damp the
power oscillation.

IV. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the proposed strat-
egy, experimental tests are carried out on the setup shown in
Fig. 13. The structure of the main circuit is identical with
Fig. 2, where the inverter systems are based on Danfoss drives.
The DS1007 dSPACE system is used to execute the control
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Fig. 14. Experimental results of frequency and active power with (a) traditional VSG (Case 1), (b) power feedback only (Case 2), (c) frequency feedback only
(Case 3), (d) damping of kd(ω∗−ωg), and (e) proposed control strategy.

strategies. In order to demonstrate the effectiveness of the pro-
posed control when the parameters of parallel VSGs do not
meet a specific relationship like in [30] and [31], it is set that
Dp1 = Dp2, H1 = 2H2, and Xv1 = 3Xv2. The other parame-
ters are listed in Table I. When the system operates in steady
state, a load step of 0.5 p.u. is applied in order to study the
dynamics.

With the set parameters, large oscillations are observed in
the frequencies and output powers of the traditional VSGs, as
shown in Fig. 14(a). The peak value of p1 is about 3400 W,
which implies an oscillatory magnitude of 900 W. After about
1.5 s, the oscillation has been damped.

Fig. 14(b) shows the experimental results when only the power
feedback signals are applied with the controller parameters
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Fig. 15. Waveforms of relative rotor angle for different control methods.

given as k13 = k23 = 20 and k14 = k24 = 50. In this case, the
oscillations with a smaller period can be damped less than 0.5 s,
which is only one-third of the value in the traditional VSG case.
However, the peak value is hardly decreased, which is 3200 W
for p1. Meanwhile, from the waveforms of the frequencies, they
quickly drop to the values lower than the steady-state frequency
after the disturbance. Therefore, this method seriously sacrifices
the frequency quality compared with the methods in Fig. 14(a),
(c), (d), and (e), which is not preferable.

When only the frequency feedback signals are applied by
setting k11 = k21 = 3000 and k12 = k22 = 50, which is also
the method in [31], the experimental results are as shown in
Fig. 14(c). As it can be seen, although the oscillations can still
be observed, the peak value of p1 decreases to about 3000 W.
Therefore, the oscillatory magnitude becomes 500 W, which
is only 56% compared with the traditional VSG. However,
the settling time increases due to a longer oscillation period.
Fig. 14(c) shows that the oscillation can still be observed after
2 s, which is more than 1.3 times of the value in Fig. 14(a).

In order to better show the advantages of the proposed method,
Fig. 14(d) presents the performance with the damping provided
by kd(ω

∗−ωg), which is derived by a PLL or other equivalent
forms in some works of literature. The gain kd is chosen to
be identical with the frequency feedback gain of the proposed
strategy. As analyzed in [30], it can only improve the damping
but not eliminate the power oscillations if the parameters of the
parallel VSGs do not meet a specific relationship.

Fig. 14(e) shows the experimental results with the proposed
method, which feedbacks both the frequency and power signals.
It is clearly shown that, compared with the traditional VSG and
the methods with only frequency and power feedback signals,
the oscillations in the frequencies and active powers can be well
damped with just a small drop in the beginning of the dynamics
of frequencies with the proposed method. It should also be noted
that, although the controller parameters are set to be identical
in the experiments, it is not a necessary condition as shown in
Section III-C.

The oscillations reflect the resynchronization process between
the parallel VSGs after a disturbance. Fig. 15 shows the relative
rotor angle of VSG1 to VSG2. As it is seen, the resynchroniza-
tion process with the proposed control strategy is much smoother
than the other four cases, which further verify the effectiveness
of the proposed strategy.

V. CONCLUSION

In this article, a new VSG control strategy is proposed in
order to damp the power oscillations in a paralleled system.
According to the analysis, the control targets can be trans-
formed to a problem of controlling dω/dt with the existence
of disturbance. Then, the proposed controller consists of an
acceleration control achieved by a frequency feedback and a
disturbance compensation achieved by a power feedback. The
experimental results verify that the parallel VSGs can achieve
quick resynchronization following a load disturbance without
causing large oscillation. It is also shown that the proposed
strategy only uses the local information rather than relying on
a specific relationship between the parameters of the parallel
VSGs. Therefore, a completely decentralized control method is
achieved. However, the proposed method is only based on the
small-signal analysis, which may not guarantee the effectiveness
with a large disturbance.
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