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Abstract——Traditional virtual synchronous generator (VSG) 
suffers from frequency steady-state deviation in islanded mi‐
crogrids, which negatively affects the frequency-sensitive loads. 
Moreover, similar to the synchronous generator, VSG introduc‐
es active power oscillation, especially under the condition of 
multiple parallel VSGs, which may cause overload or damage 
to the VSG because of its low overcurrent capability as a power 
electronic inverter. To address these issues, a decentralized fre‐
quency restoration and power oscillation damping control meth‐
od is proposed in this paper, in which the global variable char‐
acteristic of the microgrid frequency is considered to restore it 
to the rated value while ensuring precise active power sharing. 
Moreover, the proposed control method can dampen the power 
oscillation during load disturbance without affecting the steady-
state characteristics. In addition, the fully decentralized manner 
obviates the requirement for communication networks, thereby 
considerably reducing the communication burden and improv‐
ing system reliability. Finally, simulations and experiments are 
conducted to validate the effectiveness of the proposed control 
method.

Index Terms——Microgrid, virtual synchronous generator 
(VSG), oscillation, frequency restoration, power sharing, damp‐
ing control.

I. INTRODUCTION 

WITH the increasing penetration rate of new energy 
and the application of numerous power electronic 

converters in islanded microgrids, the islanded microgrid fac‐
es severe instability risk due to its low inertia, weak damp‐
ing characteristics, and lack of stable frequency and voltage 
support from the large power grid [1], [2]. Virtual synchro‐
nous generator (VSG) provides a promising solution to en‐
hance the stability of islanded microgrid dominated by pow‐
er electronic converters as it emulates the dynamic character‐
istics of the synchronous generator (SG) to ensure inverters 

possess favorable features such as inertia and damping 
[3]-[5].

However, traditional VSG control induces steady-state de‐
viation in the frequency [6]. When subjected to heavy load 
switching, the steady-state deviation of frequency may ex‐
ceed the boundary, thus seriously affecting the operation of 
the frequency-sensitive loads and even leading to adverse ef‐
fects on system stability. Moreover, owing to the similarities 
in mechanical and electromagnetic equations with SG, an is‐
landed microgrid containing multiple VSGs in parallel may 
suffer from active power oscillation during load fluctuations. 
Since the VSG is a power semiconductor device with weak 
overcurrent capability, it might be damaged when subjected 
to active power oscillation [7], [8]. Therefore, both second‐
ary frequency regulation and active power oscillation sup‐
pression should be achieved in an islanded microgrid con‐
taining multiple VSGs during load disturbance.

Various techniques are proposed to compensate for the 
steady-state frequency deviations in traditional VSG control. 
The majority of existing secondary frequency control meth‐
ods are based on communication infrastructures to achieve 
frequency restoration, which can be divided into two catego‐
ries, namely, centralized and distributed secondary control 
methods. Particularly, in [9] and [10], the frequency is re‐
stored to the rated value in a centralized manner. However, 
due to the heavy communicational burden and high depen‐
dence on point-to-point communication, the major draw‐
backs of centralized control methods include single point of 
failure, low scalability, and low flexibility.

To alleviate the communication burden, plenty of distribut‐
ed secondary frequency control methods using a sparse com‐
munication network are suggested. In [11], a distributed sec‐
ondary frequency control method is presented to eliminate 
the frequency deviations by utilizing a significantly high 
bandwidth. Further, [12] presents a distributed robust finite-
time secondary control for frequency restoration and accu‐
rate active power sharing using only a sparse communication 
network to exchange information among neighboring distrib‐
uted generators. In [13], frequency regulation and active 
power sharing are ensured by switching between distributed 
droop-free and standard frequency droop controls under the 
conditions of electrical and communication failures; howev‐
er, the complicated switched control policy is the main con‐
straint. In [14], frequency deviations are compensated using 
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iterative learning mechanics, while ensuring accurate active 
power sharing in a distributed manner. In [15], a distributed 
consensus-based control method based on H∞ theory is pro‐
posed to regulate microgrid frequency to track frequency set 
points and provide accurate active power sharing; however, 
its main drawback is the complicated design procedure of 
the H∞ protocol. To further reduce information exchange and 
communication bandwidth, some even-trigger-based second‐
ary control methods are presented in [16]-[21]. In [19], a dis‐
tributed secondary frequency control method is proposed to 
achieve frequency restoration under event-triggered commu‐
nication. Although these methods can address issues related 
to communication uncertainties in terms of data drop-out 
and communication time delay, the system must be constant‐
ly monitored to determine the action. Moreover, the complex‐
ity of the design procedure for the event-triggered rules is 
the main limitation of these methods. In summary, the perfor‐
mance of the aforementioned centralized and distributed sec‐
ondary control methods is inevitably susceptible to failures 
of communication link.

To eliminate the need for communication networks, some 
decentralized methods characterized by no communication 
have emerged recently. In [22], the steady-state frequency de‐
viation of the microgrid is compensated using a linear qua‐
dratic regulator (LQR) in a decentralized manner. Neverthe‐
less, it fails to keep the desired power sharing ratio, and the 
complexity of optimal LQR design is the constraint in practi‐
cal implement. In [23], a secondary frequency regulation 
control method on the basis of a switched control method 
and a time-dependent protocol is proposed; however, the uti‐
lization of event-detection and time-dependent protocols in‐
creases the control complexity and implementation difficulty, 
which may adversely affect the system stability and reliabili‐
ty. An estimation-based consensus solution employing active 
power estimation is proposed in [24], which utilizes a com‐
munication-less structure and targets frequency regulation 
and accurate active power sharing problems in islanded mi‐
crogrids. In [25], secondary frequency regulation is achieved 
by introducing a simplified bandpass washout filter, which is 
composed by cascading a high-pass filter and a low-pass fil‐
ter. In [26], a decentralized control method is introduced for 
frequency restoration and active power sharing; however, 
whether this method is capable of suppressing active power 
oscillation is not discussed, since obvious active power oscil‐
lation can still be observed during load disturbance.

Motivated by the aforementioned efforts, a fully decentral‐
ized frequency restoration and power oscillation damping 
control method is proposed to achieve frequency restoration 
accompanied with the precise active power sharing function 
as well as active power oscillation suppression in islanded 
microgrids containing multiple VSGs in parallel. Particular‐
ly, in contrast to the existing decentralized secondary fre‐
quency control methods, the proposed control method in this 
paper provides the following salient features.

1) In the design procedure, the proposed control method 
takes advantage of the unique characteristic of the microgrid 
frequency as a global variable in steady state to eliminate 
the steady-state deviation of the microgrid frequency and 

achieve precise active power sharing.
2) The proposed control method is implemented in a total‐

ly communication-free decentralized manner. During load 
fluctuations, frequency deviation-free regulation control with 
precise active power sharing function operates synergistical‐
ly with the transient damping enhancement control to 
achieve frequency restoration accompanied with active pow‐
er sharing function as well as active power oscillation sup‐
pression without using any communication links.

3) In comparison to the conventional decentralized second‐
ary frequency control presented in [26], the proposed control 
method enhances system reliability by suppressing active 
power oscillation during load disturbance. In other words, 
the proposed control method guarantees active power shar‐
ing in both steady-state and transient scenarios.

4) In comparison to classical control methods, the pro‐
posed control method boasts several notable advantages, in‐
cluding straightforward parameter design, simplified imple‐
mentation, and enhanced flexibility that facilitates plug-and-
play functionality without the need for redesign.

The rest of this paper is organized as follows. Section II 
presents the problems associated with the traditional VSG ac‐
tive power control loop. Section III describes the proposed 
control method. The design of key parameters and stability 
analysis are presented in Section IV. Simulation and experi‐
mental results are provided in Section V and Section VI, re‐
spectively. Finally, the conclusions are given in Section VII.

II. PROBLEMS OF TRADITIONAL VSG ACTIVE POWER 
CONTROL LOOP 

A. Traditional VSG Active Power Control Algorithm

A typical VSG topology is shown in Fig. 1. Lf and Cf are 
the filter inductance and filter capacitance, respectively; Lline 
is the line inductance; iL is the inverter-side current; io and 
uo are the VSG output current and voltage, respectively; Pm 
and Qref are the mechanical power and reactive power refer‐
ence, respectively; Unom and E are the root-mean-square 
(RMS) values of the rated voltage and inner electric poten‐
tial of the VSG, respectively; Dp and Dq are the damping 
and the voltage-drooping coefficients, respectively; Jω is the 
inertia coefficient; θ is the internal voltage phase angle of 
VSG; ω0 is the rated angular frequency; Kq is the reactive 
power regulation inertia coefficient; and Ubus is the three-
phase grid voltage.
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Fig. 1.　Typical VSG topology.
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The traditional VSG active power control is shown in Fig. 
2 [27]. The active power controller of the VSG emulates the 
inertia and primary frequency regulations of the SG, and the 
reactive power controller simulates the primary voltage regu‐
lation of the SG. The mathematical equations can be ex‐
pressed as:

ì

í

î

ï
ïï
ï

ï
ïï
ï

Pm

ω0

-
Pe

ω0

+Dp (ω0 -ω)= Jω
dω
dt

Qref -Qe + 2 Dq (Unom -Uo )=Kq

dE
dt

(1)

where ω is the VSG output angular frequency; Uo is the 
RMS value of the output voltage of the VSG; and Pe and Qe 
are the output active power and reactive power, respectively, 
which can be calculated using the instantaneous power theo‐
ry.

B. Problem of Steady-state Frequency Deviation

According to (1), when the load changes, the VSG output 
frequency can be expressed as:

ω(t)=ω0 -
Pm -Pe

Dpω0 ( )1 - e
-

Dp

Jω
t
=ω0 -

DPL

Dpω0 ( )1 - e
-

Dp

Jω
t

(2)

where ΔPL is the load variation.
According to (2), the steady-state deviation of VSG fre‐

quency can be expressed as:

lim
t®¥

|Dω(t) | = lim
t®¥

|ω(t)-ω0 | =
DPL

Dpω0

¹ 0 (3)

Hence, (3) implies that the system frequency cannot return 
to its rated value when the system suffers from load distur‐
bance. In an islanded microgrid, heavy load disturbance may 
cause significant steady-state deviation from rated system fre‐
quency, resulting in some frequency-sensitive loads not 
working properly. Therefore, VSG needs to have the capabili‐
ty for secondary frequency regulation.

C. Mechanism of Active Power Oscillation

The equivalent circuit diagram of two parallel VSGs in an 
islanded microgrid is shown in Fig. 3. In Fig. 3, Ei (i = 1, 2) 
represents the output voltage amplitude of VSGi; δi repre‐
sents the power angle of VSGi; ωi represents the output an‐
gular frequency of VSGi; Pei represents the output active 
power of VSGi; Xsi represents the output impedance of VS‐
Gi; Xlinei represents the line impedance of VSGi; Xti repre‐
sents the impedance that includes both the output impedance 
Xsi and line impedance Xlinei, i. e., Xti = Xsi + Xlinei; and ZLÐθL 
represents the load impedance.

To simplify the analysis, the inertia coefficient and damp‐
ing coefficient of the two VSGs are assumed to be equal, 
i. e., Jω1 = Jω2 and Dp1 = Dp2. Meanwhile, the line impedance 
is inductive and the phase difference between the two VSGs 
is extremely small, which can be estimated as sin(δ1 - δ2 )=
δ1 - δ2, cos(δ1 - δ2 )= 1. Therefore, the small-signal model can 
be obtained as:
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3E1 E2
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where M is the magnitude of system impedance; and θM is the 
phase of system impedance. Let Dω =ω1 -ω2 and Dδ = δ1 - δ2 
be state variables. By combining (1) and (4), we can obtain:
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The closed-loop pole distribution diagram of parallel 
VSGs under different inertia coefficients is shown in Fig. 4.

As shown in Fig. 4, a pair of conjugate complex poles, 
designated as s1 and s2, moves towards the negative real axis 
and eventually split into two different negative real poles as 
Dp increases, which means the system shifts from under-
damping to over-damping, being able to suppress the active 
power oscillation under load fluctuation. When Dp is con‐
stant, the larger the value of Jω, the closer the poles are to 
the imaginary axis, indicating that the system is more prone 
to active power oscillation. However, it is not advisable to 
directly adjust the inertia and damping coefficients of the 
VSG to suppress active power oscillation, since small Jω is 
not conducive to the system frequency stability and chang‐
ing Dp affects the steady-state characteristics of the system.

Active power control loop

1
s

1

1 1

12

2

PWM

E

Reactive power control loop

io

uo

θ

Power
calculation

ω

ω0ω0

ω0

+

++

+ +

Dp

Dq

+

+

+

+

+

+

+

�

�

�

�

Jωs

Pm

Pe

Unom

Uo Qref

Kqs

Qe

Three phase

modulation &

voltage and

current control 

Fig. 2.　Traditional VSG active power control.
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III. PROPOSED CONTROL METHOD 

As shown in Fig. 5, the proposed control method consists 
of two parts, i. e., frequency restoration control with precise 
active power sharing function and transient damping en‐
hancement control. The detailed mechanism of the proposed 
control method is presented in the following subsections.

A. Analysis of Frequency Restoration Control

The frequency restoration control usec can be expressed as:

usec = a ∫(ω0eω - busec )dt (7)

where eω =ω0 -ωbus is the steady-state frequency error, and 
ωbus is the bus frequency; and a and b are the constants, and 
the value of a is proportional to the rated power of VSG.

According to Fig. 5, under the proposed control method, 
the active power characteristics of VSGi can be expressed as:

Pmi

ω0

-
Pei

ω0

+Dpi (ω0 -ωi )+
useci

ω0

-
vdcori

ω0

= Jωi

dωi

dt (8)

where vdcori is the damping enhancement control; and the sub‐
script i denotes the ith VSG.

Since the transient damping enhancement control does not 
work in a steady state (as explained below), and the frequen‐
cy of each VSG is equal to the bus frequency in the steady 
state, according to (7) and (8), it can be concluded that:

eω =
Pm -Pe

Jωω0 s +
aω0

s + ab
+Dpω0

=
Pm -Pe

ω0 (Dp + 1/b) (9)

If b is greater than 0 and far less than 1, and let b equal 
b/Dp, then according to (9), (10) can be further obtained as:

eω =ω0 -ωbus =
Pm -Pe

ω0 Dp /b
= 0 (10)

Therefore, when the system is in a steady state, eω = 0, 
i. e., ωbus =ω0, indicating that the proposed control method 
can restore the microgrid frequency to its rated value.

B. Analysis of Transient Damping Enhancement Control

To effectively solve the issue of active power oscillation 
during load disturbance, the transient damping enhancement 
control is introduced, which can be expressed as:

vdcori =
Keiτ i s
τ i s + 1

Pei (11)

where τ i is the time period; and Kei is the parameter.
The operation principle of damping improvement is that, 

vdcori is obtained by multiplying Kei with a high pass filter 
with a reasonable cutoff frequency fc. The fundamental idea 
behind (11) is to compensate for the damping power that on‐
ly exists during load disturbance, thus improving the tran‐
sient damping characteristics of VSGi and enhancing the sys‐
tem ability in terms of active oscillation suppression without 
affecting the steady-state characteristics of VSGi.

According to (1) and (11), after introducing the transient 
damping enhancement control module, the damping ratio ξi 
of VSGi can be expressed as:

ξi =
Dpiω0 +Ki Keiτ i +Kiτ i

2 (Jωiω0 +Dpiω0τ i )Ki

(12)

The root locus is applied to visually demonstrate the rela‐
tionship between the characteristic roots and each of Ke and 
τ, as shown in Fig. 6.

Figure 6(a) shows the dominant pole distribution when Jω 
increases under different Ke. Under the same Jω, the system 
damping enhances with the increase of Ke, suggesting that 
the large Ke is beneficial to the active power oscillation. Ad‐
ditionally, as shown in Fig. 6(b), since τ is a time constant 
of the filter, a reasonable cutoff frequency should be deter‐
mined to ensure the effective extraction of power oscillation 
components; thus, the adjustment range of τ is limited. More‐
over, it is worth noting that τ has a relatively minimal effect 
on system damping than Ke. In other words, Ke has a domi‐
nant impact on system damping.

C. Frequency Restoration Control with Precise Active Pow‐
er Sharing

By introducing parameter μ and assuming that b = cμ-1, (9) 
can be rewritten as:
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eω =ω0 -ωbus =
Pm -Pe

ω0 (Dp + 1/b)
=

Pm -Pe

ω0 (Dp + μ/c) (13)

When the system reaches the steady state, since the fre‐
quency of the microgrid is globally consistent, (14) can be 
obtained.

eωi =
Pmi -Pei

ωn (Dpi + μi /ci )
=

Pmj -Pej

ωn (Dpj + μj /cj )
= eωj (14)

where the subscript j denotes the jth VSG.

If μi = Dpi, the following equation can be obtained:

eωi =
Pmi -Pei

ωn Dpi (1 + 1/ci )
=

Pmj -Pej

ωn Dpj (1 + 1/cj )
= eωj (15)

If c is greater than 0 and far less than 1, and ci = cj, then 
eωi = eωj ≈ 0. Generally, the value of damping coefficient Dp 
is proportional to the rated power of VSG, i.e.,

Pmi:Pmj =Dpi:Dpj = ai:aj = αi:αj (16)

Thus, according to (15) and (16), (17) can be obtained as:

Pei

Dpi (1 + 1/ci )
=

Pej

Dpj (1 + 1/cj )
(17)

By extending (17) to the system containing multiple 
VSGs, the following equation can be obtained as:

Pe1:Pe2::Pen =Dp1 (1 + 1/c1 ):Dp2 (1 + 1/c2 )::Dpn (1 + 1/cn )
(18)

Since c1 = c2 = = cn, (18) can be further deduced as:

Pe1:Pe2::Pei::Pen =Dp1:Dp2::Dpi::Dpn (19)

By combining (18) and (19), (20) can be obtained.

Pe1:Pe2::Pei::Pen = α1:α2::αi::αn (20)

In summary, the proposed control method achieves fre‐
quency restoration and precise allocation of active power 
without requiring any timing coordination between the two 
functions.

IV. DESIGN OF KEY PARAMETERS AND STABILITY ANALYSIS 

This section investigates the impact of the proposed con‐
trol method on system stability. A small-signal model of the 
system containing three VSGs is established, as shown in 
Fig. 7.

Let Ji = Jωiω0 and Di = Dpi ω0, then (8) can be rewritten as:

Ji

dωi

dt
=Pmi -Pei +Di (ω0 -ωi )- udcori + useci (21)

From the law of energy conservation, the following equa‐
tion can be obtained:

K1 δ̂1 +K2 δ̂2 +K3 δ̂3 = P̂load
(22)

where  ̂ denotes the small variation of each variable.
Then, the system state-space model can be expressed as:

{ẋ =Ax +Bu
ẏ =Cx +Du (23)

A = é
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êêêê ù

û
úúúúA1 A2

A3 A4

(24)

x =[ω̂1 ω̂2 ω̂3 δ̂1 δ̂2 x̂p1 x̂p2 x̂p3 x̂ω11

x̂ω12 x̂ω13 x̂ω21 x̂ω22 x̂ω23 x̂ω31 x̂ω32 x̂ω33 ] (25)

u =[ P̂m1 P̂m2 P̂m3 P̂load ] (26)

y =[ω̂1 ω̂2 ω̂3 P̂e1 P̂e2 P̂e3 ] (27)

where the added variables xpi and xωij represent the state vari‐
ables introduced by the proposed control method in the three 
VSGs, respectively, and their expressions can be respectively 
depicted as:
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x̂pi =
P̂ei

τ i s + 1

x̂ωij =
aiω0ω̂j
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(28)

The expressions of other matrices such as A1, A2, A3, A4, 
B, C, and D are shown in the Supplementary Material A, 
and Ox ´ y = zeros (x, y) indicates an x×y matrix of zeros.

Next, the sensitivity analysis is conducted to determine ap‐
propriate ranges for system key control parameters such as 
a, b, Ke, and τ.

Figure 8 shows the locus of the dominant poles when a 
changes from 1 to 1190 under different Ke. Although under 
different Ke, when a is approximately equal to 1039, the ei‐
genvalues enter the right-half s plane, resulting in system in‐
stability. Consequently, the maximum value of a that main‐
tains the system stability is approximately 1039. Therefore, 
to guarantee system stability under different Ke, 
ai (i = 1, 2,) of VSGi should be less than 1039. Additional‐
ly, as evident in Fig. 8, it can be concluded that Ke has al‐
most no impact on the selection range of a.
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Fig. 7.　Small-signal model of system when using proposed control method.
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Figure 9 shows the locus of dominant eigenvalues when b 
changes from 1×10-6 to 1×10-4. In fact, according to the ei‐
genvalue locus shown in Fig. 8 and Fig. 9, on the premise 
of system stability, the selection margin of a and b is rela‐
tively sufficient. Therefore, a and b of different VSGs can 
be designed according to the theoretical analysis presented 
in Section III.

Figure 10 shows system dominant poles when Ke increas‐
es from 0.1 to 100 under different τ. Under the same value 
of Ke, a large time constant τ is conducive to dampening 
power oscillation to a small extent. However, it is still neces‐
sary to compromise between the damping effect and time de‐
lay since larger τ results in longer time delay. Therefore, 
based on the aforementioned analysis, τ is selected to be 
1/(30π).

Additionally, as Ke increases, a pair of conjugate poles 
meets each other on the real axis and constitutes a new pair 
of negative real poles, which means the system damping is 
enhanced. Hence, a large Ke helps suppress the active power 
oscillation. However, Ke is not supposed to be too large, 
since there is a risk of poles crossing the imaginary axis to 
the right half plane with the further increase of Ke, resulting 
in system instability. As illustrated in Fig. 11, the maximum 
value of Ke that maintains system stability is approximate‐
ly 132.

Figure 12 shows system dominant poles when Jω changes 
from 0.01 to 10 under different Ke. As clearly presented in 
Fig. 12, under the same Jω, the damping of the system with 
large Ke is greater than that of the system with small Ke, in‐
dicating that the large Ke can contribute greater damping to 
suppress the active power oscillation, which is consistent 
with the conclusion conducted in Fig. 10.

Consequently, based on the analysis of the impact of Ke 
on the system stability in Figs. 10-12, trade-offs should be 
made between the aforementioned principles. Accordingly, 
Ke is selected to be 50.

V. SIMULATION VERIFICATION

To verify the effectiveness of the proposed control meth‐
od, simulations are conducted using MATLAB/Simulink. To 
achieve more general simulation results, different VSGs 
adopt different inertia and damping coefficients. The ratio of 
rated capacities of VSG1 VSG2 and VSG3 is 1:2:3, and the 
system load is 60 kW at the initial moment. System parame‐
ters are shown in Table I.

A. Case A: Comparisons with Different Control Methods

In this case, to show the merits of the proposed control 
method, different control methods are adopted for compara‐
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TABLE I
SYSTEM PARAMETERS

Parameter 
(i = 1, 2, 3)

Lfi

Cfi

Lline

Jωi

Dpi

Unomi

Kqi

ai

bi

Kei

τi

ω0

VSG1

3 mH

50 μF

1.5 mH

1

20

220 V

100

200

5×10-5/2

50

1/(30π)

100π rad/s
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3 mH

50 μF

3.2 mH

3

40
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1/(30π)

100π rad/s

VSG3

3 mH

50 μF

2.4 mH
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60

220 V

100

600

5×10-5/6

50

1/(30π)
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tive testing, and a 53 kW load is added at t = 5 s.
The traditional VSG control is implemented as a bench‐

mark, and the corresponding simulation results are shown in 
Fig. 13. As it can be observed, when the traditional VSG 
control method is utilized, both the frequency steady-state 
deviations and severe active power oscillation phenomenon 
occur in the case of sudden load changes. Moreover, the 
maximum peak power of VSG1, VSG2, and VSG3 is 30.58 
kW, 41.8 kW, and 62.8 kW, respectively, with an oscillation 
period of approximately 2.2 s. Additionally, the system fre‐
quency fbus significantly deviates from its rated value, as 
shown in Fig. 13(b).

Figure 14 shows the simulation results with centralized 
control method introduced in [10], and VSG2 suffers from a 
single-point communication failure at t = 7 s. As illustrated 
in Fig. 14, under single communication link failure, although 
frequency restoration can still be achieved, serious frequency 
oscillation is clearly observed, and the active power sharing 
performances totally deteriorate.

Figure 15 presents the simulation results with the distribut‐
ed control method introduced in [11] with 60 ms communi‐
cation delay. As clearly shown in Fig. 15, although both the 
frequency restoration and active power sharing are achieved, 
obvious frequency and active power oscillations occur, 
wherein the oscillation period is larger than 3 s, demonstrat‐
ing that communication delay jeopardizes the performance 
of distributed control to some extent.

Consequently, compared with the centralized and distribut‐
ed control methods, the proposed control method exhibits 
significant advantages in suppressing active power oscilla‐
tion while not relying on communication links, making it ro‐
bust to communication failure.

The simulation results when implementing the decentral‐
ized non-error frequency regulation control method intro‐
duced in [26] are shown in Fig. 16. Although it helps 
achieve frequency restoration and active power sharing, ac‐
tive power oscillation with a large oscillatory magnitude can 
still be clearly observed, reflecting that the method lacks the 
ability to suppress active power oscillation.

Figure 17 shows the simulation results with the proposed 
control method. Compared with other control methods, un‐
der frequent load change, the proposed control method pro‐
vides a satisfactory power dynamic response to load varia‐
tion with a significantly smaller power oscillatory magnitude 
and eliminates the frequency deviation caused by load distur‐
bance. Meanwhile, the active power sharing is well main‐
tained. Especially, the proposed control method enjoys the 
advantages of a smaller overshoot magnitude and shorter set‐
tling time.

B. Case B: One VSG is Out of Service

In this case, VSG1 is assumed to malfunction and discon‐
nect from the microgrid at t = 7 s, and a 53 kW load is add‐
ed at t = 5 s. As observed from the results presented in Fig. 
18(a), when VSG1 is out of service, the excess active power 
demand is shared among the remaining VSGs in a ratio of 
Pe2:Pe3 = 2:3, indicating the load power supplied by VSG1 is 
automatically allocated to the other two VSGs. As shown in 
Fig. 18(b), the microgrid frequency can recover to its rated 
value smoothly without oscillation by employing the pro‐
posed control method.

C. Case C: Plug-and-play Capability

Further investigation on the proposed control method is 
performed to highlight another advantage, i.e., the plug-and-
play capability, as described in Fig. 19.
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In Fig. 19, VSG1 is connected to the microgrid after a 
successful synchronization procedure [28] activated at t=4 s. 
In this case, a 53 kW load is added at t = 6 s and removed at 
t = 8 s. In Fig. 19(a), when VSG1 is added, the active power 
sharing ratio remains Pe1:Pe2:Pe3 = 1:2:3, despite frequent 
load changes. Besides, both the frequency restoration control 
and active power oscillation suppression control are effec‐
tive, as shown in Fig. 19.

Moreover, it is worth noting that in the plug-and-play sce‐
nario, the proposed control method does not require any 
time-dependent and event-driven protocols to achieve the de‐
sired functionality.

VI. EXPERIMENTAL VERIFICATION 

To further confirm the feasibility of the proposed control 
method, the experimental platform is designed and set up, 
which incorporates three three-phase inverters using the 
VSG control algorithm, as shown in Fig. 20, where DSP is 
short for digital signal processing, and FPGA is short for 
field programmable gate array. In the experiment, the key pa‐
rameters and the rated capacities of different VSGs are iden‐
tical to those in the simulation, and the ratio is still 1:2:3.

A. Case A: Load Increases Suddenly

Figure 21 shows the experimental results when the load in‐
creases. The frequency is 49.98 Hz at the initial moment. 
When the load increases suddenly, a large frequency devia‐
tion is observed, and the frequency declines to 49.65 Hz ow‐
ing to the droop mechanism. After implementing the pro‐
posed control method, the frequency deviation is eliminated. 
When the proposed control method is utilized, no oscillation 
is observed in the experimental waveforms of current at tran‐
sient, and the output currents of the three VSGs always 
maintain a ratio of io1:io2:io3 = 1:2:3.

B. Case B: Load Decreases Suddenly

Figure 22 shows the experimental results when the load 
decreases. The steady-state frequency at the initial moment 
is 49.98 Hz. Without the proposed control method, the fre‐
quency deviates from its rated value and increases to 50.35 
Hz when the load decreases suddenly. When the proposed 
control method is activated, both accurate active power shar‐
ing and frequency restoration are achieved. It should also be 
noted that, as described in Fig. 22(d), the output currents of 
the three VSGs still smoothly transition to a new steady 
state at a ratio of io1:io2:io3 = 1:2:3. In conclusion, the simula‐
tion results presented in Fig. 21 and Fig. 22 verify that the 
three VSGs can collectively achieve frequency recovery and 
proportional active power sharing simultaneously while 
dampening the oscillation during the transient process. 
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VII. CONCLUSION

This paper proposes a decentralized frequency restoration 
and power oscillation damping control method. First, the 
global variable characteristic of the microgrid frequency is 
considered to restore the microgrid frequency to its rated val‐
ue, accompanied with the function of precise active power 
sharing. Second, by employing a transient damping enhance‐
ment module, the proposed control method can dampen pow‐
er oscillation during load disturbance without affecting the 
system steady-state characteristic. Third, the prominent ad‐
vantage of the proposed control method is that it is totally 
communication-free; thus, it is cost-effective, and the control 
performance is free from any communication failure. More‐
over, straightforward design, easy implementation, and plug-
and-play property are the key features of the proposed con‐
trol method. This paper also provides guidelines for key con‐
trol parameter design and verifies the effectiveness of the 
proposed control method through simulation and experiment.
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