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a  b  s  t  r  a  c  t

For  a grid-connected  microgrid,  volatile  renewable  resources  and  undulating  loads  lead  to  the  active
power  fluctuation  at the  point  of common  coupling  (PCC),  which  brings  extra  regulation  burden  to the
main  power  system.  This  paper  proposes  a  distributed  cooperative  control  method  to  regulate  the charg-
ing/discharging  behavior  of  multiple  energy  storage  units  (ESUs)  to  restrain  the active  power  fluctuation
eywords:
istributed cooperative control
ulti-agent method

nergy storage unit
icrogrid

at the  PCC.  With  the  proposed  method,  all  the ESUs  operate  in  the  same  state of  charge  (SoC)  and  ratio  of
power  (RoP),  and  thus  the uneven  degradation  of  ESUs  is avoided.  Under  the distributed  control  architec-
ture,  the network  resource  can be saved  since  the  control  center  just  communicates  with  parts  of  ESUs.
The  simulations  are  performed  on  a  typical  microgrid,  and  the  effectiveness  of  the  proposed  method  is
validated  by  numerous  results.
. Introduction

In the past decades, energy storage technologies have drawn
uch attention and become to play an important role in large-

cale power systems, since they have great potential to improve
he security, stability and economy of power system operation [1].
owadays, there are various storage technologies used in power

ystems, such as electrochemical storage (e.g. lead-acid battery,
i-ion battery and nickel-metal-hydride battery), electrical stor-
ge (e.g. super-capacitor storage and super-conducting storage),
echanical storage (e.g. flywheel storage and pumped hydraulic

torage) and thermal storage (e.g. sensible heat storage and latent
eat storage) [2]. Each storage technology has its own  advan-
ages and disadvantages. In general, cost and capacity demand are
wo main factors for choosing the type of energy storage systems.
or instance, the electrochemical storage is a good candidate to
nhance the flexibility of the microgrid, since it has favorable char-
cteristics in energy absorption/release and fast dynamic response,
eanwhile, its cost and capacity are acceptable for microgrid oper-

tor [3].
In recent years, renewable generation has been developed fast
s the increasing environmental awareness. In particular, renew-
ble microsources, such as photovoltaic units and small-capacity
ind turbines, have been applied to power generation far and
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wide [4,5]. As we know, the renewable resources with variability
and uncertainty bring great challenge to power system operation
[6]. Microgrids as a small-scale generation and distribution system
usually integrates a cluster of distributed generators (DGs), energy
storage units (ESUs) and loads [7]. In deregulated electricity market,
microgrids are allowed to participate in ancillary services (such as
power support and demand response) to gain additional income.
In order to facilitate their market participation, microgrid opera-
tors have to coordinate the DGs, ESUs and loads reasonably. In the
long-time scale, the optimal bidding and operational strategy is
formulated to maximize the profits in hour-ahead (or day-ahead)
electricity market. In the real-time scale, the distributed resources
of the microgrid are controlled to respond to the real-time power
command from the market contract or the dispatching schedule
[8].

In general, a microgrid has two  primary modes of opera-
tion, namely islanded mode and grid-connected mode [9–11].
In islanded mode, the supply-demand balance must be locally
maintained. ESUs are usually used to balance the loads and the
renewable energies through charging or discharging power [10].
In grid-connected mode, the microgrid needs to take charge of
buffering the unbalance between the loads and the renewable ener-
gies, and provides ancillary service to main power grid [11,12]. In
both of two  modes, the coordination for multiple ESUs is crucial to

microgrid operation.

Recently, many studies have been carried out to coordinate
multiple distributed resources in microgrid. In centralized con-
trol mode, a central controller is needed to coordinate all the ESUs

dx.doi.org/10.1016/j.epsr.2017.02.029
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2017.02.029&domain=pdf
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Nomenclature

A. Acronyms
ESU energy storage unit
PCC point of common coupling
SoC state of charge
RoP ratio of power
DG distributed generator
WT wind turbine
PV photovoltaic
DC direct-current

B. Sets and matrices
G undirected graph
V node set of graph G
E edge set of graph G
A  weighted adjacent matrix of graph G
aij element of A; aij > 0 if (i, j) ∈ E, and aij = 0 otherwise
L Laplacian matrix of graph G
�ij element of L;  �ii =

∑n
j=1,j /=  iaij and �ij =− aij

C. Parameters
Ci nominal capacity of ESU i
Vdci DC voltage of ESU i
Pmax

esui maximum power of ESU i
Ksoci redefined negative constant of ESU i; Ksoci =

−Pmax
esui /(CiVdci)

n number of ESUs
KP positive gain of virtual leader
˛, ˇ, � parameters of distributed controller

D. Variables
SoCi SoC of ESU i
Pesui active power of ESU i
Pref

esui reference active power of ESU i
Qesui reactive power of ESU i
Q ref

esui reference reactive power of ESU i
Ppcc active power at the PCC
Pref

pcc reference active power at the PCC
Idci DC current of ESU i
si SoC of ESU i; si = SoCi
s′
i

redefined variable of ESU i; s′
i
= si/Ksoci

pi RoP of ESU i
s0 consensus SoC for all the ESUs
p0 consensus RoP for all the ESUs

[
d
E
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ui input signal of the inserted integrator for ESU i

13,14]. Under hierarchical control framework [15–17], multi-level
ecision architecture is used to deal with distributed energies and
SUs. However, the aforementioned centralized mode and hier-
rchical mode need a control center to communicate with each
istributed resource, as well as a powerful central controller to
erform the complicated computation [18].

As the penetration level of small-capacity distributed resources
ncreases, the centralized or hierarchical mode will be encountered

ith intractable problems on communication and computation
19]. Instead, a distributed control mode which uses the local
ommunication and computation is a preferable solution to deal
ith the coordination problems of the large-scale small-capacity

esources [20]. In [21], a distributed control scheme with high reli-

bility and low-bandwidth communication is proposed to ensure
roportional load sharing and improve voltage quality in DC micro-
rid. In [22], in order to keep the frequency and voltage stable, a
istributed networked algorithm is used to design the secondary
s Research 147 (2017) 213–223

control in droop-controlled microgrid. The aforementioned meth-
ods [19–22] are applied to coordinating the DGs rather than the
ESUs.

Based on the distributed control architecture, some control
strategies have been used to coordinate multiple ESUs. In [23], a
distributed algorithm is utilized to regulate the power of multi-
ple ESUs to provide ancillary services for power systems. In [24],
a distributed model predictive control (MPC) scheme is presented
to coordinate the ESUs for voltage regulation. Similarly, the dis-
tributed MPC  scheme is also used to cope with the optimization
problem of ESUs to keep supply-demand balance and maintain
voltage and frequency stability [25]. However, the distributed
methods in [23–25] ignore the state of charge (SoC) balance of ESUs,
which may  result in the overcharging and overdischarging actions
of ESUs.

At aspect of the SoC balance of ESUs, at a long-time scale, the
authors in [26] use a localized control strategy to regulate the SoC
of each ESU to avoid depletion or saturation of ESUs. In [27], the
authors present a new MAS-based decentralized control architec-
ture for the energy management of a microgrid. In [28], a fully
distributed control strategy based on mean field games is proposed
for the management of micro-storage devices. The above control
methods for SoC balance need the long-time-scale predicted data
from load prediction and DG power prediction, which tends to
generate some inevitable uncertainties. So, it is difficult for these
methods to achieve the SoC balancing in real-time scale. For the
real-time SoC balancing, the authors in [29] present an energy shar-
ing scheme for controlling the SoC of a energy storage system with
multiple battery cells. The authors in [30] design a distributed coop-
erative control scheme for the dynamic energy balancing between
the energy storage devices to improve frequency regulation and
reliability of microgrid. The authors in [31] use an adaptive droop
control method to govern the SoC of each ESU in DC microgrid.
In [32], a multi-agent cooperative control strategy is proposed to
coordinate the power sharing between the heterogeneous energy
storage devices and the SoC balancing between the batteries in DC
microgrid. However, the control methods about SoC balancing in
[31,29,30,32] have not been applied to providing the auxiliary ser-
vices for main power grid, such as tracking the power command
from main power grid and mitigating the power fluctuation at the
PCC of microgrid.

Toward a grid-connected microgrid, this paper proposes a
distributed cooperative control method based on second-order
multi-agent system to govern the charging/discharging behavior of
multiple ESUs. By the proposed method, firstly the relation between
the SoC and the ratio of power (RoP) of each ESU is described to
be a second-order dynamic serving as a follower. Then, a virtual
leader is constructed to generate the desired SoC and RoP for all
the ESUs. By this way, the coordination problem of multi-ESU sys-
tem is turned into designing control algorithm for a second-order
multi-agent system. Based on the second-order multi-agent model,
a distributed coordination method is adopted to design controllers
for all the ESUs. The designed controllers can make all the ESUs con-
verge to the same SoC and RoP, and enable the total power of the
microgrid to track the power command from the main power grid.
Furthermore, the designed cooperative controller has preferable
robustness and scalability.

Compared with the existing work on the control of multi-ESU
system in microgrid, the main contributions of this paper can be
outlined as follows:
(1) To alleviate the power balancing burden of main power grid,
the ESUs are used to smooth the active power fluctuation at the
PCC and respond to the active power command from the main
power grid.
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ation of a microgrid.
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Fig. 1. Configur

2) Under distributed control frame, a leader-following second-
order dynamic model is established for the control problem of
multi-ESU system. The established dynamic model is simple for
the control algorithm design.

3) A distributed tracking control via a variable structure approach
is adopted to design the cooperative algorithm for the multi-
ESU system. The designed algorithm makes all the ESUs
reach a consensus on the SoC and RoP, meanwhile, the total
active power of the microgrid is regulated to its reference
value.

4) A typical microgrid test system is built to perform the real-
time dynamic simulation. Simulation results indicate that the
expected objectives and performances are attained under the
distributed cooperative control.

. Problem formulation

The configuration of a microgrid shown in Fig. 1 consists of
esidential loads, wind turbine (WT) generators, photovoltaic (PV)
enerators and ESUs. The microgrid is connected to the main power
rid through an MV/LV transformer at the point of common cou-
ling (PCC). As we know, the loads fluctuate with the change of
ower demand, and WT  power and PV power are also volatile due
o the local weather variation. Therefore, the power flow at the
CC fluctuates frequently, which causes much adverse influence
n power system operation. In this case, the effective regulation of
ultiple ESUs is a good choice to mitigate the power flow fluctua-

ion.
In this paper, WT and PV generators in the microgrid always

perate in the maximum power output mode, while ESUs are used
o smooth the active power fluctuation of microgrid and respond
o the active power command from main grid. To guarantee the
ninterrupted power regulation capability of the ESUs, the micro-
rid operator needs to control the SoC so as to avoid the depletion
nd saturation of ESUs. In addition, the fair utilization of the ESUs

s also an important issue that we concerned. The same RoP and
oC of each ESU is not only a practical way to reach the fair utiliza-
ion and load balancing, but also an effective measure to avoid the
neven degradation of ESUs.
Fig. 2. Configuration of the ESU AC/DC converter.

2.1. Review of ESU converter control

A three-phase boost converter shown in Fig. 2 is often used for
charging or discharging an ESU. The converter topology consists
of six insulated-gate bipolar transistors (IGBTs) with antiparallel
diodes, three boost inductors on the AC side to filter the harmonic
current, and a capacitor on the DC side to form a DC voltage.

This paper adopts a typical dual-loop decoupling control scheme
presented in [33] to control the three-phase boost converter. The
control algorithm shown in Fig. 3 can regulate the active power
P and the reactive power Q, respectively. The controller has two
input signals, namely, the reference active power Pref and the ref-
erence voltage Vref. Here, the reactive power Q is utilized to control
the voltage of the node where the ESUs are inserted, and thus the
reference voltage Vref serves as an input instead of the reference
reactive power Qref. Since the local control of ESU is not the focus
of this paper, the details about the control algorithm are ignored. If
needed, one can refer to the literature [33].

2.2. Dynamic model of multi-ESU system

The main concern of this paper is to design a distributed coop-
erative control strategy to maintain the total active power balance

in the microgrid and make all the SoC and RoP of the ESUs reach
consensus. In essence, this issue is about how to formulate the refer-
ence power Pref for each ESU to achieve the above objectives based
on the dynamic model of multi-ESU system.
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Fig. 3. Control of the

Generally, the SoC of an ESU with electrochemical batteries can
e described by the coulomb counting method as follows [34]:

oCi = SoCi(t0) − 1
Ci

∫ t

t0

Idci dt (1)

here SoCi(t0) denotes the initial value of SoC at t0; Ci denotes the
ominal capacity of the ESU; Idci denotes the DC current of the ESU;
ubscript i denotes the ith ESU, similarly hereinafter.

By ignoring the power loss of ESU inverter, according to the
ower balance, the power of an ESU can be expressed as

esui = VdciIdci (2)

here Pesui denotes the power of the ESU (power flow direction:
rom ESU to microgrid), and Vdci denotes the DC voltage of the ESU.

By substituting (2) into (1), it yields

oCi = SoCi(t0) − 1
Ci

∫ t

t0

Pesui

Vdci
dt (3)

According to the converter control of ESU, it can be known that
he local dual-loop decoupling scheme shown in Fig. 3 can make the
ctive power track its reference value in short time. Based on this
act, the active power of ESU can be deemed to be equal to its refer-
nce power (Pesui = Pref

esui). In order to adjust the active power of the
SUs dynamically to achieve the control objective of the microgrid,
n integrator (1/s) is inserted in front of the reference power signal
ref
esui. Thus the active power dynamic of the ith ESU is described as

˙ ref
esui = ui (4)

here ui is the input signal of the inserted integrator.
Dividing Eq. (4) by the maximum power of the ith ESU, it yields

Ṗref
esui
Pmax

esui
= ui
Pmax

esui
(5)

y defining an virtual input �i = ui/P
max
esui and the RoP of ESU pi =

ref
esui/P

max
esui , the dynamic equation (5) can be modified to be
˙ i = �i (6)

According to the SoC equation (3), the relation between the SoC
nd the RoP of an ESU can be described by a dynamic equation. By
ctional ESU charger.

defining si = SoCi and differentiating (3) with respect to time t, it
yields

ṡi = − 1
CiVdci

Pesui = − P
max
esui
CiVdci

pi = Ksocipi (7)

where Ksoci = −Pmax
esui /(CiVdci). In general, the voltage of electro-

chemical batteries Vdci drops with the SoC decrease, but the voltage
drops much slower than the SoC. If the batteries of ESUs do not
operate at the depletion and saturation state, Vdci varies in a small
range. Since Vdci variation is slow and small, Vdci is assumed to be a
constant [34]. With the above assumption, Ksoci is deemed constant
to simplify the dynamic model of ESU and facilitate the subsequent
controller design. Supposing that all the ESUs in the microgrid are
homogeneous, we  have Ksoc1 = Ksoc2 = · · · = Ksocn = Ksoc.

By combining (6) and (7), we can obtain the dynamic model for
n ESUs as follows:

ṡi = Ksocpi

ṗi = �i
(i = 1, 2, . . .,  n) (8)

or

ṡ′
i
= pi

ṗi = �i
(i = 1, 2, . . .,  n) (9)

where s′
i
= si/Ksoc, and n denotes the number of ESUs.

2.3. Control objectives of multi-ESU system

In this paper, the cooperative control is designed to realize the
consensus on the SoC and RoP of the ESUs. This means that the
following equations hold:

s1 = s2 = · · · = sn = s0

p1 = p2 = · · · = pn = p0

(10)

or

s′1 = s′2 = · · · = s′n = s′0
p1 = p2 = · · · = pn = p0

(11)

where s0 and p0 are the given values of the SoC and the RoP, respec-
tively; s′0 = s0/Ksoc.
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In addition, to restrain the power fluctuation at the PCC and
esponse to the dispatching command from the main power sys-
em, the designed cooperative control strategy should guarantee
hat the total active power of the microgrid is equal to its reference
ower, namely

pcc = Pref
pcc (12)

here Ppcc and Pref
pcc are the active power and the reference active

ower at the PCC, respectively. Here, the direction of the active
ower is from the main grid to the microgrid.

It can be seen from (9) that the dynamics of multi-ESU system
re represented by a second-order multi-agent model. In the fol-
owing section, the cooperative control will be designed to realize
he objectives shown in (11) and (12).

Remark: In this paper, the ESUs are used to make the total power
f the microgrid track the reference power command from the dis-
atching schedule. All the ESUs running in the same SoC and RoP

n the steady state means that the ESUs are utilized fairly. In other
ords, each ESU has the same load rate and charge/discharge cycles

n a certain period of time. This kind of operation mode can real-
ze load balancing and avoid the uneven degradation of multiple
SUs. On contrary, the ESUs running in different SoC and RoP (e.g.
ome ESUs running in the heavy-load state, while the others run-
ing in light-load state) results in load unbalancing, which will

ead to uneven degradation (ESUs aging unevenly). It should be
oted that all the ESUs having the same SoC and RoP may  not be an
ffective operational mode when they are used for other regulation
equirements (such as load shifting).

. Distributed cooperative control algorithm

Toward the problems formulated in Section 2, a distributed
ooperative control method based on variable structure approach
s adopted to design a high-level control strategy for each ESU to
enerate the reference active power command next.

.1. Graph theory preliminary [35]

In a multi-agent system, information exchange among the
gents can be described by a topological graph. Assuming a multi-
gent system with n agents, we use a weighted undirected graph

 = (V, E, A) to model the interaction among these agents, where,
 = {1, 2, . . .,  n} denotes the node set; E = V × V denotes the edge
et; and A  = [aij] ∈ R

n×n denotes the weighted adjacent matrix.
n edge (i, j) in G, namely (i, j) ∈ E, means that agent i and agent

 are neighbors, and thus they can obtain information from each
ther. The weighted adjacent matrix A  of graph G is defined such
hat the element aij is a positive weight if (i, j) ∈ E, and aij = 0 oth-
rwise. In the undirected graph G, we have aij = aji. Here Laplacian
atrix L = [�ij] ∈ R

n×n of graph G is defined as: �ii =
∑n

j=1,j /= iaij
nd �ij =− aij, i /= j. Note that L is symmetric positive semi-definite,
nd has a simple zero eigenvalue with an associated eigenvector
an all-one column vector), and all other eigenvalues are positive if
nd only if G is connected.

.2. Distributed cooperative controller design

.2.1. Design virtual leader
The problem (11) can be solved through realizing the consen-

us of multi-ESU system represented by the second-order dynamic
odel (9). To solve the active power balancing problem (12), a vir-
ual leader shown in Fig. 4 is designed for the multi-ESU system.
he virtual leader consists of two series integrators. The first one is
sed to generate the reference RoP (p0) via the integral of the devi-
tion between the reference power Pref

pcc and the real power Ppcc at
Fig. 4. Control for determining the desired SoC and RoP.

the PCC of microgrid. The second one is used to generate the refer-
ence SoC (s′0) via the integral of the RoP p0. The state variables (s′0
and p0) of the virtual leader are sent to some of the ESUs (followers)
for trajectory tracking in the distributed control.

The dynamics of the virtual leader shown in Fig. 4 can be written
as follows:

ṡ′0 = p0

ṗ0 = KP(Ppcc − Pref
pcc)

(13)

where KP is a given positive gain. It should be noted that the total
power of a real microgrid is always bounded. In other words, |ṗ0| ≤
 , where   is a positive constant.

3.2.2. Design distributed control algorithm
According to the virtual leader shown in (13), it is obvious

that p0 is time-varying in a dynamic process. To obtain excellent
performances, a distributed tracking control via variable structure
approach is adopted to design a cooperative algorithm for each ESU
(called follower). This control scheme can make all the followers
track the trajectory of the virtual leader.

The cooperative algorithm is as follows [35]:

�i = ui
Pmax

esui
= −

n∑
j=0

aij[(s
′
i − s′j) + ˛(pi − pj)]

−  ̌ sgn

⎛
⎝ n∑

j=0

aij[�(s′i − s′j) + (pi − pj)]

⎞
⎠ (14)

where aij is the (i, j)th entry of the adjacency matrix A; ai0 is a
positive constant if the ith follower can receive the information (s0
and p0) from the virtual leader, and ai0 = 0 otherwise; ˛,  ̌ and �
are positive constants; sgn(·) denotes a sign function. During the
control algorithm design, we  resort to the following lemma  and
theorem.

Lemma  1 ([35]). Suppose that the undirected graph G is connected
and at least one ai0 is nonzero. Let

E =
[

(1/2)M2 (�/2)M

(�/2)M  (1/2)M

]

F =
[
�M2 (˛�/2)M2

(˛�/2)M2 ˛M2 − �M

] (15)

where  ̨ and � are positive constants, and M = L + diag(a10, . . .,  an0).
If � satisfies

0 < � < min
{√

�min(M),
4˛�min(M)

4 + ˛2�min(M)

}
(16)

then both E and F are symmetric positive definite.

Theorem 1 ([35]). Suppose that the undirected graph G is connected
and at least one ai0 is nonzero. Using (14) for (9), if  ̌ ≥   and � sat-

isfied (16), then s′

i
(t) → s′0(t) and pi(t) → p0(t) globally exponentially

as t → ∞.  In particular, it follows that

‖[�s′T (t) �pT (t)]‖2 ≤ �1e
−�2t (17)
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Fig. 5. Structure of the proposed control scheme for the ith ESU.

here �s  and �p  are the column stack vectors of �s′
i
= s′

i
− s′0 and

pi = pi − p0 for i = 1, . . .,  n, respectively; and �1 and �2 can be com-
uted as

�1 =
√

[�s′T (0) �pT (0)]E[�s′T (0) �pT (0)]
T

�min(E)

�2 = �min(F)
2�max(E)

(18)

here E and F are defined in Lemma 1.

For saving pages, the proof processes for Lemma 1 and Theorem
 are ignored in this paper. More details about the proof processes
an be found in [35].

According to Theorem 1, in order to guarantee the convergence
f the cooperative algorithm shown in (14), the communica-
ion network and control parameters should satisfy the following
equirements:

) The communication graph G is connected.
) At least one a0i is nonzero in the adjacency matrix A.
) The parameter  ̌ satisfies  ̌ ≥  .
) The parameter � satisfies the inequality (16).

By combining the high-level distributed cooperative control
ith the local dual-loop decoupling control of the boost converter,

he whole control for multi-ESUs system can be achieved and
hown in Fig. 5. Here, the integrator (1/s) is inserted between the
igh-level control and the local control to generate the first-order
ynamic shown in Eq. (4), which is used for adjusting the active
ower of the ESUs dynamically.

.2.3. Analyze closed-loop system
The closed-loop system consists of the communication

etworks, the distributed cooperative controller, and the microgrid
control plant). As stated in Part II, the objectives of the closed-
oop system are to achieve the consensus SoC and RoP of the ESUs
hown in (10) and to meet the active power balance requirement
f the microgrid shown in (12). From the distributed control algo-
ithm (14) based on Theorem 1, we can know that all the ESUs
onverge to the same SoC and RoP (s′

i
→ s′0 and pi → p0, where

′
i
→ s′0 means si → s0) through selecting appropriate parameters

or the distributed controller. Therefore, the first objective in (10)
an be attained. For the second objective in (12), it can be explained
s: according to the virtual leader shown in Fig. 4, if the total
nput power from the main grid is bigger than the reference power
Ppcc > Pref

pcc), then the virtual leader will increase p0 and send it
o some ESUs to raise their (pi), which results in decrease of Ppcc

rom the main grid until the power balance is satisfied (Ppcc = Pref
pcc).

imilarly, if Ppcc < Pref
pcc, the RoP of all the ESUs will decrease cor-

espondingly until Ppcc = Pref
pcc. From the above explanation we can

ee that the objective in (12) can also be attained.
Here it should be noted that the convergence of the closed-loop

ystem is related to the connectivity of the communication network
raph G. Generally, the more communication channels mean the

aster convergence rate, but leading to the higher communication
ost [36]. Therefore, it is necessary to make a compromise between
he connectivity and the economic issue during the communication
etwork design.
Fig. 6. Single-line diagram of the microgrid test system.

4. Case studies

4.1. Description of simulation system

To verify the proposed distributed cooperative control
method, the simulations are performed by using MAT-
LAB/SimPowerSystems tool. The microgrid test system shown
in Fig. 6 is derived from a benchmark LV network which is devel-
oped in the EU project “Microgrid” [37]. The microgrid includes
3 PVs, 2 WTs, 5 loads and 10 ESUs. The capacities of the loads,
the PVs, the WTs  and the ESUs shown in Fig. 6 denote their rated
values.

In this paper, it is assumed that all the ESUs with nickel-metal-
hydride batteries have the same rated capacity, rated power and
charging/discharging characteristics. These ESUs are divided into
three groups and installed on Node 2, Node 3 and Node 8, respec-
tively. The maximum charging/discharging power of each ESU is
set to be Pmax

esui = 10 kW.  The battery parameters of the 10 ESUs for
the simulations are listed in Table 1. It should be noted that the
battery capacity is scaled down to 1/10 (4 Ah) of its practical value
(40 Ah) in order to illustrate the change of the SoC clearly.

According to the cooperative control method, this paper designs
a communication topology for 10 ESUs with a virtual leader shown
in Fig. 7. The topology shows that the communication between
the virtual leader and the ESUs is unidirectional (e.g. ˛ = 1, but
02
˛20 = 0), and the communication between two  ESUs is bidirec-
tional (e.g. ˛12 = ˛21 = 1). Here, in order to enhance the reliability
of the communication with the virtual leader, we design three
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Table  1
Parameters of nickel-metal-hydride batteries.

Parameters Values

Nominal voltage 500 V
Fully charged voltage 560 V
Rated capacity 4 Ah
Maximum capacity 4.3 Ah
Capacity at nominal voltage 3.8 Ah
Nominal discharge current 20 A
Internal resistance 1.25 �

Fig. 7. Communication topology for 10 ESUs with a virtual leader.
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Fig. 9. Active power at PCC of microgrid in Case I.
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tion/reconnection of an ESU. In the simulation, the active power
Fig. 8. Active power of loads, PVs and WTs.

ommunication links between the virtual leader and the followers.
n this way, the distributed control system can continue working

hen one or two communication links fail.
In the simulations, the parameters of the virtual leader at PCC are

elected as: KP = 0.0001, pmax
0 = 1, pmin

0 = −1, smax
0 = 1, smin

0 = 0.2.
he controller parameters in (14) for each ESU are chosen as:  ̨ = 5,

 = 20, � = 1.

.2. Analysis of simulation results

.2.1. Case I: normal operation of microgrid
In the first case, we  test the performances of the proposed con-

rol scheme in keeping the active power balance and achieving the
ame SoC and RoP for multiple ESUs. In the simulation, the ini-
ial SoC of the 10 ESUs is set as: [s1, s2, s3, . . .,  s10] = [48.0 %, 48.5 %,
9.0 %, . . .,  52.5 %]. The initial SoC of the virtual leader is assumed to
e s0(0) = 50.0%. The reference power command from the main grid

s set as: at t = 0 s, Pref
pcc = 0 kW;  at t = 50 s, Pref

pcc = 40 kW;  at t = 100 s,
ref
pcc = −10 kW.  The reference voltages of the nodes with ESUs are

ref ref ref
equired to maintain 1 pu, namely V2 = V3 = V8 = 1 pu. The
ctive power curves of the loads, the PVs and the WTs  are shown
n Fig. 8.
Time (s )

Fig. 10. SoC of virtual leader and 10 ESUs in Case I.

The dynamic responses for Case I are shown in Figs. 9–12, where
the subplots embedded in the figures are the partial magnified
views.

Fig. 9 shows that the total active power Ppcc of the microgrid
tracks the power command Pref

pcc very well whether the microgrid
absorbs the power from the main power grid or feeds the power to
the main power grid. Furthermore, the settling time of the closed-
loop control system is quite short. Consequently, we can see that the
proposed distributed control for the ESUs can regulate the active
power at the PCC effectively, and thus the microgrid is able to
provide the auxiliary services to the main power grid.

Seeing the SoC responses in Fig. 10 and the RoP responses in
Fig. 11, we can find that all the ESUs keep the pace with the vir-
tual leader after 40 s, namely, each ESU has the same SoC and RoP
as the leader. Thus, the microgrid operator can obtain the SoC and
RoP of all the ESUs by observing the virtual leader alone. More-
over, the identical SoC and RoP can avoid unnecessary charging or
discharging among the ESUs.

The reactive power of ESUs is used to regulate the voltage of
the nodes with the ESUs. The voltage curves of Node 2, 3 and 8 are
shown in Fig. 12. It is indicated that the ESUs make the voltages
at Node 2, 3 and 8 be equal to the desired value (1 pu) in steady
state, and even maintain the voltage in a small range (1 ± 0.5% pu)
in dynamic process.

4.2.2. Case II: disconnection/reconnection of ESUs
In the second case, we test the ability of the proposed

distributed cooperative controller to accommodate the disconnec-
of the loads, PVs and WTs, as well as the initial SoC of the virtual
leader and the ESUs in Case II are the same as that in Case I; the
reference voltage of Node 2, 3 and 8 is also 1 pu; and the reference



220 C. Huang et al. / Electric Power Systems Research 147 (2017) 213–223

0 10 20 30 40 50 60 70 80 90 10 0 11 0 12 0 13 0 14 0 15 0
-1.2
-1.0

-0.8
-0.6
-0.4
-0.2
0.0

0.2
0.4
0.6
0.8
1.0

1. 2

Time (s)

   
R

at
io

 o
f P

ow
er

 

 

49 50 51 52 53 

 

99 10 0 10 1 10 2 10 3 

 

p0
p1
p2
p3
p4
p5
p6
p7
p8
p9
p10

Fig. 11. RoP of virtual leader and 10 ESUs in Case I.
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Fig. 13. Active power at PCC of microgrid in Case II.
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Fig. 12. Voltage at Node 2, 3 and 8 in Case I.

ctive power of the microgrid is kept constant (Pref
pcc = −5 kW)  all the

ime. The simulation sequence for the disconnection/reconnection
f an ESU is set as follows:

 At t = 0 s, all the ESUs are integrated into the microgrid with the
communication topology shown in Fig. 7.

 At t = 50s, ESU2 is disconnected from the microgrid, and the
communication linked to ESU2 is interrupted, namely, a02 = 0,
a21 = a12 = 0, a23 = a32 = 0;

 At t = 100 s, ESU2 is reconnected to the microgrid, and the com-
munication is restored to the original topology.

The simulation results for Case II are shown in Figs. 13–16. From
he response curves in Fig. 13, it can be observed that the total active
ower Ppcc follows its reference value Pref

pcc well, even after an ESU
s disconnected from (or reconnected to) the microgrid.

The SoC and RoP responses are plotted in Figs. 14 and 15. In the
nitial stage (0 ≤ t < 50 s), all the ESUs following the virtual leader
re forced to reach the consensuses on the SoC and RoP. At t = 50 s,
hough ESU2 is disconnected from the microgrid, the rest of the

SUs continue operating with the identical SoC and RoP. When
SU2 is reconnected to the microgrid at t = 100 s, all the ESUs follow
he virtual leader to achieve the identical SoC and RoP again. It
hould be noted that the reconnecting action of ESU2 at t = 100 s
Time (s )

Fig. 14. SoC of virtual leader and 10 ESUs in Case II.

causes larger overshoot and longer settling time than the discon-
necting action at t = 50 s. The reason is that after ESU2 is reconnected
to the microgrid at t = 100 s, all the ESUs need to readjust their

active power by a large margin to regain the same SoC and RoP
with the virtual leader. Consequently, the large power adjustment
of the ESUs leads to the large active power change at the PCC of the
microgrid.
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Fig. 15. RoP of virtual leader and 10 ESUs in Case II.
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Fig. 16. Voltage at Node 2, 3 and 8 in Case II.
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Fig. 18. Active power of PVs.

Fig. 19. Active power of WTs.

Fig. 20. Active power at PCC of microgrid in Case III.
Time (s)

Fig. 17. Active power of loads.

Fig. 16 shows the voltage curves on Node 2, 3, and 8. We  can
ee that the voltage of each node also reaches the desired value
1 pu) in the steady state, and does not exceed the allowed range in
ynamic process.

.2.3. Case III: voltage quality test
Though this paper concerns about the active power control of

ulti-ESU system in microgrid, it is necessary to observe the volt-
ge profiles of all the nodes of the microgrid since the active power
ow may  raise voltage quality problem. It should be noted that in
he simulation, the reactive power of 10 ESUs is utilized to regulate
he node voltages, while the PVs and WTs  operate in the unity-
ower-factor state. In Case III, the active power curves of loads, PVs
nd WTs  are assumed to be fluctuant and shown in Figs. 17–19,
he reference value of the active power at the PCC is set to be

ref
pcc = 10 kW,  and the rest of simulation parameters are the same
s the ones in Case I.

For the given active power curves of loads, PVs and WTs  shown
n Figs. 17–19, the simulation results are plotted in Figs. 20–23.
Fig. 21. SoC of virtual leader and 10 ESUs in Case III.

Seeing from Fig. 20, we  can find that under the scenario of Case III,
the proposed control algorithm can guarantee that the active power
at the PCC of the microgrid tracks the reference power command

from the main grid even though the active power of loads, PVs and
WTs  is volatile. Figs. 21 and 22 show that the designed distributed
controller makes all the ESUs reach the consensus on SoC and RoP,
which contributes to the fair utilization of the ESUs.
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Fig. 22. RoP of virtual leader and 10 ESUs in Case III.
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[14] K. Tan, X. Peng, P. So, Y. Chu, M.  Chen, Centralized control for parallel
Fig. 23. Voltage of all the nodes in Case III.

Fig. 23 shows that the voltage deviations of all the nodes are
ontrolled in ±1.2% range, which is far less than the allowed max-
mum deviation (±5%) of the microgrid. Based on the simulation
esults it can be inferred that using the reactive power of ESUs to
egulate the voltage amplitudes of Node 2, 3 and 8 can ensure the
oltage profile of all the nodes meet the requirement of voltage
uality, since Node 2, 3 and 8 are located in the head, middle and
ail of the microgrid feeder.

.3. Summary of case studies

The above simulation tests indicate that the expected con-
rol objectives (tracking the active power command at the PCC
nd obtaining the identical SoC and RoP) can be achieved via
he distributed cooperative control. In addition, the voltage pro-
le delivered to consumers satisfies the requirement of voltage
uality under the local converter control of ESUs. Furthermore,
he distributed control algorithm can accommodate the discon-
ection/reconnection of ESUs. In other words, if one or several of
he ESUs is connected to (disconnected from) the microgrid, it is
ot needed to reconfigure their distributed control algorithm on
he premise that the communication graph G is connected. There-
ore, we can see that the distributed control strategy has excellent
daptability and scalability.

. Conclusion

This paper proposes a distributed cooperative control scheme
o manage the charging/discharging behavior of ESUs for control-
ing the active power at the PCC of a grid-connected microgrid. The

esigned controller can guarantee that all the ESUs converge to
he same SoC and RoP. Under the distributed cooperative control,
n the one hand the microgrid can response to the power com-
and from the main power system; on the other hand the uneven

[

s Research 147 (2017) 213–223

degradation of the ESUs can be avoided because all the ESUs have
identical SoC and RoP. In addition, the distributed controller can
cope with the problem on the disconnection/reconnection of ESU.
This implies that the control scheme has favorable adaptability and
scalability. Moreover, the distributed control mode helps to save
the communication cost and reduce the computational burden for
the control center of microgrid. Through the simulations with MAT-
LAB/SimPowerSystems on a typical microgrid, the effectiveness of
the proposed control scheme is verified.

It should be noted that the proposed distributed cooperative
control scheme is designed for the multiple ESUs with the same
parameters (homogeneous ESUs). The issue on the cooperative con-
trol for multiple heterogeneous ESUs needs to be studied further.
In addition, for simplifying the dynamic model of multi-ESU sys-
tem, Vdci variation of ESUs is ignored in this paper, which may
lead to some deviations between the simplified model and the
real one. The designed cooperative algorithm based on variable
structure approach guarantees the convergence and stability of the
closed-loop control system. However, to further improve the con-
trol performances of multi-ESU system, Vdci variation should be
considered in the dynamic model. This will be the future work of
the authors.
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