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ABSTRACT As microgrids develop rapidly, more inverters are adopted to achieve DC/AC or AC/DC/AC
conversion of distributed generators (DGs). The virtual synchronous generator (VSG) control has started
to replace the traditional droop control for inverters. In order to restore the frequency to its nominal value,
most existing secondary frequency control (SFC) methods are based on frequency measurements. However,
while reducing the rate of change of frequency (ROCOF), virtual inertia also slows down the convergence of
frequency-based SFC. Therefore, this paper proposes a new distributed hierarchical control for fast frequency
restoration. Based on the real-time VSG control at the bottom level, a novel frequency restoration control
is designed. The power reference values generated by the proposed control can accelerate the frequency
restoration with accurate power sharing. Meanwhile, by designing event-triggering conditions, parallel
inverter controllers only need to communicate with neighbors at the event-triggered moments. Simulations
have been performed in MATLAB/Simulink environment. Furthermore, the proposed control has also been
tested on the experiment platform, which contains practical physical circuits and real-time controllers. Both
simulation and experiment results verify the effectiveness of the proposed control strategy.

INDEX TERMS Hierarchical control, islanded microgrid, parallel voltage source inverters (VSIs), real-time
experiment, virtual synchronous generator (VSG).

I. INTRODUCTION
Microgrids [1] have been proven to achieve advantages for
integrating DGs, EVs, and ESSs into power systems. In the
microgrid, the operation of renewable energy generation and
vehicle-to-grid (V2G) [2] generally is supported by invert-
ers. However, inverters, as electronic devices, have no inertia
themselves. The large-scale integration of inverters with mi-
crogrids has created significant challenges. The low inertia
significantly affects the stability and dynamic performance
of the power grid. Although the development of microgrids
can insulate the random and intermittent renewable energy
generation and V2G connection from the giant power grid,
the stable and economic operation of the microgrid itself is
still a challenge for researchers.

According to the control timescale, the microgrid control
has hierarchical characteristics [1], including real-time pri-
mary control, secondary frequency control (SFC) and voltage
control (SVC) [3], and tertiary economic dispatch control
[4]. In the primary control, the droop control was first used
for conventional generators, e.g., synchronous and induction
generators [5]. As DC-AC inverter-feeding power systems
became numerous, droop control was introduced for inverters
[6], [7], [8]. Zhong’s work [9] highlighted some drawbacks of
the droop controller for inverters, especially compared to con-
ventional generators. Some researchers have studied control
methods that can provide virtual inertia for power grids during
the last decade, called virtual synchronous generators (VSG)
[10], [11], [12]. Reference [13] compared the droop control
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and VSG control. It proved that the active power control loops
for droop and VSG control are identical when some conditions
are satisfied. Some other research works tried to improve the
dynamic performance of VSG control with various control
techniques [14], [15]. The VSG control belongs to the pri-
mary control, which has the steady-state error. So, secondary
control is needed to restore the frequency and voltage to the
nominal values.

Secondary control can be classified into three main cate-
gories: centralized, distributed, and decentralized secondary
control [3]. For a centralized scheme [16], a control center is
needed to collect and manage the global information, which
may cause challenges to communication, computation, and
privacy issues. Moreover, it is difficult for microgrid partic-
ipants to achieve global frequency consensus only using local
information. References [17] and [18] propose decentralized
frequency control by adding active power estimation and
small-ac-signal injection. With the development of communi-
cation technology and the reduction of communication costs,
the distributed frequency control method has become more
popular. Distributed control [19], [20] only utilizes neighbor-
ing information exchange and can achieve global consensus
efficiently and reliably. In order to reduce the number of
communication among neighbors, event-triggered distributed
control was proposed. In [21], a distributed robust frequency
restoration with an event-triggered strategy was proposed
based on the primary droop control.

Based on the literature survey mentioned above, some ex-
citing topics still need to be studied. First, the buffer time of
frequency change in VSG control offers an opportunity for
SFC to have better dynamic performance. Especially, most
existing SFC is based on droop control [22], [23], while the
virtual inertia supplied by VSG control is not considered.
Second, the theoretical distributed algorithms usually need
continual iterations. Frequent updating and broadcasting of
the control inputs result in high cost and low practicality.
Third, hardware in the loop (HiL) can test the operation
of controllers [24] and electrical components [25] on the
real-time grid simulation model. The construction of the
actual physical circuit allows researchers to observe unfore-
seen disturbances in the electric circuit and their impact
on the control. Experiments on it can better demonstrate
the practicability and robustness of the proposed control
algorithm.

Therefore, this paper proposes a distributed hierarchical
control for parallel inverters with VSG regulation in an is-
landed microgrid. The main contributions are summarized as
follows.

1) Based on the VSG primary control, the virtual iner-
tia reduces the rate of change of frequency (ROCOF).
However, the virtual inertia will also slow down the con-
vergence rate of existing frequency-based SFC output at
the same time. Therefore, a novel frequency restoration
control is proposed in this paper. The generated power
reference values can restore the frequency faster with
less frequency variation when load disturbances happen.

2) An event-triggered strategy with trigger condition de-
sign is proposed. With the intermittent communication
scheme, the communication burden for data exchange
between DGs is highly reduced. The stability of the pro-
posed distributed event-triggered frequency restoration
control is also ensured. The proposed control scheme
improves the feasibility of distributed algorithms in
practical applications.

The proposed frequency restoration control is verified in
both simulation and experiments. The experiment platform
contains actual physical circuits and real-time control signals
from MicroLabBox. The simulation and experiment results
validate the effectiveness of the proposed control.

The paper is organized as follows. In Section II, the
cyber-physical microgrid system is introduced. The proposed
distributed event-triggered frequency restoration control is
presented in Section III. Section III also proves the stabil-
ity and discusses the lower bound of the interevent interval.
Simulation and experimental verification are provided in Sec-
tions IV and V, respectively. Finally, the conclusion is stated
in Section VI.

II. MODELING OF MICROGRID FREQUENCY CONTROL
In this work, a distributed event-triggered frequency restora-
tion control is proposed for a cyber-physical microgrid sys-
tem. The physical system contains the electrical circuit and
local controllers for inverters. With the PWM signals gener-
ated by the real-time simulator, the practical electrical circuit
will operate to simulate the primary frequency control re-
sponse of an islanded microgrid. The cyber system is to
realize the communication among agents. Through multiple
iterations of calculation and communication, the distributed
event-triggered frequency restoration algorithm can give ac-
curate power reference values and restore the frequency to its
rated value.

A. PHYSICAL SYSTEM
1) ELECTRICAL CONNECTION
The microgrid adopted in this paper is islanded and supplied
by DGs with renewable energy sources, energy storage de-
vices, or EVs. These DGs are integrated into the microgrid via
voltage source inverters (VSIs). Parallel VSIs operate in grid-
forming mode. The digital control signals for the inverters aim
to coordinate the output voltage and frequency. Meanwhile,
the output power should follow the power sharing proportion
accurately. The structure of the microgrid can be found in
Fig. 1. When batteries act as DC sources, half-bridge invert-
ers are needed to generate AC. After the LC filter, batteries
connect to the other sources in parallel. Through the point of
common coupling (PCC), power is transmitted directly to the
common load.

2) PRIMARY VSG CONTROL
In order to imitate the droop characteristic of traditional gen-
erators, local droop control is adopted to control the frequency
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FIGURE 1. Diagram of an islanded microgrid with primary and secondary
frequency control.

FIGURE 2. Control loop of droop control and VSG control. (a) Droop
control. (b) VSG control.

and voltage of inverters. However, the droop control for invert-
ers can provide little inertia for microgrids. An inertia-lacking
power grid will be sensitive to faults, and its steady and
dynamic performance will be significantly impacted. In or-
der to provide inertia support for the power grid, the VSG
control is proposed to mimic the transient characteristics of
a synchronous generator by emulating its fundamental swing
equation. Considering the mechanical model and frequency
governor of the synchronous generator, the local primary VSG
control can be modeled as:

Jω0
dω

dt
= Pin − P − D (ω − ω0) , (1)

Pin = P0 − Kω (ω − ω0) , (2)

where ω0 and ω are the nominal and measured frequency
respectively; P, P0, and Pin are the measured output, ref-
erence value and governor reference value of active power
respectively; J and D represent the moment of inertia and
the damping factor. (2) is the governor model. Kω is the pro-
portional coefficient. The control loop of VSG is shown in
Fig. 2(b). It can replace the droop control loop in Fig. 2(a).

The proportional coefficient Kω in the governor model and
the damping factor D both can change the steady state after
primary control. The larger the inertia J is, the more gently fre-
quency will decrease. The parameters 1/KP or (Kω + D) with

the difference of frequency decide the steady state. Moreover,
virtual inertia J only influences the transient response.

Based on equations (1) and (2), the primary VSG control
for a node i can be rewritten as (3) and (4),

θ̇i = ωi, (3)

Miω̇i + Di(ωi − ω0) = P0i − Pi − ui, (4)

where Di = Kωi + Di, Mi = Jiω0, θi is the nodal voltage
phase angle, and ui is the SFC compensatory output. P0i − ui

is the active power reference generated by the SFC, which
is considered to be constant in the primary VSG control. For
inductive lines of susceptance Bi j connecting bus i to bus j,
the active power is given by Pi = ∑

j |Bi j |ViVj sin(θi j ).
Instead of the primary droop control, the proposed SFC is

based on the VSG control. The transfer function of frequency
and output power can be deduced from (4) and Fig. 2(b). The
transfer function and the time constant Ti are illustrated as
follows.

�ωi

�Pi
= −1

Mis + Di
= Ki

Tis + 1
, where Ti = Mi

Di
, Ki = − 1

Di
(5)

The settling time is defined as the minimum time required
for the response curve to reach and no longer exceed the ± 5%
error band. Therefore, the settling time of the VSG control is
ts = 3Ti. It means that, after the load change, the frequency
under the VSG control needs 3Ti to achieve the steady state.

B. CYBER SYSTEM
1) COMMUNICATION NETWORK
When considering a microgrid with communication infras-
tructure, the microgrid can be modeled by the algebraic
graph theory. Nodes in the microgrid can be indexed by i ∈
N, N := {1, . . . , n}. The DG nodes in set N are indexed by
i ∈ G, G := {1, . . . , n − 1}. The total number of DG nodes
is g = n − 1.The load node in set N is indexed by i = n.
Assumed that communication links only exist among DGs,
DGs can be abstracted as a graph DG := (G, E , A). The com-
munication link which connects DG node i and DG node j is
denoted as (i, j) ∈ E . A is the g × g weighted adjacency ma-
trix. In A , if node i communicates with node j, ai j = a ji > 0.
� is the corresponding Laplacian matrix. The in-degree matrix
is defined as Dd = diag(di ), where di = ∑G

j ai j . Let 1n and 0n

be the n-dimensional vectors of all ones and all zeros.

2) EVENT-TRIGGERED MECHANISM
The proposed SFC scheme has two timescales. One is the
broadcast rate of power references generated by the SFC.
The slow broadcast rate will avoid the fluctuation caused by
frequent changes in power reference values. Meanwhile, the
slow broadcast rate contributes to exhibiting the SFC control
performance. The other one is the communication trigger. It
is designed to reduce the communication burdens in one SFC
interval. The agents do not need to communicate with neigh-
bors in all calculation iterations. A 1-ms interval is adopted
to denote the minimal communication period of the existing
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FIGURE 3. Control moments in the proposed control structure.

communication network by reference to 5G technology. The
corresponding diagram is shown in Fig. 3.

III. PROPOSED DISTRIBUTED EVENT-TRIGGERED
FREQUENCY RESTORATION CONTROL
A. PROPOSED CONTROLLER
The control moments diagram of the proposed distributed
hierarchical frequency restoration control is shown in Fig. 3.
The primary VSG control at the bottom level is applied to
inverters as (3) and (4) in real-time operation. The reference
generated by SFC at the second level will be broadcasted
at Ts rate. Within one Ts, the SFC controller will commu-
nicate with neighbors at the event-triggered time to update
the control input u. Thus, the communication burdens will be
reduced.

The frequency restoration controller based on the primary
VSG control is proposed as follows.

u̇i(t ) = P0i − Pi − ui(t ) − k
∑

j∈G,i j∈E

ai j

(
ui(th)

Di
− u j (th)

D j

)
.

(6)
In (6), k is a positive gain. When the weighted adjacency

matrix A with elements ai j satisfies A �= 0, in the steady state,
ωi − ω0 = 0 and ui/Di = u j/D j are achieved simultaneously.
It means that the secondary control output ui will compensate
for the load changes. The frequency will be restored to its
nominal value ω0. Meanwhile, the active power sharing will
be realized proportionally.

Note that the communication section

k
∑

j∈G,i j∈E

ai j

(
ui(th)

Di
− u j (th)

D j

)
(7)

in (6) is updated only at the event-triggered moments rather
than the fixed periodical time interval.

The state measurement error is calculated from

ei(t ) = ui(th) − ui(t ), t ∈ [th, th+1) (8)

The control law proposed in (6) ensures the power sharing
and frequency restoration of the islanded microgrid with par-
allel inverters if the event-triggered time is defined as:

th = inf{t > th−1| fi(t ) = 0} (9)

where the trigger function fi(t ) of agent i can be defined as

fi(t ) =
∥∥∥∥ ei

Di

∥∥∥∥
2

− β
α(λmin − αkdi )

kdi

∥∥∥∥ ui

Di

∥∥∥∥
2

(10)

The coefficient 0 < β < 1. Furthermore, there is

0 < α <
λmin

kdi
, ∀i, (11)

where λmin is the minimum eigenvalue of k� + 1
2 DG. Consid-

ering the properties of Laplacian matrix � , λmin > 0.

B. STABILITY ANALYSIS
To achieve the synchronization of the whole microgrid, the
load in the microgrid is modeled as a bulk frequency respon-
sive load, which is not controllable but related to the primary
frequency control. Therefore, its model is shown as:

θ̇L = ωL (12a)

PL = P0L − DL (ωL − ω0) (12b)

where PL is the load supplied. The uncontrollable load is
assumed to consist of a constant load P0L and a frequency-
dependent component with 0 ≤ DL ≤ Dtot , where Dtot =∑
i∈G

Di, [26]. In addition, power supplies are positive values,

whereas loads are negative values in the calculation.
Note: The load model in (12) helps to model the islanded

microgrid. Meanwhile, there is no controller on the load side.
The power references P0i − ui in (4) of DGs are the secondary
control outputs that need to be solved.

For convenient representation, matrices are introduced as

D = diag (DG, DL ) , M = diag (Mi ) ∈ Rg×g.

Moreover, vectors are introduced as

P0G = col (Poi ) ∈ Rg, u = col (ui ) ∈ Rg, e = col (ei ) ∈ Rg.

Also, the potential function U : Rn → R is introduced, see
[26],

U (θ )= −
∑

i∈G, j=n

∣∣Bi j
∣∣ViVj cos(θi j ). (13)

U (θ ) is a convex function when θi j ∈ [−π
2 , π

2

]
. Due to the

power flow in the microgrid, the following equation can be
obtained.

1T
n ∇θU (θ ) =

g∑
i=1

Pi + PL = 0. (14)

Then the overall frequency restoration model with event-
triggered communication is shown as follows,

θ̇G = ωG, (15a)

Mω̇G = − DG (ωG − ω01n) + P0G − ∇θGU (θ ) − u, (15b)

DL θ̇L = DLω0 + P0L − ∇θLU (θ ), (15c)

u̇ = P0G − ∇θGU (θ ) − u − k�D−1
G (u + e), (15d)

where � = �T ∈ Rg×g is the Laplacian matrix of DGs in the
islanded microgrid. Equations (15a-b) are the P-f characteris-
tics of DGs with the VSG control and SFC input u. (15c) is
the uncontrollable load model with the frequency-dependent
component. Based on the state measurement error in (8), the
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proposed control input with the event-triggered communica-
tion can be modeled in matrix form, as in (15d).

In steady state, θ̇ = ω01n, ω̇ = 0n, and u̇ = 0n. Therefore,
from [

P0G − ∇θGU (θ ) − u
P0L − ∇θLU (θ )

]
= 0n,

From (15d), k�D−1
G (u + e) = 0, which means ui(tk )/Di =

u j (tk )/D j . This ensures proportional power sharing.
With the solution col(θ∗, ω∗, u∗) ∈ Rn × Rg × Rg in

proposition 1, the error states are introduced as

ω̃(t ) = θ̇ (t ) − ω∗1n = ω(t ) − ω∗1n ∈ Rn,

θ̃ (t ) = θ (0) + ∫ t
0 ω̃(τ )dτ ∈ Rn, ũ(t ) = u(t ) − u∗ ∈ Rg.

∇θ̃GU (θ̃G) = ∇θ̃∗GU (θ̃∗
G) + DG1g

DLω̃L
Dtot

∇θ̃GU (θ̃∗
G) is the power supply ∇θ̃GU (θ̃G) at ω∗. In order to

satisfy the frequency-dependent component in load, the power
supply error is also frequency-dependent.

Then, equations in (15) become

˙̃θG = ω̃G, (16a)

M ˙̃ωG = − DGω̃G + ∇θ̃∗GU
(
θ̃∗) − ∇θ̃GU

(
θ̃
) − ũ, (16b)

DL
˙̃θL = ∇θ̃∗LU

(
θ̃∗) − ∇θ̃LU

(
θ̃
)
, (16c)

˙̃u = ∇θ̃∗GU
(
θ̃∗) − ∇θ̃GU

(
θ̃
) − ũ − k�D−1

G (ũ + e) .

(16d)

If and only if the equilibrium solution col(θ∗, ω∗, u∗) ∈
Rn × Rg × Rg in proposition 1 existed, then the system
(15) owns a unique equilibrium solution col(θ̃∗, ω̃∗, ũ∗) =
col(θ̃∗, 0n, 0n).

Likewise, the asymptotic stability of (16) with its equi-
librium col(θ̃∗, ω̃∗, ũ∗) implies asymptotic convergence of
system (15) with its equilibrium solution col(θ∗, ω∗, u∗). So,
the following content will prove the local asymptotic stability
of (16).

Before proving the local asymptotic stability, refer to the
uniqueness and existence theorem in [27], the ordinary dif-
ferential equations (ODEs) (16a–d) are continuous and satisfy
the Lipschitz condition with an initial value col(θ̃0, ω̃0, ũ0).
Then system (15) has a unique solution col(θ∗, ω∗, u∗).

Our main result of this section is as follows.
Proposition 1 (Stability of equilibrium): Consider the

system (16), then the equilibrium point col(θ̃∗, ω̃∗, ũ∗) =
col(θ̃∗, 0n, 0n) with θ̃∗ ∈ � is locally asymptotic stable. �

Proof: Inspired by [28], a Lyapunov candidate function is
constructed as

V
(
θ̃ , ω̃G, ũ

) = 1

2
ω̃T

GMω̃G + U
(
θ̃
) − U

(
θ̃∗) − ∇θ̃∗U

(
θ̃∗)T

(
θ̃ − θ̃∗) + 1

2
ũT D−1

G ũ (17)

The Bregman distance of U (θ ) to θ̃∗ is used. The following
partial derivatives can be got.

∇V |z∗ =col
(∇θ̃U

(
θ̃
)−∇θ̃∗U

(
θ̃∗),Mω̃G,D−1

G ũ
) |z∗ =0(n+2g)

∇2V |z∗ = blkdiag
(
L̃e, M, D−1

G

) |z∗ ∈ R(n+2g)×(n+2g)

where L̃e ∈ Rn×n is the Laplacian matrix with elements.

L̃e = ∂2U (θ̃ )

∂θ̃ j∂θ̃i
=

⎧⎨
⎩

− ∣∣Bi j
∣∣ViVj cos

(
θ̃i j

)
i f j �= i,

N∑
k=1,k �=i

|Bik |ViVk cos
(
θ̃ik

)
i f j = i.

Considering the characteristics of the Laplacian matrix, L̃e

is positive semidefinite and irreducible. M, D−1
G are also posi-

tive definite. Consequently, z∗ is a strict minimum point of V.
Moreover, V is locally positive definite around the equilibrium
point z∗.

Then, the derivative of V along trajectories (16) is

V̇ = ω̃T
GM ˙̃ωG + (∇U

(
θ̃
) − ∇U

(
θ̃∗))T ˙̃θ + ũT D−1

G
˙̃u. (18)

Lemma 1 [29]: For any a, b ∈ Rn and any symmet-
ric positive-definite matrix  ∈ Rn×n, 2|aT b| ≤ aT −1a +
bT b.

Lemma 2 [29]: (Rayleigh-Ritz theorem) Let A ∈ Rn×n

be symmetric. Then λmin(A)xT x ≤ xT Ax.
The detailed calculation process is shown as follows.

V̇ = − ω̃T
GDGω̃G−ω̃T

Gũ−ω̃T
L D−1

L ω̃L −ũT D−1
G k�D−1

G (ũ+e)

+ ũT D−1
G

(∇θ̃∗GU
(
θ̃∗) − ∇θ̃GU

(
θ̃
)) − ũT D−1

G ũ

≤ − ω̃LDLω̃L −ũT 1g
DLω̃L

Dtot

− 3

4
ũT D−1

G ũ−ũT D−1
G k�D−1

G (ũ+e)

≤ − 1

2
ũT D−1

G ũ − ũT D−1
G k�D−1

G (ũ + e)

Using Lemma 1, the scaling operations are achieved. The
last remaining item is the event-triggered communication sec-
tion. With Lemma 1 and Lemma 2,

V̇ ≤ − 1

2
ũT D−1

G ũ − ũT D−1
G k�D−1

G (ũ + e)

≤ − λmin

g∑
i=1

(
ui

Di

)2

−
g∑

i=1

kdi
ui

Di

ei

Di
+

g∑
i=1

∑
j∈Ni

k
ui

Di

e j

D j

≤−λmin

g∑
i=1

(
ui

Di

)2

+k
α

2

g∑
i=1

di

(
ui

Di

)2

+k
1

2α

g∑
i=1

di

(
ei

Di

)2

+ k
α

2

g∑
i=1

∑
j∈Ni

(
ui

Di

)2

+ k
1

2α

g∑
i=1

∑
j∈Ni

(
e j

D j

)2

(19)

Considering that graph G is undirected,
g∑

i=1

∑
j∈Ni

(
e j

D j

)2

=
g∑

i=1

∑
j∈Ni

(
ei

Di

)2

and
∑
j∈Ni

ai j = di.

Placing the above equations in (19) yields,

V̇ ≤ −
g∑

i=1

(λmin − kαdi )

(
ui

Di

)2

+ k
1

α

g∑
i=1

di

(
ei

Di

)2
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Considering the triggering function f(t) and (11),

V̇ ≤
g∑

i=1

(β − 1) (λmin − αkdi )

(
ui

Di

)2

≤ 0

Then z∗ is a stable equilibrium point. Furthermore, no solu-
tion other than � = 0 can achieve V̇ = 0. All the conditions
of LaSalle’s invariance principle, which can be found in [30],
are met. z∗ of the system (16) is locally asymptotic stable. �

The asymptotic stability proof of equilibrium point z∗ to the
system (16) implies asymptotic convergence of system (15)
with its equilibrium solution col(θ∗, ω∗, u∗). Therefore, the
control output u∗ will recover the frequency of the microgrid
ω to its nominal value ω∗ = ω0 and ensure proportional power
sharing. The secondary frequency control problem with VSG
primary control is solved.

C. MINIMAL INTEREVENT INTERVAL
In order to verify that the Zeno behavior can be avoided, the
lower bound of the interevent interval is calculated. When
the increase rate of e/u is maximum, the trigger interval is
the shortest. Considering (10), the derivative of e/u for t ∈
[th, th+1) is

d

dt

‖e‖
‖u‖ = d

dt

(
eT e

)1/2

(
uT u

)1/2 ≤
(

1 + ‖e‖
‖u‖

) ‖u̇‖
‖u‖ (20)

From (15d) of u̇,

d

dt

‖e‖
‖u‖ ≤ l

(
1 + ‖e‖

‖u‖
)2

= (t,0), (21)

where l is the Lipschitz constant for ‖u̇‖ ≤ l‖u‖ + l‖e‖[31].
Thus, e/u is upper bounded by (t,0) which is the solution
of {

̇ = l · (1 + )2

(0,0) = 0
(22)

And (τ, 0) = τ l
1−τ l . Thus, the minimum interevent inter-

val is obtained:

τmin =
√

β
α(λmin−αkdi )

di(
1 +

√
β

α(λmin−αkdi )
kdi

)
l

(23)

τmin proves that the proposed system avoids the Zeno behav-
ior.

IV. SIMULATION VERIFICATION
To verify the effectiveness of the proposed frequency restora-
tion control, an islanded microgrid with three parallel DGs is
used, as shown in Fig. 4. The virtual impedance and V-I dual-
loop PR conptrol are adopted to generate the voltage signal for
the parallel inverters. The voltage after the LC filter will track
the voltage reference accurately. Simulation parameters are
listed in Table 1. Due to the decoupling of frequency control
and voltage control, the frequency of the microgrid is only in-
fluenced by the active power consumption. The pure inductive
load only consumes the reactive power. When the RL load is

FIGURE 4. Islanded microgrid with three parallel DGs.

TABLE 1 Simulation Parameters of Studied Islanded Microgrid

connected to the microgrid, the control performance of our
proposed SFC is still effective. The communication among
these three DGs has a Laplacian matrix �, which is used in
(15d) and (16d).

� =
⎛
⎝ 1 −1 0

−1 2 −1
0 −1 1

⎞
⎠

A. SIMULATION RESULTS OF DROOP AND VSG PRIMARY
CONTROL
Fig. 5 shows the simulation results of droop and VSG primary
control with load transitions. At 10 s, load 2 is connected.
Then load 2 is disconnected after 50 s. The virtual inertia pro-
vided by the VSG control can reduce the ROCOF, while the
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FIGURE 5. Control result of primary droop and VSG control. (a) Frequency
of primary droop and VSG control. (b) Active power supply of three DGs
and the total load at PCC.

steady-state deviations are the same as droop control. Mean-
while, three DGs share the active power supply proportionally
and automatically. Results of the droop and VSG control
verify the accuracy of primary control and the feasibility of
islanded microgrid built in Simulink.

B. COMPARISON OF FREQUENCY-BASED SFC AND
PROPOSED SFC
The control inputs in [28], [32], [33] are based on frequency
measurements. A classical frequency-based SFC shown in
(24) is chosen as a comparison.

kiu̇i = − (ωi − ω0) −
∑

j∈N,i j∈E

ai j

(
ui

Di
− u j

D j

)
. (24)

Based on the same primary VSG control parameters and
operation environment, the comparison results with Ts = 0.5s
are shown in Fig. 6. The classical frequency-based SFC needs
multiple updates to restore the frequency, which is slower than
the proposed SFC. After the load disturbance, the following
control input generated by the proposed SFC can provide
nearly accurate power references. Due to the virtual iner-
tia of VSG control, the frequency deviation is smaller. The
frequency dynamic performance is more stable. Moreover,
from Fig. 6(c), the power sharing keeps proportional. The fre-
quency curves in the red rectangular are zoomed in and shown
in Fig. 6(d). When a step change of active power load happens,
the proposed SFC can quickly control the frequency back to
the rated value. Fig. 6(e) and (f) are the results when the loss
of communication between DG2 and DG3 disconnects the
graph. The active power references of DGs cannot maintain
an accurate power-sharing proportion. The disproportional
references influence the power supply of DGs and make the
operation of the islanded microgrid unstable.

In order to see the influence of Ts on different control
methods, the simulation results of three control methods with
Ts = 2s are shown in Fig. 7. From the comparison, it can be

FIGURE 6. Comparison of frequency-based SFC and proposed SFC. (a)
Frequency at PCC. (b) Active power references of three DGs broadcasted at
T s = 0.5s. (c) Active power supply of three DGs and the total load at PCC.
(d) Zoomed frequency curve. (e) Active power reference with the loss of
communication. (f) Active power supply and load with the loss of
communication.

FIGURE 7. Comparison of different SFC control methods.
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FIGURE 8. Proposed SFC iterations in 0.5s. (a) Measured active power of
three DGs. (b) Iterations of control u. (c) Communication moments. (d)
Estimate errors.

seen that the droop control will lead to a high ROCOF. The
virtual inertia provided by the VSG control can decrease the
ROCOF visibly. The convergence of ω-based SFC is slower
than the proposed SFC.

C. PERFORMANCE OF THE EVENT-TRIGGERED
COMMUNICATION
In order to show the effectiveness of event-triggered com-
munication, the 0.5s time slot circled by the green oval in
Fig. 6(b) is chosen. The specific operation of the control input
updating and communication triggering moments is shown in
Fig. 8. Considering the existing communication technology,
a 1-ms interval is adopted to denote the minimal communi-
cation period [34]. Fig. 8(a) shows the active power of three
DGs, which can be measured locally. The power references in
Fig. 8(b) are updated by the control method in (15d). When
the triggering function in (10) is triggered, DGs communicate

TABLE 2 Performance of Proposed SFC Iteration in 0.5s

FIGURE 9. Experimental platform photograph.

with neighbors to adjust output. Table 2 lists the communica-
tion trigger times and the final broadcast power references. If
traditional continuous communication is adopted, 1500 times
of communication are needed for three DGs. With the pro-
posed event-triggered SFC, more than 75% of communication
is saved.

V. EXPERIMENTAL VERIFICATION
In order to further verify the effectiveness of the proposed
VSG-based SFC method, an experimental platform is estab-
lished, as shown in Fig. 9. The primary VSG control and
proposed SFC actions are given by the real-time simulator,
MicroLabBox. Three DC sources with single-phase inverters,
Infineon FF300R12ME4, are used to supply AC voltage. The
voltage and current measurements are taken with Hall-effect
sensors. Through LC filters, three DGs are paralleled to supply
resistive loads. The physical circuit and communication paths
are the same with simulation as shown in Fig. 4.

The parameters of the microgrid circuit and the control
system are listed in Table 3. In order to verify the effectiveness
of the microgrid experiment testbed, the primary VSG control
is applied to three parallel inverters on the testbed.
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TABLE 3 Experiment Parameters of Studied Islanded Microgrid

FIGURE 10. Primary control results. (a) Frequency waveforms of the VSG
control. (b) Active power references of proposed SFC. (c) The supply and
demand waveforms. (d) Voltage and current waveforms at load
reconnection moment.

Fig. 10 shows the system performance after primary VSG
control. Fig. 10(a) shows the frequency waveform of the pri-
mary VSG control. The settling time calculated according to
(5) is 3.73s, which is drawn as the yellow zone in Fig. 5(a).
The ROCOF is decreased significantly compared to the tradi-
tional droop control. The buffer time provided by the virtual

FIGURE 11. Proposed distributed event-trigger SFC results. (a) Frequency
at PCC. (b) SFC broadcasts power references every 1s. (c) Active power
supply and demand.

TABLE 4 Performance of Proposed SFC Iterations in 10 s

inertia can be used in the proposed SFC. From (b) and (c)
in Fig. 10, both practical power change and power reference
change from SFC will influence the frequency. The power
sharing among these DGs follows the proportion 6:3:2. (d)
shows the voltage and current waveforms at the period of load
2 reconnection The period is pointed out in (c). The voltage
is stabilized at 50V. The current changes according to the load
change. The results in Fig. 10 verify that the VSG control runs
well on the experimental testbed.

Fig. 11 shows the experiment results of the proposed dis-
tributed event-triggered SFC. The SFC broadcast period is
1s in Fig. 11. First, only primary control is operated. The
frequency stabilizes at 49.72 Hz. Then the proposed SFC
starts up to eliminate the frequency deviation and restore
the frequency to 50 Hz. After the frequency achieves the
steady state, load cut-off and reconnection are carried out. As
shown in Fig. 11, at the end of 1s, the SFC broadcasts the
power reference. The frequency starts to recover to 50 Hz.
Even though there are power oscillations after load connec-
tion/disconnection, the proposed control can still generate
proportional power reference values to guarantee stability.

The red brace in Fig. 11(c) marks a 10 s time slot which
contains the moment of load disconnection. The iterations of
the proposed control during 10 s are shown in Fig. 12. The
sampling rate of the event-triggered algorithm is also cho-
sen as 1ms. The event-triggered communication performance
is listed in Table 4. The generated power reference values
are satisfactory with more than 84% communication saved
in 10 s.

504 VOLUME 3, 2022



FIGURE 12. Proposed SFC iterations in 10 s. (a) Measured active power of
three DGs. (b) Iterations of control u with broadcast rate Ts = 1s. (c)
Communication moments. (d) Estimate errors.

The experiment results are similar to the simulation results
in Section IV. The frequency convergence rate is acceler-
ated with the proposed frequency restoration control method.
The communication burden is highly reduced. Meanwhile,
the generated power reference values maintain power shar-
ing proportion accurately, unaffected by power oscillations.
The practicability and effectiveness of the proposed event-
triggered SFC are verified.

VI. CONCLUSION
In this paper, a novel distributed control for parallel inverters
in an islanded microgrid is proposed. The proposed fre-
quency restoration control accelerates the convergence rate of
the frequency with virtual inertia. Meanwhile, the generated
power reference values overcome the power oscillations and
maintain the power sharing proportion. The communication
burdens of the parallel inverter controllers are highly reduced
under the proposed event-triggered conditions. The validation

experiments are operated on the practical physical circuit,
which verifies the practicability and effectiveness of the pro-
posed control method.
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