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Abstract: This paper proposes a cooperative secondary voltage control scheme in islanded microgrids, which can be seen as 
multi-agent systems with distributed generators being agents. Therefore, the voltage deviation caused by the primary 
control level can be compensated autonomously in a microgrid using a directed communication graph. An auxiliary 
centralized event-triggered controller is designed to deal with feedback control law. In this scheme, the estimates of agents 
are used to replace their actual values for feedback control. All agents receive the same event-triggered time from the 
auxiliary centralized controller. Thus, communication between agents is only needed when events are triggered, which high 
reduces the burden of the communication network to make the control structure be more reliable. The stability analysis is 
also presented in this paper. Simulation results based on an islanded microgrid test system in PSCAD/EMTDC are provided 
to validate the effectiveness of the proposed control strategy. 
 

1. Introduction 
Recently, as the rapid development of the distributed 

generators (DGs), microgrids have drawn worldwide 
attentions. As the building blocks of smart grids, a microgrid 
can effectively integrate DGs, energy storages and loads, 
achieve cooperative and optimal operation itself and provide 
different kinds of auxiliary services [1-3]. Microgrids can be 
connected to the main grid normally, and can operate in the 
islanded mode when necessary. In the grid-connected mode, 
voltage and frequency of the microgrid can be dominated by 
the main grid. In comparison, when operating in the islanded 
mode the microgrid will face more severe problems. In this 
context, convenient voltage and frequency control strategy 
is one of the keys to guarantee stability of the microgrid [4-
8].  

The hierarchical control scheme consisting of three 
control levels have been proposed and recognized [9-11]. 
The primary control stabilizes the voltage and frequency, 
and shares power using the droop control method. Local 
controllers can deal with functions above. The secondary 
control restores the microgrid voltage and frequency to their 
rated values. Recently, some literatures add voltage 
unbalance compensation to the secondary control [12, 13]. 
Finally, the tertiary control is responsible for optimal 
operation and power flow of the tie line. 

In general, the secondary control level is centralized. 
In this way, the microgrid central controller (MGCC) 
manages the operation of the whole microgrid and sends set-
points for local controllers using a star communication 
network. Usually, as in [34], a centralized PI controller 
based secondary control can be implemented to compensate 
the deviation [14-16]. However, this approach is unable to 
meet the plug-and-play requirement and requires complex 
communication networks. Furthermore, the centralized 
control scheme may suffer from a single-point failure. 

To solve the problems, distributed control 
architecture based on multi-agent systems (MAS) has been 
proposed for the flexibility and reliability [17]. In this 
context, each DG in the islanded microgrid can be seen as 
an agent in MAS and communicates only with its 
neighbouring agents. Then all the agents can be cooperative 
with each other to achieve common goals. As shown in [18], 
secondary voltage and frequency control of an islanded 
microgrid can be transferred as a tracking synchronization 
problem. Thus, some solutions such as linear states feedback 
[19] and finite-time control [20] approach can be used to 
design the distributed cooperative controllers which cannot 
only restore voltage and frequency, but also share active 
power accurately. Furthermore, consensus-based algorithms 
can also be applied to the secondary control in terms of VSG 
and voltage unbalance compensation [21]. 

All the methods above are designed depending on 
continuous states feedback from neighbouring agents. Thus 
this paper designs a distributed cooperative secondary 
voltage control scheme based on event-triggered control [22] 
with a positive lower bound on the inter-event interval. 
Communication between agents using a directed network 
are only needed when the events are triggered, and during 
the inter-event intervals, estimates are used to replace the 
continuous states, which can highly reduce inter-agents’ 
communication. An auxiliary centralized controller is 
designed to generate the event-triggered time to update the 
state estates. The convergence analysis based on Lyapunov 
function is presented. Furthermore, the minimal inter-event 
interval is analysed as well. 

The rest of the paper is organized as follows. Section 
2 describes the implementation of the distributed control 
strategy including the primary control and the secondary 
voltage control. The event-triggered based distributed 
secondary voltage controller is designed in Section 3, with 
stability analysis consisting of convergence proof and inter-
event interval analysis given in Section 4. Section 5 presents 
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the results using an islanded microgrid test system. This 
paper is concluded in Section 6. 

2. Microgrid distributed control scheme 
The distributed control structure of islanded 

microgrids is shown in Fig. 1. Different from the central 
control strategy relying on a MGCC, the secondary 
controller used in this paper is applied locally. Neighboring 
information should be transmitted to the agents through 
proper communication network. Thus set-points of the 
primary controllers are determined by each DG 
autonomously. To implement secondary voltage control of 
the islanded microgrid as a leader-follower consensus 
problem, a virtual leader needs to be defined to provide the 
voltage reference. And only a portion of the agents can 
receive information from this virtual leader. As the result of 
the distributed control, all the agents can synchronize to the 
leader. 

The topology and primary control of DGs are shown 
in Fig. 2. The three-phase voltage source inverter (VSI) is 
connected to the main grid through an LC filter and a line. Rf, 
Lf and Cf are the parasitic resistance of inductor, filter 
inductance and filter capacitor respectively. In addition, Rg 
and Lg denote the line impedance. The output active and 
reactive powers of the VSI can be expressed as [23-25] 

 
𝑝𝑝 = 𝑣𝑣𝑑𝑑𝑖𝑖𝑔𝑔𝑑𝑑 + 𝑣𝑣𝑞𝑞𝑖𝑖𝑔𝑔𝑞𝑞 (1) 
𝑞𝑞 = 𝑣𝑣𝑞𝑞𝑖𝑖𝑔𝑔𝑑𝑑 − 𝑣𝑣𝑑𝑑𝑖𝑖𝑔𝑔𝑞𝑞 (2) 

 
where vd and vq are the capacitor voltages in the dq frame, igd 
and igq are the line currents in the dq frame. 

The primary controllers use the locally available 
information to regulate frequency and amplitude of the 
voltage reference for the inner control loops and share active 
and reactive powers. Considering inductive lines, the 
frequency and voltage can be regulated by the active and 
reactive power respectively. Therefore, the primary control 
level can be implemented by the famous droop control 
which can be defined as [26, 27] 

 
𝜔𝜔 = 𝜔𝜔0 − 𝐷𝐷𝑝𝑝𝑃𝑃 (3) 

𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑉𝑉0 − 𝐷𝐷𝑞𝑞𝑄𝑄 (4) 
 
where ω is the angle frequency produced by P-ω droop, ω0 
and V0 are the set-points of the primary controller, which 
can be determined by the secondary controller, Dp and Dq 
are proportional coefficients of active and reactive, 
respectively, and they can be determined by the power 
rating of the DGs and the pre-specified ranges of the 
frequency and voltage. As shown in (4), the primary control 
is to align the voltage vector on the d-axis of the reference 
frame. Therefore, reference of the d-axis voltage, vdref, is 
generated by the droop controller directly with reference of 
q-axis voltage being 0. Then using the following equations 
achieve filtering out the power calculated from (1) and (2) 
[28] 
 

𝑃𝑃 =
𝜔𝜔𝑐𝑐

𝑠𝑠 + 𝜔𝜔𝑐𝑐
𝑝𝑝 (5) 

Q =
𝜔𝜔𝑐𝑐

𝑠𝑠 + 𝜔𝜔𝐶𝐶
𝑞𝑞 (6) 

 

 
Fig. 1.  Distributed control structure of islanded microgrids 
 

 
Fig. 2.  Topology and primary control of DG 
 
where ωc is the cutoff frequency of the low-pass filters and 
set to 31.25rad/s. Furthermore, proportional-integral (PI) 
controllers with feedforward and decoupling terms are 
preferred to regulate voltage and current in the dq frame. 
Then the output of current controller is used to generate the 
switching signals, g1~g6, via pulse width modulator (PWM). 

3. Distributed secondary voltage control strategy 
 

3.1. Preliminaries of graph theory 
 

In distributed secondary voltage control of an 
islanded microgrid, only small portion of agents can receive 
voltage reference from the leader agent. Thus proper 
communication network is necessary to guarantee 
information exchanging between an agent and its neighbours. 
It should be noted that, in this paper, communication delays 
are neglected. To understanding the demand for the 
communication network, some preliminaries of graph theory 
are presented firstly. 

The communication network of an islanded 
microgrid can be abstracted as a directed graph. A directed 
graph is denoted by a pair D=(V(D), A(D)) consisting of a 
nonempty set V(D) of vertices representing the agents and a 
set A(D) of arcs representing the links between agents. An 
arc donated by (vi, vj) means that agent j can receive 
information from agent i, but not necessarily vice versa. If 
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so, agent i is called a neighbour of agent j. The set of 
neighbours of agent i is denoted as Ni={j|(vj, vi)∈A(D)}. 
This set denotes all agents that can transmit information to 
agent i. The adjacency matrix of D is expressed as AD whose 
entries are given by 

 

𝑎𝑎𝑖𝑖𝑖𝑖 = �1 𝑖𝑖𝑖𝑖 (𝑣𝑣𝑖𝑖 ,𝑣𝑣𝑖𝑖) ∈ 𝐴𝐴(𝐷𝐷)
0              𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑠𝑠𝑒𝑒

 

 
Furthermore, L is used to express the Laplacian matrix of D 
and can be defined as lii=∑j≠iaij，lij=−aij(i≠j). 

Graph P=(V, E) is defined as a path if V={v0, v1, …, 
vk} and E={v0v1, v1v2, …, vk-1vk} where the vi are all distinct. 
A directed graph D is said to have a spanning tree if there is 
a root node such that there is a path from the root to every 
other node [29]. 

 
3.2. Distributed secondary voltage controller 

design 
 
Considering an islanded microgrid including N DGs, 

the directed communication graph between DG agents is 
denoted as D. In addition, the proposed secondary voltage 
control strategy should restore voltages of the islanded 
microgrid which are expressed as 

 
lim
𝑡𝑡→∞

�𝑣𝑣𝑑𝑑𝑖𝑖(𝑜𝑜) − 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑� = 0,∀𝑖𝑖 (7) 
 
where ||x|| is the Euclidean norm. 

According to [30], the droop control dominates the 
dynamics of the microgrid, and states of voltage and current 
control loops, LC filter and line can be neglected. Therefore, 
from (4), there is 

 
�̇�𝑣𝑑𝑑𝑖𝑖 = �̇�𝑉0𝑖𝑖 − 𝐷𝐷𝑞𝑞𝑖𝑖�̇�𝑄𝑖𝑖 (8) 

 
Then combining (8) with (2) and (6) yields 

 
�̇�𝑣𝑑𝑑𝑖𝑖 = 𝐷𝐷𝑞𝑞𝑖𝑖𝜔𝜔𝑐𝑐𝑖𝑖𝑔𝑔𝑞𝑞𝑖𝑖𝑣𝑣𝑑𝑑𝑖𝑖 − 𝐷𝐷𝑞𝑞𝑖𝑖𝜔𝜔𝑐𝑐𝑖𝑖𝑔𝑔𝑑𝑑𝑖𝑖𝑣𝑣𝑞𝑞𝑖𝑖 + 𝐷𝐷𝑞𝑞𝑖𝑖𝜔𝜔𝑐𝑐𝑄𝑄𝑖𝑖 + �̇�𝑉0𝑖𝑖 (9) 

 
Choosing vdi being the state variable, (9) presents a 
nonlinear system due to the presence of product terms as 
well as differentiation of V0i. Therefore motivated by the 
work in [19], state-space representation of voltage control 
for the ith DG can be expressed as the following using 
feedback linearization 

 
�̇�𝑣𝑑𝑑𝑖𝑖 = 𝑢𝑢𝑖𝑖 (10) 
𝑦𝑦𝑖𝑖 = 𝑣𝑣𝑑𝑑𝑖𝑖 (11) 

 
where ui is the control input for voltage and yi are the control 
output. In the following, the feedback law will be designed. 

As mentioned before, a virtual agent as the leader 
node, denoted by agent0, is necessary to provide voltage 
reference. Therefore, the state-space representation for the 
leader node, according to (10) and (11) is written as 

 
�̇�𝑣𝑑𝑑0 = 0 (12) 

𝑦𝑦0 = 𝑣𝑣𝑑𝑑0 = 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 (13) 
 

Supposing directed communication graph including all DG 
agents and the leader agent is denoted as 𝐷𝐷� , then D is a 
subgraph of 𝐷𝐷�. 

Lemma 1 : Let the directed graph 𝐷𝐷� have a spanning 
tree and the leader is the root, and the control input ui be 

 

𝑢𝑢𝑖𝑖 = 𝑘𝑘 �� 𝑎𝑎𝑖𝑖𝑖𝑖(𝑣𝑣𝑑𝑑𝑖𝑖 − 𝑣𝑣𝑑𝑑𝑖𝑖)
𝑖𝑖∈𝑁𝑁𝑖𝑖

+ 𝑔𝑔𝑖𝑖(𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑣𝑣𝑑𝑑𝑖𝑖)�  (14) 

 
where Ni is the set of neighbours of agenti as mentioned 
before. Then all outputs of DGs in (11) synchronize to y0 in 
(13), and therefore vdi synchronizes to Vref. In addition gi is 
defined as 

 
1 (0, )
0 (0, )i

i D
g

i D
 ∈= 

∉
 (15) 

 
As mentioned before, 𝐷𝐷� have a spanning tree and the leader 
is the root, thus every DG agents can connect to the leader 
with a directed path and gi=1 for at least one DG. 

It can be seen from (14) that continuous states 
feedback laws are required which implies high 
communication burden between DGs. In the following, the 
method above is modified as an event-triggered control 
using an auxiliary central controller. In this scheme, control 
input of all the DG agents are updated simultaneously at a 
global trigger time generated in a centralized way. 

According to (14), the new control input is defined, 
using state estimates, as 

 

𝑢𝑢𝑖𝑖 = 𝑘𝑘 �� 𝑎𝑎𝑖𝑖𝑖𝑖(𝑣𝑣�𝑑𝑑𝑖𝑖(𝑜𝑜) − 𝑣𝑣�𝑑𝑑𝑖𝑖(𝑜𝑜))
𝑖𝑖∈𝑁𝑁𝑖𝑖

+ 𝑔𝑔𝑖𝑖(𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑣𝑣�𝑑𝑑𝑖𝑖(𝑜𝑜))� (16) 

 
where the superscript ∧ denotes estimates of the 
corresponding variables. In addition, the state estimates can 
be defined as following based on dynamics of the leader 
node as in (12) and (13) 

 
𝑣𝑣�𝑑𝑑𝑖𝑖(𝑜𝑜) = 𝑣𝑣𝑑𝑑𝑖𝑖(𝑜𝑜)      𝑜𝑜 = 𝑜𝑜𝑘𝑘 (17) 

�
𝑣𝑣�̇𝑑𝑑𝑖𝑖(𝑜𝑜) = 0

𝑣𝑣�𝑑𝑑𝑖𝑖(𝑜𝑜) = 𝑣𝑣�𝑑𝑑𝑖𝑖(𝑜𝑜𝑘𝑘)
 𝑜𝑜 ∈ (𝑜𝑜𝑘𝑘, 𝑜𝑜𝑘𝑘+1) (18) 

 
where tk is the event-triggered time. According to (17), at 
the event-triggered time, the state estimate is equal to their 
actual value, which means that communication is required to 
transmit information from DGj to DGi. And according to 
(18), the state estimate keeps steady during the inter-event 
interval which means that communication is unnecessary. 
The event-triggered time is defined as the instance when a 
triggering function reaches a certain value [31]. In this way, 
low communication burden between DG agents is enough. 

Defining the local disagreement as 
 

𝜂𝜂𝑖𝑖(𝑜𝑜) = 𝑣𝑣𝑑𝑑𝑖𝑖(𝑜𝑜) − 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 (19) 
 
Therefore at the event-triggered time, the upper equation in 
(19) is rewritten as 
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𝜂𝜂𝑖𝑖(𝑜𝑜𝑘𝑘) = 𝑣𝑣𝑑𝑑𝑖𝑖(𝑜𝑜𝑘𝑘) − 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 (20) 
 
Combining with (17) and (18) yields 

 
𝜂𝜂𝑖𝑖(𝑜𝑜𝑘𝑘) = 𝑣𝑣�𝑑𝑑𝑖𝑖(𝑜𝑜) − 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 ∀𝑜𝑜 = [𝑜𝑜𝑘𝑘, 𝑜𝑜𝑘𝑘+1) (21) 

 
From (10), the derivate of ηi can be expressed in the 
following 

 
�̇�𝜂𝑖𝑖(𝑜𝑜) = 𝑢𝑢𝑖𝑖(𝑜𝑜) (22) 

 
Placing (16) into (22), dynamics of ηi(t) can be expressed 
using the estimates as 

 

�̇�𝜂𝑖𝑖(𝑜𝑜) = 𝑘𝑘 �� 𝑎𝑎𝑖𝑖𝑖𝑖 �𝑣𝑣�𝑑𝑑𝑖𝑖(𝑜𝑜) − 𝑣𝑣�𝑑𝑑𝑖𝑖(𝑜𝑜)�
𝑖𝑖∈𝑁𝑁𝑖𝑖

+ 𝑔𝑔𝑖𝑖 �𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑣𝑣�𝑑𝑑𝑖𝑖(𝑜𝑜)��  (23) 

 
According to (21) and (23), the dynamics of the local 
disagreement can be expressed as 

 

η̇i(t) = k �� aij �ηj(tk) − ηi(tk)�
j∈Ni

− giηi(tk)�  ∀t

∈ [𝑜𝑜𝑘𝑘, 𝑜𝑜𝑘𝑘+1) (24) 
 
Thus the dynamics of the global disagreement is synthesized 
as 

 

�

�̇�𝜂1(𝑜𝑜)
�̇�𝜂2(𝑜𝑜)
⋮

�̇�𝜂𝑁𝑁(𝑜𝑜)

� = 𝑘𝑘

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡ � 𝑎𝑎1𝑖𝑖�𝜂𝜂𝑖𝑖(𝑜𝑜𝑘𝑘) − 𝜂𝜂1(𝑜𝑜𝑘𝑘)�
𝑖𝑖∈𝑁𝑁1

− 𝑔𝑔1𝜂𝜂1(𝑜𝑜𝑘𝑘)

� 𝑎𝑎2𝑖𝑖�𝜂𝜂𝑖𝑖(𝑜𝑜𝑘𝑘) − 𝜂𝜂2(𝑜𝑜𝑘𝑘)�
𝑖𝑖∈𝑁𝑁2

− 𝑔𝑔2𝜂𝜂2(𝑜𝑜𝑘𝑘)

⋮
� 𝑎𝑎𝑁𝑁𝑖𝑖�𝜂𝜂𝑖𝑖(𝑜𝑜𝑘𝑘) − 𝜂𝜂𝑁𝑁(𝑜𝑜𝑘𝑘)�
𝑖𝑖∈𝑁𝑁𝑁𝑁

− 𝑔𝑔𝑁𝑁𝜂𝜂𝑁𝑁(𝑜𝑜𝑘𝑘)
⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 ∀𝑜𝑜   

∈ [𝑜𝑜𝑘𝑘, 𝑜𝑜𝑘𝑘+1) (25) 
 
To facilitate the subsequent analysis, (25) is rewritten as the 
stacked form 

 
�̇�𝜼(𝑜𝑜) = −𝑘𝑘(𝑳𝑳 + 𝑮𝑮)𝜼𝜼(𝑜𝑜𝑘𝑘) ∀𝑜𝑜 ∈ [𝑜𝑜𝑘𝑘, 𝑜𝑜𝑘𝑘+1) (26) 

 
where η(t)=[η1(t), η2(t), …, ηN(t)]T, G=diag{gi}. 

On the other hand, we can define the local measure 
error as 

 
𝑒𝑒𝑖𝑖(𝑜𝑜) = 𝜂𝜂𝑖𝑖(𝑜𝑜𝑘𝑘) − 𝜂𝜂𝑖𝑖(𝑜𝑜) ∀𝑜𝑜 ∈ [𝑜𝑜𝑘𝑘 − 𝑜𝑜𝑘𝑘+1) (27) 

 
or equivalently 

 
𝒆𝒆(t) = 𝜼𝜼(𝑜𝑜𝑘𝑘) − 𝜼𝜼(t) ∀𝑜𝑜 ∈ [𝑜𝑜𝑘𝑘 − 𝑜𝑜𝑘𝑘+1) (28) 

 
where e(t)=[e1(t), e2(t), …, eN(t)]T. According to (28), (26) is 
rewritten as follow 

 

�̇�𝜼(𝑜𝑜) = −𝑘𝑘(𝑳𝑳 + 𝑮𝑮)(𝜼𝜼(𝑜𝑜) + 𝒆𝒆(𝑜𝑜)) (29) 
 

Theorem 1: Let 𝐷𝐷� has a spanning tree with the leader 
being the root. The controller in (16) ensures asymptotic 
consensus of the system (10)-(13) if the event-triggered time 
is defined by the following 

 
𝑜𝑜𝑘𝑘 = inf{𝑜𝑜 > 𝑜𝑜𝑘𝑘−1|𝑖𝑖(𝑜𝑜) = 0} (30) 

 
where f(t) is the triggering function and can be expressed as 
(31) and (32) according to the following analysis 

 

𝑖𝑖(𝑜𝑜) = ‖𝒆𝒆(𝑜𝑜)‖ − 𝛼𝛼
‖𝜼𝜼(𝑜𝑜)‖𝜆𝜆min(𝑳𝑳� + 𝑮𝑮)

‖𝑳𝑳 + 𝑮𝑮‖
 (31) 

𝑳𝑳� =
𝑳𝑳 + 𝑳𝑳𝑇𝑇

2
 (32) 

 
where 0<α<1, λmin() means the minimum eigenvalue of the 
corresponding matrix. 

Denoting 
 

𝑐𝑐 =
𝛼𝛼𝜆𝜆min(𝑳𝑳� + 𝑮𝑮)
‖𝑳𝑳 + 𝑮𝑮‖

 (33) 

 
the event-triggered principle can be illustrated as in Fig. 3. It 
can be seen that, during the event interval, the value 
||e(t)||/||η(t)|| is less than c. When it reaches c, the state 
estimate is equal to the real value using communication and 
||e(t)||/||η(t)|| is reset to zero. 

According to (6) and (8)-(10), the set-point for 
voltage primary controller is derived as 

 

𝑉𝑉0𝑖𝑖 = ��𝐷𝐷𝑞𝑞𝑖𝑖(𝜔𝜔𝑐𝑐𝑞𝑞𝑖𝑖 − 𝜔𝜔𝑐𝑐𝑄𝑄𝑖𝑖)�𝑑𝑑𝑜𝑜  (34) 

 
Then the block diagram of the proposed secondary voltage 
controller is shown in Fig. 4. It can be seen that the control 
input ui is obtained based on the state estimates. Thus DGi 
and DGj state estimates blocks and the event-triggered time 
generator block are also included. 

4. Stability analysis 
In this part, we will prove the Theorem 1 and 

illustrate the proposed control strategy has a positive lower 
bound on the inter-event interval. 
 

4.1. Convergence proof 
 

In order to using Lyapunov’s theorem [32] to 
investigate the stability of the system (10)-(13) with the 
control law (16). Consider the Lyapunov function candidate 

 

𝑉𝑉 =
1
2
𝜼𝜼(𝑜𝑜)T𝜼𝜼(𝑜𝑜) (35) 

 
Then the time derivative of (35) can be expressed as 

 

�̇�𝑉 =
1
2
𝜼𝜼(𝑜𝑜)T�̇�𝜼(𝑜𝑜) +

1
2
�̇�𝜼(𝑜𝑜)T𝜼𝜼(𝑜𝑜) (36) 
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Fig. 3.  Principle of event-triggered time generation 
 

 
Fig. 4.  Block diagram of the proposed secondary voltage 
controller 
 
where 𝜼𝜼(𝑜𝑜)T�̇�𝜼(𝑜𝑜) ∈ R1×1 , �̇�𝜼(𝑜𝑜)T𝜼𝜼(𝑜𝑜) ∈ R1×1 . Therefore the 
following condition in (37) holds 

 
�̇�𝜼(𝑜𝑜)T𝜼𝜼(𝑜𝑜) = [�̇�𝜼(𝑜𝑜)T𝜼𝜼(𝑜𝑜)]T = 𝜼𝜼(𝑜𝑜)T�̇�𝜼(𝑜𝑜) (37) 

 
Placing (37) into (36) yields 

 
�̇�𝑉 = 𝜼𝜼(𝑜𝑜)T�̇�𝜼(𝑜𝑜) (38) 

 
Combining with the dynamics of the global disagreement 
error in (29), the upper time derivative in (38) can be 
expressed as 

 
�̇�𝑉 = −𝑘𝑘𝜼𝜼(𝑜𝑜)T(𝑳𝑳 + 𝑮𝑮)�𝜼𝜼(𝑜𝑜) + 𝒆𝒆(𝑜𝑜)�
= −𝑘𝑘𝜼𝜼(𝑜𝑜)T(𝑳𝑳 + 𝑮𝑮)𝜼𝜼(𝑜𝑜) − 𝑘𝑘𝜼𝜼(𝑜𝑜)T(𝑳𝑳 + 𝑮𝑮)𝒆𝒆(𝑜𝑜) (39) 

 
Using the definition of (32), the following equation in (40) 
holds 

 
𝜼𝜼(𝑜𝑜)T(𝑳𝑳 + 𝑮𝑮)𝜼𝜼(𝑜𝑜) = 𝜼𝜼(𝑜𝑜)T(𝑳𝑳� + 𝑮𝑮)𝜼𝜼(𝑜𝑜) (40) 

 
Then we have 

 
�̇�𝑉 = −𝑘𝑘𝜼𝜼(𝑜𝑜)T(𝑳𝑳� + 𝑮𝑮)𝜼𝜼(𝑜𝑜) − 𝑘𝑘𝜼𝜼(𝑜𝑜)T(𝑳𝑳 + 𝑮𝑮)𝒆𝒆(𝑜𝑜) (41) 

 
The upper equation in (41) can be upper bounded using the 

Euclidean norm by 
�̇�𝑉 ≤ −𝑘𝑘𝜆𝜆min(𝑳𝑳� + 𝑮𝑮)‖𝜼𝜼(𝑜𝑜)‖2 − 𝑘𝑘𝜼𝜼(𝑜𝑜)T(𝑳𝑳 + 𝑮𝑮)𝒆𝒆(𝑜𝑜)
≤ −𝑘𝑘𝜆𝜆min(𝑳𝑳� + 𝑮𝑮)‖𝜼𝜼(𝑜𝑜)‖2 + 𝑘𝑘‖𝜼𝜼(𝑜𝑜)‖‖𝑳𝑳 + 𝑮𝑮‖‖𝒆𝒆(𝑜𝑜)‖ (42) 
 
In order to take advantage of Lyapunov’s stability theorem, 
let D has a spanning tree with the leader being the root. 
Then according to Lemma 5 in [17], we have 

 
𝜆𝜆min(𝑳𝑳� + 𝑮𝑮) > 0 (43) 

 
Then if the following condition holds 

 

‖𝒆𝒆(𝑜𝑜)‖ ≤
𝛼𝛼𝜆𝜆min(𝑳𝑳� + 𝑮𝑮)
‖𝑳𝑳 + 𝑮𝑮‖

‖𝜼𝜼(𝑜𝑜)‖ 0 < 𝛼𝛼 < 1 (44) 

 
The upper time derivative of the Lyapunov function 
candidate in (42) is upper bounded by 

 
�̇�𝑉 ≤ 0 (45) 

 
Therefore, V  is negative definite and the global 
disagreement η(t) is asymptotically stable which implies 
that limt→∞||vdi(t)−Vref||=0 for ∀i. The proof is complete. 
 

4.2. Inter-event interval analysis 
 

Theorem 2: Let D has a spanning tree with the leader 
being the root and consider the system (10)-(13) with the 
controller in (16). The event-triggered time defined by (30) 
and (31) ensures that the inter-event interval is lower 
bounded by a positive constant as 

 

𝜏𝜏 =
𝛼𝛼𝜆𝜆min(𝑳𝑳� + 𝑮𝑮)

𝑘𝑘‖𝑳𝑳 + 𝑮𝑮‖[‖𝑳𝑳 + 𝑮𝑮‖ + 𝛼𝛼𝜆𝜆min(𝑳𝑳� + 𝑮𝑮)] (46) 

 
Proof: It should be noted that in the following we 

abbreviate x(t) to x. Consider the follow time derivative (see 
(47)). 
According to (28), the derivate of the global measure error e 
can be written as 

 
�̇�𝒆 = −�̇�𝜼 (48) 

 
Placing (48) into (47) yields 

 
𝑑𝑑
𝑑𝑑𝑜𝑜
‖𝒆𝒆‖
‖𝜼𝜼‖

= −
𝒆𝒆𝑇𝑇�̇�𝜼

‖𝜼𝜼‖‖𝒆𝒆‖
−
‖𝒆𝒆‖(𝜼𝜼𝑇𝑇�̇�𝜼)
‖𝜼𝜼‖3

 (49) 

 
According to the property of the Euclidean norm, the upper 
inequality can be upper bounded by 

 
𝑑𝑑
𝑑𝑑𝑜𝑜
‖𝒆𝒆‖
‖𝜼𝜼‖

≤
‖𝒆𝒆‖‖�̇�𝜼‖
‖𝜼𝜼‖‖𝒆𝒆‖

+
‖𝒆𝒆‖‖𝜼𝜼‖‖�̇�𝜼‖

‖𝜼𝜼‖3
=
‖�̇�𝜼‖
‖𝜼𝜼‖

�1 +
‖𝒆𝒆‖
‖𝜼𝜼‖

�  (50) 

 

t

c

( )
( )

e t
tη

 

 

kt 1kt +

DGi

1
s

iu

DGi state 
estimates

DGj state 
estimates

Event-
triggered 

time
gernator

0iV c i c iq Qω ω−

qiD

k

ˆ ˆ ˆ( ( ) ( )) ( ( ))
i

ij dj di i ref di
j N

a v t v t g V v t
∈

− + −∑

( )div t

ˆ ( )div t

refV

( )djv t

ˆ ( )djv t

kt

𝑑𝑑
𝑑𝑑𝑜𝑜
‖𝒆𝒆‖
‖𝜼𝜼‖

=
‖𝜼𝜼‖‖𝒆𝒆‖−1[1/2(𝒆𝒆𝑇𝑇�̇�𝒆 + �̇�𝒆𝑇𝑇𝒆𝒆)] − ‖𝜼𝜼‖−1‖𝒆𝒆‖[1/2(𝜼𝜼𝑇𝑇�̇�𝜼 + �̇�𝜼𝑇𝑇𝜼𝜼)]

‖𝜼𝜼‖2

=
‖𝜼𝜼‖‖𝒆𝒆‖−1(𝒆𝒆𝑇𝑇�̇�𝒆) − ‖𝜼𝜼‖−1‖𝒆𝒆‖(𝜼𝜼𝑇𝑇�̇�𝜼)

‖𝜼𝜼‖2
=

𝒆𝒆𝑇𝑇�̇�𝒆
‖𝜼𝜼‖‖𝒆𝒆‖

−
‖𝒆𝒆‖(𝜼𝜼𝑇𝑇�̇�𝜼)
‖𝜼𝜼‖3

 (47) 
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Table 1 Parameters of islanded microgrid and its 
control system 

DGs 

DG1 DG2 DG3 DG4 
Rf1 0.1Ω Rf2 0.1Ω Rf3 0.1Ω Rf4 0.1Ω 
Lf1 1.35mH Lf2 1.35mH Lf3 1.35mH Lf4 1.35mH 
Cf1 50µF Cf2 50µF Cf3 50µF Cf4 50µF 
Rg1 0.03Ω Rg2 0.03Ω Rg3 0.03Ω Rg4 0.03Ω 
Lg1 0.35mH Lg2 0.35mH Lg3 0.35mH Lg4 0.35mH 
Dp1 9.4e-5 Dp2 9.4e-5 Dp3 12.5e-5 Dp4 12.5e-5 
Dq1 1.3e-3 Dq2 1.3e-3 Dq3 1.5e-3 Dq4 1.5e-3 

lines 

Line1 Line2 Line3 
Rg1 0.23Ω Rg2 0.35Ω Rg3 0.23Ω 

Lg1 0.318mH Lg2 
1.847m

H Lg3 0.318mH 

loads 
Load1 Load2 

P1 36kW P2 45.9kW 
Q1 36kVar Q2 22.8kVar 

gain k 5 
 
 

Placing the derivate of η in (29) into (50), the following (see 
(51))can be derived. 
Thus ||e||/||η|| is upper bounded by 

 
‖𝒆𝒆‖
‖𝜼𝜼‖

≤ Φ(𝑜𝑜,Φ0) (52) 

 
where Φ(t, Φ0) is the solution of the following differential 
equation 

 

�Φ̇ = 𝑘𝑘‖𝑳𝑳 + 𝑮𝑮‖(1 + Φ)2
Φ(0,Φ0) = Φ0

 (53) 

 
Then according to Fig. 3, the inter-event interval is bounded 
from blow by the time it takes for Φ to evolve from 0 to c, 
that is 

 

Φ(𝜏𝜏, 0) =
𝛼𝛼𝜆𝜆min(𝑳𝑳� + 𝑮𝑮)
‖𝑳𝑳 + 𝑮𝑮‖

 (54) 

 
The upper equation (53) is rewritten as 

 

�
𝑑𝑑Φ

𝑘𝑘‖𝑳𝑳 + 𝑮𝑮‖(1 + Φ)2
Φ(𝜏𝜏,0)

0
= � 𝑑𝑑𝑜𝑜

𝜏𝜏

0
 (55) 

 
Hence, we have 

 

Φ(𝜏𝜏, 0) =
𝑘𝑘‖𝑳𝑳 + 𝑮𝑮‖𝜏𝜏

1 − 𝑘𝑘‖𝑳𝑳 + 𝑮𝑮‖𝜏𝜏
 (56) 

 
Combining (54) and (56) yields 

 

𝜏𝜏 =
𝛼𝛼𝜆𝜆min(𝑳𝑳� + 𝑮𝑮)

𝑘𝑘‖𝑳𝑳 + 𝑮𝑮‖[‖𝑳𝑳 + 𝑮𝑮‖ + 𝛼𝛼𝜆𝜆min(𝑳𝑳� + 𝑮𝑮)] (57) 

 
The proof is complete. 

5. Case studies 
To validate the effectiveness of the proposed 

distributed control strategy, the islanded microgrid test 
system shown in Fig. 5 is built in PSCAD/EMTDC. There 
are four DGs in this system and they are controlled by the 
strategy as in Fig. 2. The parameters of the microgrid and its 
control system are listed in Table 1. The communication 
graph used in this paper is shown in Fig. 6. As seen, the 
communication graph has a spanning tree with a virtual 
leader being the root. Thus the adjacency matrix and the G 
matrix of the system is 

 

𝑨𝑨 = �
0 0 0 0
1 0 0 0
0
0

1
0

0
1

0
0

�  (58) 

G = �
1 0 0 0
0 0 0 0
0
0

0
0

0
0

0
0

�  (59) 

 
Fig. 5.  Islanded microgrid test system 
 

 

 
Fig. 6 Communication network topology 
 

𝑳𝑳 = �

0 0 0 0
−1 1 0 0
0 −1 1 0
0 0 −1 1

�  (60) 
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4fC
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4fR

DG4

2 2P jQ+

1lL

1lR

2lL
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3lL

3lR

DG1(agent1)

DG2(agent2) DG3(agent3)

DG4(agent4)

Distributed secondary 
frequency controller

Distributed secondary 
frequency controller

Distributed secondary 
frequency controller

Distributed secondary 
frequency controller

Leader Node
(agent0)

refV

𝑑𝑑
𝑑𝑑𝑜𝑜
‖𝒆𝒆‖
‖𝜼𝜼‖

≤
‖𝑘𝑘(𝑳𝑳 + 𝑮𝑮)(𝜼𝜼 + 𝒆𝒆)‖

‖𝜼𝜼‖
�1 +

‖𝒆𝒆‖
‖𝜼𝜼‖

� ≤
𝑘𝑘‖𝑳𝑳 + 𝑮𝑮‖(‖𝜼𝜼‖ + ‖𝒆𝒆‖)

‖𝜼𝜼‖
�1 +

‖𝒆𝒆‖
‖𝜼𝜼‖

� = 𝑘𝑘‖𝑳𝑳 + 𝑮𝑮‖�1 +
‖𝒆𝒆‖
‖𝜼𝜼‖

�
2

 (51) 
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Table 2 Average amount of sent measurements 
Control strategies\DGs DG1 DG2 DG3 DG4 

     
Event-triggered 

strategy 80 80 80 80 

Traditional control 
stratey 200 200 200 200 

 

Fig. 7 shows the responses of the DGs when the 
proposed secondary controller is active at t=3s. Then the 
reactive power part of Load1 is disconnected at t=6s and 
reconnected at t=7s. As seen, in the first stage before t=3s, 
terminal voltages of DGs stabilize at different values 
according to the droop mechanism. Then the proposed 
controller can keep all terminal voltages of DGs at the 
reference value less than 2s after t=3s no matter the load is 
added or not. Fig. 7(b) also shows the evolution of ||e(t)|| and 
its upper bound expressed as c||η(t)|| according to (31) 
between t=3s and t=4s. It can be seen that under the 
proposed control strategy, the estimate asymptotically 
converges to the true states. Furthermore, Fig. 7(b) 
illustrates that when ||e(t)|| reaches to the upper bound, the 
communication will be triggered to reset ||e(t)|| to zero. The 
output reactive powers of DGs are shown in Fig. 7(c), the 
reactive power sharing is not accurate based on the rated 
power because the voltages is controlled rather than the 
reactive powers. The control input u1~u4 are illustrated in 
Fig. 7(d). Before t=3s, voltages of each DGs are different. 
Therefore, the control inputs are determined by (16). When 
the secondary controller is active at t=3s, the results 
illustrate that the system is asymptotically stable. In addition, 
it can be observed that the control inputs are changed only at 
the event triggering instants which verifies the effectiveness 
of the proposed control strategy. 

To illustrate the effectiveness in reducing 
communication burden between DGs of the proposed 
control strategy, Fig. 8 shows the comparison results 
between the proposed control strategy and the method in [18] 
denoting as the traditional control strategy. It is worth noting 
that the communication period of the communication 
network is supposed to be 5ms. To be more clearly, the 
average amount of sent measurements [33] is shown in 
Table 2. As seen in Fig. 8, the proposed control strategy has 
similar response characteristics with those of the traditional 
control strategy. For communication, the traditional control 
strategy is designed by continuous states feedback, and thus 
the communication between DGs are periodical with the 
interval being 5ms. In comparison, from Fig. 8 and Table 2, 
the average amount of sent measurements are reduced by 60% 
under the proposed control strategy, which means the 
communication between DGs can be highly reduced.  

6. Conclusion 
This paper proposed a cooperative secondary voltage 

control strategy for an islanded microgrid based on MAS 
using a directed communication network. The state 
estimates are used to replace their continuous real values 
according to the event-triggered way. Thus communication 
burden between DGs is highly reduced compared with the 
traditional way, which is the main contribution of the 
proposed method. The proposed centralized event trigger 
function can guarantee the stability of the system and that 
the inter-event interval is lower bounded away from zero. It 
is shown that the proposed control strategy can keep 
voltages of the islanded microgrid at the reference value 
effectively. 

On the other hand, an auxiliary centralized controller 
is necessary to generate the triggering time in the proposed 
strategy. Future research is to investigate a fully distributed 
way. 

 
Fig. 7.  Responses of proposed control strategy 
 

 
Fig. 8.  Comparison between the proposed and the 
traditional control strategies: (a) voltages and (b) 
communication instants of the proposed control strategy; (c) 
voltages and (d) communication instants of the traditional 
control strategy. 
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