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A B S T R A C T

Urban microgrids have become the main body of energy consumption in modern power systems. To reduce
carbon emissions, distributed generators (DGs), such as roof photovoltaics (PVs), are increasing rapidly
in urban microgrids. By utilizing the power output from local DGs, more microgrids have the ability to
operate in isolated mode. However, isolated microgrids have less regulation capacities compared with large
interconnected power systems, which significantly raises the difficulty for maintaining the stable operation of
isolated microgrids. To address this issue, this paper proposes a coordination control method to tap flexibility
from both DGs in supply-side and load resources in demand-side. First, the microgrid model with high-
penetration DGs is developed considering virtual power plants (VPPs) by aggregating flexible loads. Then,
a coordination control framework is proposed for DGs and VPPs in multi-scenarios, including stable operation,
uncertain load disturbances, and accidental DG outages. Based on this framework, a distributed consensus
algorithm (DCA) and a local control algorithm (LCA) are designed for DGs and VPPs, respectively. The DCA can
achieve a quick regulation of DGs with high plug-and-play expansibility. The LCA can control VPPs considering
both the quality of regulation services and comfortable requirements of heterogeneous users. Finally, numerical
studies verify that the proposed models and methods can awaken fragmented DGs and VPPs to improve the
stability and enhance the resilience of isolated microgrids.
1. Introduction

Urban areas consume about 75% of global primary energy and
produce about 80% carbon emissions [1]. Urban microgrids have also
become the main body of energy consumption in modern power sys-
tems. To reduce carbon emissions in urban areas, renewable distributed
generators (DGs) are increasing rapidly. For example, photovoltaics
(PVs) have increased around forty times in the past ten years [2]. With
the further increase of DGs, microgrids have the ability to operate in
the isolated mode, i.e., disconnect with the main grid [3]. However,
isolated microgrids have less regulation capacities compared with large
interconnected power systems, which significantly raises the difficulty
for maintaining the stable operation of isolated microgrids.

To improve the resilience of isolated microgrids, more attentions
are paid to local flexible resources. For example, Zheng et al. [4]
design a central control scheme for distributed electricity storages in
microgrids, which can decrease the microgrids’ stress while increasing
users’ economic benefits. Wang et al. [5] propose an optimal allocation
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method for distributed energy storage devices to mitigate the unbal-
ance in microgrids. Zhou et al. [6] present a two-stage load shedding
scheme to cope with potential power deficits in isolated microgrids.
Hui et al. [7] design a real-time local electricity market for DGs and
loads in microgrids to improve the utilization rate of DGs’ fluctuating
output power. Yan et al. [8] develop a two-level network-constrained
peer-to-peer transactive energy framework for utilizing the flexibility of
multi-microgrids. However, the above studies mainly focus on utilizing
the flexibility from energy storage devices or load shedding, which may
increase the operation cost of microgrids and decrease users’ comforts
in energy consumption.

With the progress of Internet of Things technologies, more load
resources can be flexibly regulated while not impacting users’ com-
forts [9]. For example, Shi et al. [10] propose a control strategy
to regulate thermostatic loads for providing primary and secondary
frequency regulation services within the users’ required temperature
306-2619/© 2022 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.apenergy.2022.120116
Received 14 March 2022; Received in revised form 27 August 2022; Accepted 5 Oc
tober 2022

http://www.elsevier.com/locate/apenergy
http://www.elsevier.com/locate/apenergy
mailto:yulinchen@um.edu.mo
https://doi.org/10.1016/j.apenergy.2022.120116
https://doi.org/10.1016/j.apenergy.2022.120116
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2022.120116&domain=pdf


Applied Energy 327 (2022) 120116H. Hui et al.

t
c
t
d

ranges. Hu et al. [11] develop a voltage regulation method for electric
vehicles to realize the reactive response without violating their normal
active charging demands. Utilizing these inherent load resources in
microgrids can avoid the significant increase of cost compared with
installing energy storage devices [12]. Specifically, this paper takes air
conditioners (ACs) as typical flexible loads to achieve the coordinate
control with DGs [13], because ACs account for around 50% of the total
urban power consumption and have huge regulation potential [14].
Furthermore, users’ requirements on comfortable indoor temperatures
can be guaranteed during ACs’ regulation process by using buildings’
thermal inertia characteristics [15]. Many demonstration projects are
carrying out around the world. For example, from 2016 to 2020, a
project ‘‘Friendly Interactive System of Supply and Demand Sides’’
was implemented in Jiangsu, China, to decrease the load peak–valley
difference [16]. In Aug. 2022, demand response was carried out in
Chongqing, China, to regulate ACs in commercial buildings for increas-
ing the energy efficiency. Besides, smart kits are provided to customers
in New York, America, for achieving the remote control of ACs and
participating in regulation services.

However, the coordination control of massive dispersed DGs and
ACs is a trick problem. There are mainly three obstacles, as following:

(1) Massive individuals: The regulation capacity of each DG and AC
is small (e.g., one DG and one AC may only have 10 kW and 1 kW avail-
able regulation capacities, respectively) [17]. To provide significant
regulation services for the system, large-scale dispersed DGs and ACs
should be aggregated and controlled coordinately [18]. However, DGs
and ACs have heterogeneous operating characteristics, e.g., DGs have
different installed capacities and power output features [19]. ACs have
different rated power, set temperatures, and energy efficiency ratios
(EERs), which are installed in buildings with different sizes and ther-
mal resistances [20]. Therefore, the proposed control method should
deal with massive DGs and ACs considering heterogeneous regulation
characteristics.

(2) High uncertainties: Compared with traditional generating units
(e.g., thermal and gas power generators), the power output of DGs
can be significantly impacted by changeable weather conditions [21].
For example, the power output of PVs has lots of fluctuations due
to moving clouds and dynamic radiation intensities. Furthermore, the
power consumption of ACs can be significantly impacted by humans,
who have many stochastic behaviors [22]. In addition, microgrids also
have multiple unstable sources, such as load disturbances and DG
outages on different branches [23]. Therefore, the proposed control
method should regulate DGs and ACs with highly uncertain states and
under multiple accidental operation scenarios.

(3) Instantaneous control: Compared with large interconnected
power systems, microgrids can be impacted by disturbances more easily
due to their less regulation capacities [24]. Furthermore, disturbances
can cause a faster impact on microgrids due to their smaller damping
features [25]. For example, the frequency drooping period from the
beginning of disturbances to the maximum deviation value is generally
around 10 s in large power systems while it may be less than 1s in
microgrids [26]. That is to say, massive dispersed DGs and ACs should
be optimized and controlled in a very short time. Therefore, a quick
solution algorithm should be designed to combine with the proposed
control method oriented to both DGs and ACs.

Faced with the above difficulties, Shi et al. [27] propose a resilience-
oriented DG siting and sizing method considering stochastic scenarios.
However, this paper only pays attention to fuel-based thermal genera-
tors while not renewable energies with higher uncertainties (e.g., PVs).
ACs are equivalent to generating units in [28] and thermal batteries
in [29] to provide regulation services for power systems, respectively.
However, these studies are carried out in large power systems while
not isolated microgrids. An edge-cloud integrated solution [30] and
a deep reinforcement learning method [31] are proposed for regu-
lating building-level loads, while these methods are only tested by
2

a few individuals and may be insufficient for large-scale ACs. A fast
distributionally robust chance-constrained dispatch method [32] and a
scenario-based stochastic nonconvex mixed integer nonlinear program-
ming method [33] are proposed to regulate the energy consumption of
ACs, while these studies are done for the day-ahead optimization with-
out considering the real-time fast control of ACs [34]. In summary, to
the best of our knowledge, there is no specific study on the coordination
control of DGs and ACs in isolated microgrids.

To address the aforementioned issues, this paper proposes a coordi-
nation control method to tap flexibility from both DGs in supply-side
and ACs in demand-side. The main contributions are summarized as
follows:

(1) The isolated microgrid model is developed considering high-
penetration renewable DGs and massive adjustable ACs, where hetero-
geneous ACs are aggregated as virtual power plants (VPPs) to provide
regulation services for the microgrid [35]. On this basis, a coordination
control framework is designed for DGs and VPPs in multi-scenarios,
including stable operation, uncertain load disturbances, and accidental
DG outages.

(2) A distributed consensus algorithm (DCA) is designed for DGs
under the coordination control framework. Compared with traditional
centralized control algorithms, the DCA can achieve a quick regulation
of DGs with low communication requirement while good plug-and-play
expansibility to deal with highly uncertain DGs.

(3) A local control algorithm (LCA) is designed for ACs in each VPP,
which regulates ACs based on terminal detecting data to avoid real-
time communication and increase the control speed. The LCA can fulfill
the quality of regulation services for microgrids without compromising
heterogeneous users’ comfortable requirements.

The remainder of this paper is organized as follows. Section 2
presents the coordination control framework for DGs and VPPs. Sec-
tion 3 shows the modeling and DCA control methods for DGs. Section 4
formulates the thermal–electrical model of ACs and aggregates them as
VPPs to provide regulation services. Numerical studies and results are
presented in Section 5. Finally, Section 6 concludes this paper.

2. Coordination control framework

2.1. Modeling of the microgrid

Fig. 1 shows a microgrid with DGs and VPPs, which can operate
in both isolated and grid-connected modes [36]. When the microgrid
operates in grid-connected mode, its frequency and voltage are dictated
by the main grid [37]. In this condition, DGs in the microgrid are gen-
erally operated with the maximum power point tracking control mode
to facilitate the utilization of renewable energies [38]. However, when
the microgrid switches to the isolated mode due to the preplanned
scheduling or unexpected accidental disconnection, the frequency and
voltage stability should be maintained by local DGs and VPPs. In
the supply-side in Fig. 1, distributed PVs are considered as DGs to
provide power output to the microgrid. In the demand-side, the power
is consumed by two kinds of loads, i.e., adjustable ACs and other fixed
loads. The adjustable ACs on each bus are aggregated as a VPP to
provide regulation services for the microgrid. The fixed loads refer to
loads whose power consumption is decided by users and cannot be
controlled to provide regulation services.

In the microgrid, there are two kinds of communication links:
(1) The first kind is the external communication for connecting

he operator with DGs and VPPs, which transmits the coordination
ontrol protocol before the dispatch interval or day-ahead, including
he control reference of system frequency 𝜔𝑟 for DGs and the frequency
eviation threshold 𝛥𝜔thr for VPPs. Hence, the external communication

does not require real-time and high-speed, which helps to decrease the
communication construction cost between the microgrid operator and
massive distributed resources. After the regulation, the external com-

munication transmits the regulation results of DGs and VPPs (e.g., the
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Fig. 1. The coordination control framework of DGs and VPPs in a microgrid.
provided capacities and duration time) to the microgrid operator for
the final settlement.

(2) The second kind is the internal communication among DGs and
within VPPs. The internal communication among DGs can connect
different devices to achieve the DCA. Each DG mainly connects with its
neighbor devices, which contributes to decreasing the communication
distance. Compared with the external communication, the internal
communication requires the real-time function to transmit local regu-
lation data among DGs, including the angular frequency 𝜔𝑖 and active
power 𝑃𝑖. Another internal communication is for the VPP to connect
with its corresponding ACs to achieve the LCA. The transmitted infor-
mation is the frequency deviation threshold 𝛥𝜔thr. Generally, ACs in a
building or a community are aggregated as a VPP. Thus, the internal
communication for ACs is also with short distance. The specific control
algorithms (i.e., DCA for DGs and LCA for ACs) will be illustrated in
Sections 3 and 4, respectively.

2.2. Coordination control protocol of DGs and VPPs

Considering multiple operation scenarios (e.g., stable operation with
small disturbances, accidental large disturbances, and serious DG out-
ages), the coordination control protocol is designed by the following
principle: making full use of DGs first and then utilizing VPPs to assist
the microgrid’s balance in some serious conditions. That is to say, no
matter in which scenario, DGs are connected into the microgrid to pro-
vide regulation services. By contrast, VPPs in the demand-side do not
provide regulation services in relatively stable operation states (e.g., the
system frequency deviation is less than 0.1 Hz). VPPs only start to
participate in the regulation in some larger disturbances (e.g., the
system frequency deviation is larger than 0.1 Hz) or some serious DG
outages (e.g., the system frequency plunges abruptly and deviation
reaches 0.3 Hz) [39]. The proposed coordination manner can avoid to
control VPPs frequently, which can reduce the impacts on users’ energy
consumption, especially considering microgrids operate in a relatively
stable state most of time.

As for DGs in the microgrids, each one plays an equal role to support
the stable operation of the microgrid [40]. The fair utilization profile
method is employed to regulate DGs [41], which can be expressed as:
𝑃1

𝑃max
1

=
𝑃2

𝑃max
2

= ⋯ =
𝑃𝑁
𝑃max
𝑁

, (1)

where 𝑖 = 1, 2,… , 𝑁 indicates the number of DGs. Symbols 𝑃𝑖 and
𝑃max
𝑖 are the real-time actual power output and the maximum available

power output of the 𝑖th DG, respectively. That is to say, the reference
value for the fair utilization profile method is the real-time available
power output of each DG, which is dynamic with time.
3

3. Modeling and control of DGs

3.1. Modeling of DGs

DGs in this paper are considered as PV systems, which can be mod-
eled as inverter-based voltage sources with photovoltaic panels. Fig. 2
shows the block diagram of an inverter-based DG. The photovoltaic
panel connects to the microgrid through a direct-current/alternating-
current inverter, a LC filter1 and a output connector. The local control
of the DG includes an inner current controller, an inner voltage con-
troller, and a PWM controller in a cascade configuration [42]. The inner
current and voltage controllers get regulation references from the pri-
mary controller, which can be designed to regulate the inverter-based
DG and will be introduced in details.

For maintaining the microgrid balance, DGs requires at least two
control levels, i.e., the primary control and the secondary control. The
primary control is usually implemented by the droop control method,
which is a local control method without any communication involved.
The basic principle of the droop control is to mimic the operation of
traditional synchronous generator, which lies in prescribing a desired
relation between the angular frequency 𝜔𝑖 and the active power 𝑃𝑖, and
lies in prescribing a desired relation between the voltage amplitude 𝑉𝑖
and the reactive power 𝑄𝑖, respectively. The droop characteristic of the
𝑖th DG can be expressed as:

⎧

⎪

⎨

⎪

⎩

𝜔𝑖 = 𝜔∗
𝑖 − 𝑚𝑖𝑃𝑖,

𝑣𝑑𝑟𝑒𝑓𝑖 = 𝑉 ∗
𝑖 − 𝑛𝑖𝑄𝑖,

𝑣𝑞𝑟𝑒𝑓𝑖 = 0,
(2)

where 𝜔∗
𝑖 and 𝑉 ∗

𝑖 are the control references; 𝑚𝑖 and 𝑛𝑖 are the droop
coefficients and generally determined by the power ratings of corre-
sponding DGs; 𝑣𝑑𝑟𝑒𝑓𝑖 and 𝑣𝑞𝑟𝑒𝑓𝑖 are the references for the inner current
controller [36].

Then, the inner current controller can be given according to the
references, 𝑣𝑑𝑟𝑒𝑓𝑖 and 𝑣𝑞𝑟𝑒𝑓𝑖 , provided by the primary control as fol-
lows [43]:
⎧

⎪

⎨

⎪

⎩

𝑖𝑑𝑟𝑒𝑓𝑖 = (𝐾𝑣
𝑃 𝑖 +

𝐾𝑣
𝐼𝑖
𝑠 )(𝑣𝑑𝑟𝑒𝑓𝑖 − 𝑣𝑜𝑑𝑖 ) − 𝜔𝑏𝐶𝐹

𝑖 𝑣
𝑜𝑞
𝑖 + 𝐹𝑖𝑖𝑜𝑑𝑖 ,

𝑖𝑞𝑟𝑒𝑓𝑖 = (𝐾𝑣
𝑃 𝑖 +

𝐾𝑣
𝐼𝑖
𝑠 )(𝑣𝑞𝑟𝑒𝑓𝑖 − 𝑣𝑜𝑞𝑖 ) + 𝜔𝑏𝐶𝐹

𝑖 𝑣
𝑜𝑑
𝑖 + 𝐹𝑖𝑖

𝑜𝑞
𝑖 ,

(3)

where 𝐾𝑣
𝑃 𝑖 and 𝐾𝑣

𝐼𝑖 are the proportional and integral coefficients of
the voltage control loop, respectively; 𝑣𝑜𝑑𝑖 , 𝑣𝑜𝑞𝑖 , 𝑖𝑜𝑑𝑖 and 𝑖𝑜𝑑𝑖 are the

1 The LC filter refers to the circuit consisting of a combination of inductors
(L) and capacitors (C) to cut or pass specific frequency bands of electricity.
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Fig. 2. Block diagram model of an inverter-based DG.
direct and quadrature components of 𝑣𝑜𝑎𝑏𝑐𝑖 and 𝑖𝑜𝑎𝑏𝑐𝑖 in Fig. 2; 𝐹𝑖 is
the feedforward gain; 𝐶𝐹

𝑖 is the capacity of the LC filter; 𝜔𝑏 is the
nominal angular frequency. The terms 𝐹𝑖𝑖𝑜𝑑𝑖 and 𝐹𝑖𝑖

𝑜𝑞
𝑖 are responsible

for improving the dynamic performance of the voltage controller under
disturbances, while the terms 𝜔𝑏𝐶𝐹

𝑖 𝑣
𝑜𝑞
𝑖 and 𝜔𝑏𝐶𝐹

𝑖 𝑣
𝑜𝑑
𝑖 can ensure the

complete decoupling of the current in the d-q axis.
The inner voltage controller can be given according to the gener-

ated references of the current controller 𝑖𝑑𝑟𝑒𝑓𝑖 and 𝑖𝑞𝑟𝑒𝑓𝑖 , which can be
expressed by:

⎧

⎪

⎨

⎪

⎩

𝑣𝑑𝑃𝑊𝑀
𝑖 = (𝐾𝑐

𝑃 𝑖 +
𝐾𝑐
𝐼𝑖
𝑠 )(𝑖𝑑𝑟𝑒𝑓𝑖 − 𝑖𝑙𝑑𝑖 ) − 𝜔𝑏𝐿𝐹

𝑖 𝑖
𝑙𝑞
𝑖 ,

𝑣𝑞𝑃𝑊𝑀
𝑖 = (𝐾𝑐

𝑃 𝑖 +
𝐾𝑐
𝐼𝑖
𝑠 )(𝑖𝑞𝑟𝑒𝑓𝑖 − 𝑖𝑙𝑞𝑖 ) + 𝜔𝑏𝐿𝐹

𝑖 𝑖
𝑙𝑑
𝑖 ,

(4)

where 𝐾𝑐
𝑃 𝑖 and 𝐾𝑐

𝐼𝑖 are the proportional and integral coefficients of
the current control loop, respectively; 𝑖𝑙𝑑𝑖 and 𝑖𝑙𝑞𝑖 are the direct and
quadrature components of 𝑖𝑙𝑎𝑏𝑐𝑖 in Fig. 2; 𝐿𝐹

𝑖 is the inductance of the
LC filter; 𝜔𝑏 is the nominal angular frequency. The generated 𝑣𝑑𝑃𝑊𝑀

𝑖
and 𝑣𝑞𝑃𝑊𝑀

𝑖 are the references of the PWM generator.
The primary control uses local detected data and can regulate the

DG in a short time frame, which is usually designed as an inherent
controller for the DG (i.e., the droop coefficients 𝑚𝑖 and 𝑛𝑖). However,
the primary control is only able to regulate the frequency and voltage
into pre-specified ranges to maintain the basic stable operation of the
microgrid. It might cause frequency and voltage deviations from their
nominal values (e.g., the frequency nominal value may be 50 Hz and
voltage nominal value may be 10 kV). Therefore, the secondary control
is designed to regulate the control references 𝜔∗

𝑖 and 𝑉 ∗
𝑖 to compensate

for the deviations caused by the primary control. The secondary control
is usually with a longer response time than that of the primary control,
which guarantees the decoupled design of these two control processes.
This paper proposes a DCA for the secondary control of DGs, which is
presented in detail in Section 3.2.

3.2. Control of DGs

The principle of the secondary control is to set the control references
𝜔∗
𝑖 and 𝑉 ∗

𝑖 in (2) to compensate the frequency and voltage back to their
nominal values. Conventionally, the secondary control is implemented
by the centralized control frame, as shown in Fig. 3(a). It requires
4

a control center to collect data from all the DGs, execute decision
making and send the decision signals back to each DG. Therefore, a
star structure with real-time bidirectional communication is required.
However, the centralized structure is potentially unreliable due to
the single point of failure, and generally with poor scalability. Al-
ternatively, a distributed control structure is proposed in this paper
to overcome the shortcoming of the centralized frame, as shown in
Fig. 3(b). The external links are utilized to preset references before the
dispatch interval (e.g., the frequency reference 𝜔𝑟). The internal links
are for real-time communication among different local DGs to achieve
the distributed control.

The distributed secondary control of DGs can be regarded as a
distributed tracking synchronization problem, which is usually realized
by the distributed cooperative control of a multi-agent system. In other
words, all the DGs try to coordinate their terminal frequencies and volt-
ages to the prespecified reference values utilizing local measurements
and neighboring communications [44]. In this paper, for realizing the
accurate power sharing among DGs in (1), the DCA is employed to
develop distributed cooperative control frame of DGs. Here this paper
mainly focuses on the frequency stability of microgrids. Thus the active
power sharing problem in the secondary control level will be studied
in detail, i.e., providing 𝜔∗

𝑖 to the primary controller for regulating the
active power 𝑃𝑖 and the angular frequency 𝜔𝑖.

The DCA for each DG is realized by sharing its angular frequency 𝜔𝑖
and active power 𝑃𝑖 through a communication network with neighbors,
as shown in Fig. 3(b). The network can be represented by a digraph
 = ( , ), where  is the set of DGs and  is the set of communication
links ( ⊂  × ). An existing communication link (𝑖, 𝑗) ∈  means
DG 𝑖 can receive information from DG 𝑗, i.e., DG 𝑗 is the neighbor of
DG 𝑖. The communication links can be defined by an adjacency matrix
𝐴 = [𝑎𝑖𝑗 ] with proper dimensions, where 𝑎𝑖𝑗 = 1 if (𝑖, 𝑗) ∈  . Otherwise,
𝑎𝑖𝑗 = 0 if (𝑖, 𝑗) ∉  . To achieve the microgrid frequency restoration and
active power sharing of DGs, differentiating (2) yields:

�̇�𝑖 = �̇�∗
𝑖 − 𝑚𝑖�̇�𝑖. (5)

Then, the distributed secondary control (i.e., the adjustment value
of angular frequency reference 𝜔∗) can be provided by the following
𝑖
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Fig. 3. Control frameworks of DGs: (a) Centralized control; (b) Distributed control.
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linear first-order multi-agent system:

⎧

⎪

⎨

⎪

⎩

�̇�1 + 𝑚1�̇�1 = 𝑢𝑓𝑝1,
...
�̇�𝑁 + 𝑚𝑁 �̇�𝑁 = 𝑢𝑓𝑝𝑁 .

(6)

here 𝑢𝑓𝑝𝑖 is another expression of �̇�∗
𝑖 to indicate the adjustment value

f angular frequency reference. On this basis, the DCA control law for
he 𝑖th DG is given by:

𝑓𝑝𝑖 = −𝜅𝜔𝑝[
∑

𝑗∈𝑖

𝑎𝑖𝑗 (𝜔𝑖 − 𝜔𝑗 ) + 𝑏𝑖(𝜔𝑖 − 𝜔𝑟) +
∑

𝑗∈𝑖

𝑎𝑖𝑗 (𝑚𝑖𝑃𝑖 − 𝑚𝑗𝑃𝑗 )], (7)

where 𝜅𝜔𝑝 > 0 is the coupling gain; 𝜔𝑟 is the rated frequency reference
(e.g., 50 Hz); 𝑖 = {𝑗|(𝑖, 𝑗) ∈ } is defined as the set of the 𝑖th DG’s
neighbors; 𝑏𝑖 is the pinning gain. Symbol 𝑏𝑖 = 1 indicates the 𝑖th DG
can receive the rated frequency reference, while 𝑏𝑖 = 0 indicates the
𝑖th DG cannot receive the rated frequency reference.

The two terms in (7) can be combined and reformulated as:

𝑢𝑓𝑝𝑖 = −𝜅𝜔𝑝{
∑

𝑗∈𝑖

𝑎𝑖𝑗 [(𝜔𝑖 + 𝑚𝑖𝑃𝑖) − (𝜔𝑗 + 𝑚𝑗𝑃𝑗 )] + 𝑏𝑖[(𝜔𝑖 + 𝑚𝑖𝑃𝑖)

− (𝜔𝑟 + 𝑚𝑖𝑃𝑖)]}

= −𝜅𝜔𝑝[
∑

𝑗∈𝑖

𝑎𝑖𝑗 (𝜔𝑃
𝑖 − 𝜔𝑃

𝑗 ) + 𝑏𝑖(𝜔𝑃
𝑖 − 𝜔𝑃𝑟)], (8)

where 𝜔𝑃
𝑖 = 𝜔𝑖 + 𝑚𝑖𝑃𝑖 and 𝜔𝑃𝑟 = 𝜔𝑟 + 𝑚𝑖𝑃𝑖, respectively. In this paper,

et 𝑚𝑖 =
1

𝑃max
𝑖

for achieving the fair utilization of each DG.
Based on the 𝑢𝑓𝑝𝑖 in (8), the angular frequency reference 𝜔∗

𝑖 can be
alculated by:

∗
𝑖 = ∫ 𝑢𝑓𝑝𝑖d𝑡. (9)

Notice that the fair power sharing mechanism is included in the
control law (8). That is to say, both 𝜔𝑖 and 𝑚𝑖𝑃𝑖 can be synchronized
by (8). The following lemma provides the synchronization correctness
of the proposed DCA secondary control of DGs.

Lemma 1. Consider a microgrid with 𝑁 DGs connected by a digraph
(directed communication network). Let the digraph be a spanning tree and
𝑏𝑖 = 1 for one DG placed on a root node of the digraph. Each DG is regulated
by the control law in (8). Then, all DGs’ frequencies 𝜔𝑖 can synchronize to
the reference value 𝜔𝑟. In the meanwhile, the active power provided by each
DG 𝑃𝑖 can be allocated fairly [45]. Specifically, the two synchronizations
can be expressed as:
{

lim𝑡→∞ |𝜔𝑖 − 𝜔𝑟
| = 0,

lim𝑡→∞ |𝑚𝑖𝑃𝑖 − 𝑚𝑗𝑃𝑗 | = 0.
(10)
5

roof. For the DCA control law in (7), it can be separated into two
ontrollers, i.e., the active power sharing controller and the frequency
estoration controller. Combining with (6), the dynamic of the active
ower sharing controller can be given by:

𝑖�̇�𝑖 = −𝜅𝜔𝑝
∑

𝑗∈𝑖

𝑎𝑖𝑗 (𝑚𝑖𝑃𝑖 − 𝑚𝑗𝑃𝑗 ), (11)

and the dynamic of the frequency restoration controller can be given
by:

̇ 𝑖 = −𝜅𝜔𝑝
∑

𝑗∈𝑖

𝑎𝑖𝑗 (𝜔𝑖 − 𝜔𝑗 ) − 𝑏𝑖(𝜔𝑖 − 𝜔𝑟). (12)

Thus, Eq. (11) is a consensus algorithm which has been proved to
make each agent asymptotically reach consensus [46], i.e.,
lim𝑡→∞ |𝑚𝑖𝑃𝑖 − 𝑚𝑗𝑃𝑗 | = 0 can be achieved.

Eq. (12) is a leader–follower consensus algorithm, its collective
dynamic can be represented as:

̇ = −𝜅𝜔𝑝(𝐿 + 𝐵)(𝜔 − 𝜔𝑟𝟏𝑛), (13)

where 𝜔 = [𝜔1, 𝜔2,… , 𝜔𝑛]𝑇 ; 𝐿 is the Laplacian matrix, whose ele-
ments are defined by 𝑙𝑖𝑖 =

∑𝑛
𝑗=1 𝑎𝑖𝑗 and 𝑙𝑖𝑗 = −𝑎𝑖𝑗 (𝑖 ≠ 𝑗); 𝐵 =

diag{[𝑏1, 𝑏2,… , 𝑏𝑛]𝑇 } is the pinning matrix; 𝟏𝑛 is a vector with all
elements being equal to 1.

Applying Laplace transform to (13), we have the following equation:

𝑠𝜔(𝑠) − 𝜔(0) = −𝜅𝜔𝑝(𝐿 + 𝐵)𝜔(𝑠) +
𝜅𝜔𝑝𝜔𝑟

𝑠
(𝐿 + 𝐵)𝟏𝑛. (14)

Rearranging (14), we can derive:

𝑠𝐼 + 𝜅𝜔𝑝(𝐿 + 𝐵)]𝜔(𝑠) = 𝜔(0) +
𝜅𝜔𝑝𝜔𝑟

𝑠
(𝐿 + 𝐵)𝟏𝑛. (15)

where 𝐼 is the identity matrix.
Since (𝐿 + 𝐵) is invertible [47,48], (15) can be derived to:

𝜔(𝑠) = [𝑠𝐼 + 𝜅𝜔𝑝(𝐿 + 𝐵)]−1[𝜔(0) +
𝜅𝜔𝑝𝜔𝑟

𝑠
(𝐿 + 𝐵)𝟏𝑛]. (16)

Applying terminal value theorem to (16), we have:

lim
→∞

𝜔(𝑡) = lim
𝑠→0

𝑠𝜔(𝑠)

= lim
𝑠→0

[𝑠𝐼 + 𝜅𝜔𝑝(𝐿 + 𝐵)]−1[𝑠𝜔(0) + 𝜅𝜔𝑝𝜔
𝑟(𝐿 + 𝐵)𝟏𝑛]

= 𝜅−1
𝜔𝑝 (𝐿 + 𝐵)−1𝜅𝜔𝑝𝜔𝑟(𝐿 + 𝐵)𝟏𝑛

= 𝜔𝑟𝟏𝑛. (17)

which implies lim𝑡→∞ |𝜔𝑖 − 𝜔𝑟
| = 0.

Therefore, we can conclude that all the DGs’ frequencies 𝜔𝑖 can
ynchronize to the reference value 𝜔𝑟. In the meanwhile, the active
ower provided by each DG 𝑃𝑖 can be allocated fairly.
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Fig. 4. Control scheme of aggregated ACs as VPP for providing regulation services in microgrid [49].
4. Modeling and control of VPPs

4.1. Modeling of ACs

The VPP in this paper is consist of ACs, because ACs account for
around 50% of the total urban microgrid’s power consumption and
have huge regulation potential. The AC’s power consumption is related
to the corresponding building’s thermal characteristic and ambient tem-
perature. Therefore, this subsection develops the thermal and electrical
models for buildings and ACs, as follows [50]:

𝐶𝑘
𝜕𝜃𝑘(𝑡)
𝜕𝑡

=
𝜃𝑜(𝑡) − 𝜃𝑘(𝑡)

𝑅𝑘
−𝑄𝑘(𝑡), (18)

where 𝜃𝑘(𝑡) and 𝜃𝑜(𝑡) are the 𝑘th building’s indoor temperature and the
outdoor ambient temperature at time 𝑡, respectively; 𝐶𝑘 and 𝑅𝑘 are the
𝑘th building’s thermal capacity and the thermal resistance, respectively;
𝑄𝑘 is the 𝑘th AC’s cooling capacity in the building, which can be
calculated as:

𝑄𝑘(𝑡) = 𝜂𝑘𝑃𝑘(𝑡), (19)

where 𝜂𝑘 and 𝑃𝑘(𝑡) are the EER and operating power of the 𝑘th AC,
respectively. Generally, EER distributes among 2.6∼3.6, whose cooling
efficiency will be higher with a larger EER.

4.2. Control of aggregated ACs as a VPP

If the AC is operating in a stable state and the indoor temperature
is equal to the user’s set value (i.e., 𝜃𝑘(𝑡) = 𝜃set

𝑘 (𝑡)), the 𝜕𝜃𝑘(𝑡)
𝜕𝑡 in (18) is

equal to 0. Then, the AC’s operating power in the stable state can be
calculated by:

𝑃𝑘(𝑡) =
𝜃𝑜(𝑡) − 𝜃set

𝑘 (𝑡)
𝜂𝑘𝑅𝑘

. (20)

By contrast, if the indoor temperature is not equal to the user’s set
value (e.g., 𝜃𝑘(𝑡) > 𝜃set

𝑘 (𝑡)), the AC will increase its operating power
to cool down the indoor temperature [51]. The proportional integral
controller is generally utilized and expressed as:

𝛥𝑃𝑘(𝑡) = 𝜖𝑘(𝜃𝑘(𝑡) − 𝜃set(𝑡)) + 𝜁𝑘 (𝜃𝑘(𝑡) − 𝜃set(𝑡))d𝑡, (21)
6

𝑘 ∫ 𝑘
where 𝜖𝑘 and 𝜁𝑘 are the proportional and integral factors of the 𝑘th
AC, respectively. The two factors are set as 𝜖𝑘 > 0 and 𝜁𝑘 > 0 to make
sure the 𝛥𝑃𝑘(𝑡) is positive when the actual indoor temperature 𝜃𝑘(𝑡) is
higher than the set value 𝜃set

𝑘 (𝑡). In other words, the parameters are set
to increase the AC’s operating power to generate more cooling capacity
when the indoor temperature is too hot.

Fig. 4 shows the control scheme of aggregated ACs as a VPP for
supporting the frequency stability of the microgrid [49]. There are
three main bodies: the microgrid operator, VPP, and ACs. Before each
dispatch interval, the microgrid operator sends the frequency deviation
threshold (i.e., 𝛥𝜔thr) to the VPP, which is then sent to all the terminal
controllers of ACs. This threshold 𝛥𝜔thr means the VPP begins to
provide frequency support when the system frequency deviation is
larger than this value.

As for each AC, its operating power 𝑃𝑘 is regulated by the corre-
sponding terminal controller, as shown in Fig. 4. Based on (19), the
AC generates cooling capacity 𝑄𝑘 to adjust the indoor temperature 𝜃𝑘.
The users in the building can set the desired temperature 𝜃set

𝑘 and the
maximum allowable deviation ranges 𝜃dev

𝑘 to the terminal controller.
When the local frequency deviation 𝛥𝜔𝑘 is smaller than the threshold
𝛥𝜔thr, the AC is controlled by (21) and does not provide regulation
services for the microgrid. By contrast, when the microgrid’s frequency
deviation 𝛥𝜔𝑘 is larger than the threshold 𝛥𝜔thr, the AC will provide
regulation services for the microgrid and is controlled as:

𝛥𝑃𝑘(𝑡) = 𝛿𝑘(𝜔𝑘(𝑡) − 𝜔𝑟) + 𝛾𝑘 ∫ (𝜔𝑘(𝑡) − 𝜔𝑟)d𝑡, (22)

where 𝜔𝑘 and 𝜔𝑟 are the local detected frequency of the 𝑘th AC and
the rated frequency reference, respectively. Symbols 𝛿𝑘 and 𝛾𝑘 are the
proportional and integral factors of the 𝑘th AC for participating in
frequency regulation services of the microgrid, respectively. The two
factors are set as 𝛿𝑘 > 0 and 𝛾𝑘 > 0 to make sure the 𝛥𝑃𝑘(𝑡) is
negative when the actual microgrid frequency deviation is negative.
In other words, if the disturbances lead to the decrease of microgrid
frequency, the AC’s operating power 𝛥𝑃𝑘(𝑡) will be reduced to support
the frequency stability.

Based on each AC’s regulation power in (22), the total regulation
capacity provided by the VPP can be obtained by:

𝑃VPP(𝑡) =
𝐾
∑

𝑆𝑘(𝑡)𝛥𝑃𝑘(𝑡). (23)

𝑘=1



Applied Energy 327 (2022) 120116H. Hui et al.
Fig. 5. Control block of an AC for providing regulation services for the microgrid.
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Table 1
The algorithm for switching the two controllers.

01 The terminal controller obtains the parameters, including the local
detected frequency 𝜔𝑘, the rated reference frequency 𝜔𝑟, the frequency
deviation threshold 𝛥𝜔thr, the real-time indoor temperature 𝜃𝑘, the user’s
set temperature 𝜃set

𝑘 , and the user’s maximum allowable deviation range of
the indoor temperature 𝜃dev

𝑘 .
02 If |𝜔𝑘 − 𝜔𝑟

| > 𝛥𝜔thr and |𝜃𝑘 − 𝜃set
𝑘 | ≤ 𝜃dev

𝑘
03 Switch to S2;
04 Else
05 Switch to S1;
06 End

where 𝐾 is the total number of ACs in this VPP; 𝛥𝑃𝑘 is the regulation
power from the 𝑘th AC; 𝑆𝑘 is the 𝑘th AC’s state, i.e., 𝑆𝑘(𝑡) = 1 if the
AC participates in the regulation service, while 𝑆𝑘(𝑡) = 0 if the AC does
not participate in the regulation service.

Fig. 5 shows the control block of an AC for providing regulation
services for the microgrid. In the complex frequency domain, the
thermal model of the building installed with an AC in (18)–(19) can
be expressed as:

𝜃𝑘(𝑠) =
1

1 + 𝐶𝑘𝑅𝑘𝑠
(𝜃𝑜(𝑠) − 𝜂𝑘𝑅𝑘𝑃𝑘(𝑠)), (24)

where 𝑠 is the Laplace operator.
The saturation block represents the AC’s operating power should be

constrained as:

𝑃𝑘(𝑠) =

{

𝑃𝑚
𝑘 , 𝑃𝑚

𝑘 ⩽ 𝑃 𝑟
𝑘 ,

𝑃 𝑟
𝑘 , 𝑃𝑚

𝑘 > 𝑃 𝑟
𝑘 ,

(25)

where 𝑃 𝑟
𝑘 is the 𝑘th AC’s rated power, i.e., the maximum operating

power.
The two controllers in Fig. 5 are for adjusting the indoor temper-

ature (i.e., Controller 1) and participating in the regulation service
(i.e., Controller 2), respectively. The expressions of the two controllers
in the time domain in (21)–(22) can be reformulated in the complex
frequency domain, as following:

𝛥𝑃𝑘(𝑠) =

{

(𝜖𝑘 +
𝜁𝑘
𝑠 )(𝜃𝑘(𝑠) − 𝜃set

𝑘 (𝑠)), Switch = S1,
(𝛿𝑘 +

𝛾𝑘
𝑠 )(𝜔𝑘(𝑠) − 𝜔𝑟), Switch = S2.

(26)

The algorithm for switching the two controllers are shown in Ta-
ble 1. When the microgrid’s frequency deviation 𝛥𝜔𝑘 exceeds the
threshold 𝛥𝜔thr and the indoor temperature is in the comfortable range,
the switch will be connected to S2 for participating in the regulation
service. By contrast, the switch will be connected to S1 and the AC is
7

only adjusted by the user’s set temperature. Furthermore, if the AC is
in the regulation service state, there are three conditions to stop the
regulation process: (i) the dispatch duration is over (e.g., 15 min); (ii)
the actual frequency deviation 𝛥𝜔𝑘 is decreased to be smaller than the
threshold 𝛥𝜔thr; (ii) the indoor temperature 𝜃𝑘(𝑡) exceeds the allowable
deviation ranges 𝜃dev

𝑘 , i.e., 𝜃𝑘(𝑡) ∉ [𝜃set
𝑘 − 𝜃dev

𝑖 , 𝜃set
𝑘 + 𝜃dev

𝑖 ]. In this
anner, heterogeneous users’ requirements on the indoor temperatures

an always be guaranteed.
Fig. 6 shows the whole process of the above coordination control

or DGs and VPPs. First, the operator monitors the operating mode of
he microgrid and starts the coordination control when the microgrid
s in the isolated mode. Before each dispatch interval, the operator
ransmits the control reference of system frequency 𝜔𝑟 to DGs and the
requency deviation threshold 𝛥𝜔thr to VPPs. Then, the VPPs transmit
he threshold value 𝛥𝜔thr to ACs in the available regulation state. In the

real-time, if accidental events occur, DGs will be controlled fairly by
the proposed DCA through transmitting the angular frequency 𝜔𝑖 and
active power 𝑃𝑖. VPPs will be controlled by the LCA through detecting
the system frequency deviations locally. The regulation capacities from
DGs and VPPs are monitored by smart meters for quantifying their
regulation profits. Finally, the process enters the next round of dispatch
interval if this round of dispatch interval is over.

5. Case study

5.1. Test system

Fig. 7 shows the test system of a 7-bus microgrid with 4 DGs and 3
VPPs. The rated frequency of the microgrid 𝑤𝑟 is 50 Hz. The installed
capacities of DGs are as following: 𝑃max

1 = 40 kW, 𝑃max
2 = 20 kW,

𝑃max
3 = 40 kW, and 𝑃max

4 = 20 kW. The parameters of ACs and
orresponding buildings are from a realistic demonstration project in
hina. The living areas of the buildings are among 20∼50 m2. The
hermal capacities 𝐶𝑘 and the thermal resistance 𝑅𝑘 are among 60∼150
J/℃ and 0.216∼0.513 kW/℃, respectively. The rated power 𝑃 𝑟

𝑘 and
he EER 𝜂𝑘 of ACs are around 1∼2 kW and 2.6∼3.6, respectively. The
actors for regulating ACs are set as 𝜖𝑘 = 8.32 W/℃, 𝜁𝑘 = 0.512

/(℃s), 𝛿𝑘 = 8 kW/Hz and 𝛾𝑘 = 0.32 W/Hz, respectively. It is assumed
hat each VPP has 10∼20 ACs, whose set temperatures 𝜃set

𝑘 distribute
mong 18∼27 ◦C according to heterogeneous users’ requirements. The
aximum deviation of the indoor temperature 𝜃dev

𝑖 is 1 ◦C. The outdoor
emperature 𝜃 is 35 ◦C. The regulation duration period is 15 min. The
𝑜
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Fig. 6. A flowchart of the coordination control for DGs and VPPs.

Fig. 7. The test system of a 7-bus microgrid with 4 DGs and 3 VPPs.
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Fig. 8. The initial operating states of the isolated microgrid: (a) the frequency deviations on buses, (b) the generating power outputs of DGs.
requency deviation threshold for ACs participating in regulation ser-
ices is set as 𝛥𝜔thr = 0.05 Hz. The pinning gain and the communication
inks among DGs (i.e., the adjacency matrix 𝐴) are as follows:

𝒃 =

⎡

⎢

⎢

⎢

⎢

⎣

1
0
0
0

⎤

⎥

⎥

⎥

⎥

⎦

, 𝐴 =

⎡

⎢

⎢

⎢

⎢

⎣

0 1 0 1
1 0 0 0
0 0 0 1
1 0 0 0

⎤

⎥

⎥

⎥

⎥

⎦

. (27)

Fig. 8 shows the initial operating states of the isolated microgrid.
The frequencies on the buses fluctuate within about ±0.01 Hz, when the
microgrid can be regarded as operating in the stable state. The gener-
ating power outputs of DGs are about 8 kW and 16 kW, respectively.
The fixed loads and VPPs on each bus are about 8.2 kW and 7.8 kW,
respectively. Five typical scenarios are carried out in this paper:

Scenario 1: The microgrid operates in a relatively stable state and
a small load disturbance of 2 kW occurs on the bus-5. In this scenario,
the DGs are regulated by the DCA to make the microgrid frequency
return back to the stable state. VPPs do not participate in the regulation
service, because DGs can deal with small disturbances by themselves to
decrease the regulation impacts on users.

Scenario 2: Compared with the Scenario 1, a large load disturbance
of 10 kW occurs on the bus-5 and two cases are compared. Case 1:
Assuming there is no VPPs and the DGs are controlled by the DCA.
Case 2: The DGs and VPPs are coordinately controlled by the proposed
DCA and LCA, respectively.

Scenario 3: An accidental DG outage occurs on bus-6, where the
microgrid suddenly loses the generating power output around 16 kW
from PV3. In this scenario, the communication links among the remain-
ing DGs in normal operating state are also changed. More seriously, the
regulation capacity in the supply-side becomes less (i.e., four DGs are
decreased to three DGs) compared with load disturbances in Scenarios
1 and 2. Two cases similar to Scenario 2 are implemented to test the
applicability of the proposed method in contingency conditions.

Scenario 4: The uncertainty of the AC’s response is analyzed in this
scenario. similar to the Scenario 2, a large load disturbance of 10 kW
is assumed to occur on the bus-5. The DGs and VPPs are coordinately
controlled by the proposed DCA and LCA, respectively, while around
10% of ACs in VPPs may not successfully participate in the coordination
control.

Scenario 5: The uncertainty of the PV’s power output is analyzed
in this scenario. It is assumed that a moving cloud influences the
power output of the DG3, whose maximum available power output is
decreased from 40 kW at the beginning (i.e., 0 s) to 35 kW at 1 s, 30 kW
at 2 s, and 25 kW at 3 s with the movement of clouds. The DGs and VPPs
are coordinately controlled by the proposed DCA and LCA, respectively.

The above models and methods are is implemented using Matlab
9

021b with an Intel Core i7-9700 CPU @3.00 GHz with 16.0 GB RAM.
5.2. Result analysis of small disturbance in Scenario 1

Fig. 9(a) shows the small load disturbance on the bus-5, which
causes the decrease of the frequency. As shown in Fig. 9(c), the max-
imum deviation from the rated frequency 50 Hz is around 0.08 Hz.
The regulation power outputs from DGs are shown in Fig. 9(b), where
all the DGs increase their generating power to assist the microgrid
to recover the balance state. DG2 and DG4 increase about 350 W,
while DG1 and DG3 increase about 650 W. It means that a DG with
a larger capacity will provide more regulation power to the microgrid,
because the proposed DCA is designed to achieve a fair utilization of
each DG. Furthermore, DG2 and DG3 are regulated faster and larger
compared with DG1 and DG4, because the buses of DG2 and DG3 are
closer to bus-5 in this microgrid topology. This closer distance leads to
earlier and larger frequency deviations on the buses of DG2 and DG3.
In addition, it can be seen from Fig. 9(d) that the average frequency
deviation is returned to the stable state in a short time. Therefore, the
proposed DCA can effectively deal with small load disturbances in the
microgrid.

5.3. Result analysis of large disturbance in Scenario 2

Fig. 10(a) shows a large load disturbance of 10 kW occurs on the
bus-5. In this scenario, there are two cases. Case 1 in Fig. 10 shows
results without considering VPPs, while Case 2 in Fig. 11 shows results
considering VPPs. First, as shown in Figs. 10(b) and 11(b), the large
disturbance causes DGs to be regulated higher and larger compared
with the results in Scenario 1 in Fig. 9(b). Moreover, the regulation
power outputs of DGs in Case 1 are higher than that in Case 2, because
some regulation capacities are provided by VPPs in Case 2, as shown
in Fig. 11(a). In the three VPPs, VPP2 is regulated the most rapidly,
because VPP2 is on bus-5 and the load disturbance occurs on the same
bus, which leads to the frequency on bus-5 deviates from the rated
value earlier and larger. VPP1 is regulated the most slowly, because
the bus of VPP1 (i.e., bus-4) is the furthest to bus-5 in this microgrid
topology compared with other VPPs.

The frequency deviations on each bus in the two cases are shown in
Figs. 10(c) and 11(c), respectively. In Case 1, the maximum frequency
deviations on bus-1, 5, 6, and 7 are around 0.25 Hz, and they are
around 0.18 Hz on bus-2, 3 and 4. In Case 2, the maximum frequency
deviations on all the buses are mitigated by VPPs, as shown in Table 2.
The average frequency deviation curves in Figs. 10(d) and 11(d) can
be compared to illustrate the effectiveness of VPPs more clearly. The
maximum deviation of the average frequency curve is 0.20 Hz in Case
1, while it is decreased to 0.12 Hz in Case 2. The recovery time of the
frequency deviation to be less than 0.05 Hz is 4.5 s in Case 1, while it

is shortened to 0.2 s in Case 2. That is to say, the maximum frequency
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Fig. 9. The results in Scenario 1: (a) the disturbance power, (b) the generating power outputs of DGs, (c) the frequency deviations on buses, (d) the average frequency deviation
of all the buses.

Fig. 10. The results in Scenario 2 (Case 1): (a) the disturbance power, (b) the generating power outputs of DGs, (c) the frequency deviations on buses, (d) the average frequency
deviation of all the buses.
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Fig. 11. The results in Scenario 2 (Case 2): (a) the operating power of VPPs, (b) the generating power outputs of DGs, (c) the frequency deviations on buses, (d) the average
frequency deviation of all the buses.

Fig. 12. The results in Scenario 3 (Case 1): (a) the disturbance power, (b) the generating power outputs of DGs, (c) the frequency deviations on buses, (d) the average frequency
deviation of all the buses.
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Fig. 13. The results in Scenario 3 (Case 2): (a) the operating power of VPPs, (b) the generating power outputs of DGs, (c) the frequency deviations on buses, (d) the average
frequency deviation of all the buses.

Fig. 14. The results in Scenario 4: (a) the operating power of VPPs, (b) the generating power outputs of DGs, (c) the frequency deviations on buses, (d) the average frequency
deviation of all the buses.
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Fig. 15. The results in Scenario 5: (a) the operating power of VPPs, (b) the generating power outputs of DGs, (c) the frequency deviations on buses, (d) the average frequency
deviation of all the buses.
deviation is reduced around 40%, and the recovery time is reduced
around 95%. Therefore, the proposed coordination control framework
considering VPPs can deal with large load disturbances effectively.

5.4. Result analysis of DG outage in Scenario 3

Fig. 12(a) shows an accidental DG outage on bus-6, where the
microgrid loses the generating power output from PV3 suddenly, i.e.,
around 16 kW. In this scenario, the communication links among the
remaining DGs in normal operating state are changed as follows:

�̂� =

⎡

⎢

⎢

⎢

⎢

⎣

0 1 0 1
1 0 0 0
0 0 0 0
1 0 0 0

⎤

⎥

⎥

⎥

⎥

⎦

. (28)

Compared with load disturbances in Scenarios 1 and 2, the DG
outage causes the regulation capacity in the supply-side to become
less. In this scenario, there are two cases. Case 1 in Fig. 12 shows the
results without considering VPPs, while Case 2 in Fig. 13 shows the
results considering VPPs. First, as shown in Figs. 12(b) and 13(b), the
remaining DGs can still be regulated to provide regulation capacities for
the microgrid. It proves that the proposed DCA is effective to control
DGs in changeable communication links. Moreover, the regulation
power outputs of DGs in Case 1 are higher than that in Case 2, because
some regulation capacities are provided by VPPs in Case 2, as shown
in Fig. 13(a). In the three VPPs, VPP2 and VPP3 are regulated more
rapidly than VPP1, because VPP2 and VPP3 are on bus-5 and bus-7,
respectively. These two buses are neighbors of the bus-6, which leads to
the frequencies on bus-5 and bus-7 deviate from the rated value earlier
and larger. VPP1 is regulated the most slowly, because the bus-4 is the
furthest to bus-6 in this microgrid topology compared with other VPPs.

The frequency deviations on each bus in the two cases are shown
13

in Figs. 12(c) and 13(c), respectively. In both Case 1 and Case 2, the
maximum frequency deviation is on bus-1, which is about 1.13 Hz and
0.99 Hz, respectively. Hence, VPPs contribute to improving the stability
of the microgrid frequency. The average frequency deviation curves in
Figs. 12(d) and 13(d) can be compared to illustrate the effectiveness of
VPPs more clearly. The maximum deviation of the average frequency
curve is 0.46 Hz in Case 1, while it is decreased to 0.26 Hz in Case 2.
The recovery time of the frequency deviation to be less than 0.05 Hz is
around 5.1 s in Case 1, while it is shortened to 2.9 s in Case 2. That is to
say, the recovery time is reduced around 43%. It proves that the VPPs
can effectively compensate for the shortage of regulation capacities
caused by DG outages. Therefore, the proposed coordination control
framework considering VPPs can paly a significant role in accidental
DG outages.

5.5. Result analysis of AC response uncertainty in Scenario 4

In this scenario, around 10% of ACs in VPPs may not successfully
participate in the coordination control. The most direct influence is
the decrease of regulation capacities from VPPs, as the comparison in
Figs. 11(a) and 14(a). However, the influence on the system frequency
deviations is little, as shown in Fig. 14(c), because the lost regulation
capacities from VPPs can be supplemented by DGs in the microgrid.
Therefore, the maximum deviation of the average frequency curve in
Fig. 14(d) maintains 0.12 Hz, which is similar to the result in Fig. 11(d).

Note that the influence may be more serious with the increase of
unsuccessful response ACs. To avoid this issue, in practical projects, the
adjustable ACs are invited by the system operator in the day-ahead and
the end-users should answer the invitation to decide whether partici-
pating in the regulation service. If some answers are no, these ACs will
not be counted in the available regulation capacity. Then, the system
operator has enough time to purchase and reserve other regulation

resources. If some answers are yes in the day-ahead while they do not
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Table 2
Regulation results of DGs and VPPs in the five scenarios.

Scenario 𝛥𝑓max
Bus1 𝛥𝑓max

Bus2 𝛥𝑓max
Bus3 𝛥𝑓max

Bus4 𝛥𝑓max
Bus5 𝛥𝑓max

Bus6 𝛥𝑓max
Bus7 𝛥𝑓max

Avg Recovery
and case (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) time (s)

S1 0.070 0.046 0.059 0.053 0.081 0.056 0.077 0.053 ≤0.1
S2-1 0.256 0.175 0.191 0.185 0.265 0.253 0.262 0.200 4.5
S2-2 0.232 0.074 0.107 0.108 0.193 0.146 0.168 0.123 0.2
S3-1 1.129 0.440 0.707 0.564 0.584 0.016 0.510 0.463 5.1
S3-2 0.985 0.270 0.566 0.299 0.359 0.016 0.241 0.259 2.9
S4 0.240 0.077 0.111 0.108 0.182 0.153 0.171 0.124 0.5
S5 0.159 0.077 0.102 0.090 0.152 0.260 0.180 0.097 ≤0.3
Fig. 16. The spanning tree for communication between the microgrid operator and DGs.
Z
P

D

c
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respond successfully in the real-time, these ACs will be punished. This
manner can assist to decrease the proportion of unsuccessful response
ACs. The above discussions are related to electricity market, while
this paper mainly focuses on the effectiveness of the proposed control
method. Scenario 4 verifies that the remaining ACs and DGs can still
be regulated successfully even if some ACs may not participate in the
coordination control.

5.6. Result analysis of DG output uncertainty in Scenario 5

In this scenario, it is assumed that a moving cloud influences the
power output of the DG3. As shown in Fig. 15(b), the power output
from the DG3 is decreased at 1 s, 2 s, and 3 s, while the other DGs
increase the power outputs to supplement the lost capacities at the
same time. The reason is that DGs are regulated by the proposed
DCA, which is based on each DG’s real-time maximum available power
output to achieve the fair utilization of DGs. In addition, VPPs decrease
the operating power step by step to provide more regulation capacity
with the decrease of DG’s power, as shown in Fig. 15(a). The VPP1
does not provide regulation capacity in this scenario, because the local
frequency deviations on bus-4 do not reach the threshold 𝛥𝜔thr for
articipating in regulation services. The VPP2 on bus-5 and VPP3 on
us-7 are controlled to provide regulation capacities, because they are
eighbors of the DG3 on bus-6 and get larger influences than VPP1 on
us-4. The Fig. 15(c) and (d) show that the system frequency deviations
an be regulated near to the rated value. It illustrates that the proposed
ethod can deal with the DG output uncertainties.

. Conclusion

This paper proposes a coordination control method to tap flex-
bility in the isolated microgrid from both DGs in supply-side and
oad resources in demand-side. First, the microgrid model with high-
enetration DGs is developed considering VPPs by aggregating ACs.
hen, a coordination control framework is proposed for DGs and VPPs

n multi-scenarios, including stable operation, uncertain load distur-
14

ances, and accidental DG outages. Then, a DCA and LCA are designed
for DGs and VPPs, respectively. Compared with traditional centralized
control algorithms, the DCA can achieve a quick regulation of DGs
with low communication requirement while good plug-and-play ex-
pansibility to deal with highly uncertain DGs. The LCA can fulfill the
quality of regulation services for microgrids without compromising het-
erogeneous users’ comfortable requirements. Finally, numerical studies
verify that the maximum frequency deviation can be reduced around
40% from 0.20 Hz to 0.12 Hz faced with large load disturbances. The
recovery time can be reduced around 43% in accidental DG outages.
Therefore, the proposed methods can provide references for devel-
oping resilient isolated microgrids with high-penetration distributed
renewable energies.
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Appendix. Discussion on the root node

In the distributed control, the communication network for the DGs
is depicted and modeled as a directed graph. To achieve the global
control objective, the communication network should be constructed
into at least a spanning tree (A directed tree is a directed graph, where
every node, except the root node, has exactly one parent. A spanning
tree is a directed tree formed by graph edges that connect all the nodes
of the directed graph). And the root DG should communicate with
the microgrid operator. Therefore, for the distributed control in this
paper, at least one DG (i.e., the root DG) should communicate with the
microgrid operator. However, if the communication network contains
more than one root node (i.e., more than one spanning tree, as shown
in Fig. 16(b)), every root DG can be arranged to communicate with the
microgrid operator. Thus, we can conclude that the number of DGs 𝑛𝑜
that should communicate with the microgrid operator is 1 ≤ 𝑛𝑜 ≤ 𝑁𝑟,
where 𝑁𝑟 is the number of root nodes.
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