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Abstract

A novel passivity-based coordinated control strategy is proposed for an islanded AC

microgrid including renewable energy source and energy storage system units. The

main advantage is that the proposed coordinated control strategy manages the micro-

grid without using a phase-locked loop system. In the microgrid, the energy storage

system supports the voltage of the microgrid, and the renewable energy sources inject

their maximum power to the microgrid in the normal operation. For the energy stor-

age system, we use a proportional-resonant controller, and for the renewable energy

sources, we use a voltage modulated direct power control method, which has not only

a good tracking performance but also a good steady-state behavior. Another advantage

of the proposed method is that the asymptotical stability of the whole microgrid can be

guaranteed by using the passivity principle when the heterogeneous renewable energy

sources are integrated into the microgrid. To validate the proposed coordinated con-

trol law, we use a microgrid consisting of one energy storage system, one wind turbine,

one photovoltaic and two controllable loads. Simulation results show that the plug-and-

play capability of the wind turbine and photovoltaic in the microgrid is enhanced when

comparing with the conventional vector current control method with a phase-locked

loop system. Moreover, the voltage and frequency of the microgrid are recovered to its

nominal value by the energy storage system with the proposed method as well. Finally,

experimental verification of the proposed coordinated control algorithm is performed
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on a 10 kW microgrid system. The experimental results match the simulation ones as

well.

Keywords: Coordinated control, islanded AC microgrid, renewable energy source,

energy storage system, passivity.

1. Introduction

Nowadays, a revolution of the world energy system is taking place to a low car-

bon, green, and sustainable one [1]. It introduces new network topologies, the new

components, and new design and operation strategies [2]. The wind turbines (WTs),

photovoltaic (PV), biomass, tidal power, and hydro are the most important sources in

renewable energy resources (RESs) to mitigate greenhouse gas emissions and provide

clean energy for sustainable development [3]. Due to the fast development of such

RESs, the large-scale RESs have been widely integrated into power distribution sys-

tems [4]. However, the volatile and intermittent nature of WT and PV sources may

cause serious problems regarding stability and reliability [5]. As the next generation of

power grids, the smart power grids require an intelligent strategy to integrate a large

number of RESs into a utility grid as a microgrid for reducing system uncertainties and

improving performance [6].

Microgrids operate not only in a grid-connected mode to exchange power with the

main grid [7], but also in the islanded mode to support local loads when the connec-

tion to grid fails [8]. With the rapid development of power converters, the RESs such

as PV and WT systems have been the main distributed generation sources in micro-

grids [9]. Consequently, the microgrid should be able to overcome the volatile and

intermittent nature of RESs [10]. Energy storage system (ESS) is considered as an es-

sential and effective solution to enhance the flexibility and controllability not only in

specific RESs [11], but also in the microgrid [12]. Hence, the coordinated control is

required to guarantee stored energy balance among ESSs and RESs to enhance the

stability and reliability of the microgrid system [13].

This coordinated problem has been addressed by centralized control and decentral-

ized control concerning the communication links [14]. In centralized control, as a cru-
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cial element, the communication channels can enhance the stability of microgrid [15].

A communication based adaptive droop control for ESSs in a microgrid is proposed to

deliver more power regarding its higher state [16]. A coordinated control strategy for

state of charge (SoC) balancing in a microgrid has been proposed by combing commu-

nication technology with hierarchical control in [17]. However, these control methods

will not stabilize the system if communication network occurs failure. Coordinated

and integrated control is proposed for PV and battery storage systems regarding V-f

(or P-Q) droop control, maximum power point tracking (MPPT) control, and energy

storage charging and discharging controls [18]. However, it needs a central control

system. In [19], centralized coordinated control is employed for equalizing the SoC,

even for distributed ESSs with different capacities. However, the drawback is that the

overall system will lose coordination when a single point failure occurs in one of the

communication links. Multi-master-slave-based control has been proposed to provide

rapid load sharing considering distant groups while using the Conservative Power The-

ory [20]. Sun et al. proposed a power sharing unit based on the adaptive backstepping

sliding mode control to achieve the coordinated power sharing in a hybrid microgrid

structure [21]. However, there is a tradeoff between synchronization and power-sharing

accuracy for the method. Moreover, Arcos-Aviles et al. proposed a fuzzy logic-based

control strategy to deal with the problem of minimization of fluctuations and power

peaks while exchanging energy with the main grid [22]. However, it does not consider

the voltage and frequency regulation problem.

It is rapidly changing control and operation of microgrids from a centralized fash-

ion to a decentralized one [23]. In the decentralized control of microgrids, DG units

are required to share the total load demand in microgrids based on their power capac-

ities, preferably without communication links [24]. Decentralized coordinated control

for balancing discharge rate of ESSs in an islanded microgrid is an effective method to

prevent overcurrent and unintentional outage of RES units, and to provide fast response

and large stability margin [25]. Another decentralized control method is proposed by

detection of load change time in the microgrid [26]. In [27], autonomous real power

control strategy is proposed to realize decentralized power management, which relies

on local controllers without external communication links. Independent control is im-
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plemented in each unit using multi-loop controllers to autonomously supply power only

during peak load periods and keep power balance [28]. However, the control conditions

are based on the PV system, while the multiple RESs are still not considered. In [29],

coordinated control strategy is investigated to control the power of islanded units flexi-

bly by applying smooth switching droop control. However, it needs a complex compu-

tation and additional microgrid management for ensuring reliable operation. Recently,

some distributed control methods are also proposed to enhance the performance of

the microgrids. A distributed generation control method is proposed for accurate real

power sharing and self-frequency recovery [30]. Xu and Sun propose an adaptive virtual

impedance control to obtain an improved real/reactive power sharing [31]. Moreover,

distributed cooperative control using feedback linearization [32], distributed-averaging

proportional–integral controller [33], dynamic consensus algorithm [34], droop-free

distributed method [35], fuzzy Q-learning for multi-agent method [36], and consensus-

based distributed coordination approach [37] are proposed to achieve bounded voltage

and accurate reactive power sharing in microgrids.

The aforementioned methods use a phase-locked loop (PLL) for synchronization

when RESs are integrated into the existing microgrids. Moreover, stability analysis of

the microgrids will become complex when the heterogeneous RESs are integrated. To

deal with these problems, in this paper, a novel coordinated control strategy applied to

RES/ESS units is proposed in islanded microgrids without using PLL. The ESS is oper-

ating to support the voltage and frequency in the microgrid, and the RESs are operating

to inject their maximum power to the microgrid. For the ESS, it uses a conventional

proportional-resonant (PR) controller [38], and for the RES, we use a voltage mod-

ulated direct power control (VM-DPC), which has not only a good tracking but also

steady-state performances [39]. One of the objective of the paper is that to remove the

synchronization process to improve the plug-and-play capability of RESs. The VM-

DPC enhances the plug-and-play capability of RESs since they are integrated into the

existing microgrids without using the PLL. It means that there is no synchronization

process, and we can expect the improved performance of the plug-and-play capability

of RESs.

Another objective is that the stability of the microgrids is to be guaranteed when
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the heterogeneous RESs are integrated into the microgrid. To ensure the stability of

the microgrid, we use the passivity property, which has an advantage that if a group

of passive sub-systems is connected through paralleling or feedback, the whole system

is also stable and passive [40]. That is if each RES plugs-in to the whole microgrid

and satisfies passivity, the asymptotical stability of the microgrid can be guaranteed by

using the passivation [41]. Hence, we use the port-controlled Hamiltonian (PCH) for

RESs to get the passivity properties when the VM-DPC is used. To validate the pro-

posed coordinated control law, we use a microgrid consisting of one ESS, one WT, one

PV and controllable loads. Simulation and experiment results show that the islanded

microgrid is operating well and the plug-and-play capability of the WT and PV is en-

hanced. Compare to the conventional vector current control method with a PLL system,

the proposed control strategy shows an improved performance when the RESs are con-

nected to the microgrid in the simulation results. Moreover, the voltage and frequency

of the microgrid could be recovered to its nominal value by the ESS with the proposed

control strategy as well. In the future, we will design a secondary controller for this

coordinated control architecture with consideration of SoC for the ESS.

The rest of the paper is organized as follows. In Section 2, the conventional PR con-

troller and the VM-DPC are briefly introduced. Section 3 presents the stability analy-

sis for microgrids including RESs. Section 4 shows the case studies through MAT-

LAB/Simulink, Simscape Power Systems, and we also validate the proposed method

by using a 10 kW microgrid system in Section 5. Finally, the conclusions are given in

Section 6.

2. Review of PR and VM-DPC

In this Section, we briefly introduce PR and VM-DPC controllers. The PR con-

troller is used for the ESS to fix the voltage and frequency in the microgrid, and the

VM-DPC is used for RESs, which will inject its maximum power to the microgrid.

2.1. PR controller

For controlling an AC signal, the PR controller is an effective method to track the

reference without steady-state error comparing with PI control. The transfer function
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Islanded Mode

AC

DC

AC Microgrid Commercial Buildingsngs

Figure 1: Architecture of an islanded AC microgrid

of the ideal PR controller can be expressed as follows:

G(s) = KP +
KRs

s2 +ω2
0
, (1)

where ω0 is the angular frequency. KP and KR are the controller gains. The controller

has an infinite gain at the frequency ω0, and there is no phase shift and gain at other fre-

quency. KP is able to determine the dynamics of the system regarding bandwidth, phase

and gain margin [38]. Besides fundamental frequency compensation, the harmonic

compensation can be obtained by cascading several generalized integrators tuned to

resonate at the desired frequency. For example, the transfer control of harmonic com-

pensator designed to compensate the 3rd, 5th and 7th harmonics is given as follows:

Gh(s) = ∑
h=3,5,7

Kihs

s2 +(ω0×h)2 , (2)

where Kih is the controller gain. Thus, the harmonic compensator works on both pos-

itive and negative sequences of the selected harmonic, which only reacts to the fre-

quency very close to the resonant frequency. The enhanced tracking performances are

employed widely for grid-connected inverter control. For the simplification, we use the

PR controller for the ESS to support the voltage for the microgrid as shown in Fig. 2.

The references of the voltage and frequency of the microgrid are given to the PR con-

troller of the ESS.
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2.2. VM-DPC of RES

Fig. 2 shows that two RESs are connected to the microgrid through an inverter with

an L-filter. Considering a balanced grid voltage condition, the dynamics of line current

in α-β reference frame are represented as follows [42]:

vα = Rioα +L
dioα

dt
+ voα ,

vβ = Rioβ +L
dioβ

dt
+ voβ ,

(3)

where ioα , ioβ , vα , vβ , voα , and voβ represent the line currents, converter voltages,

and grid voltages in α − β frame, respectively. L and R are the filter inductance and

resistance, respectively. We define the instantaneous real and reactive powers as fol-

lows [43]:

P =
3
2
(voα ioα + voβ ioβ ),

Q =
3
2
(voβ ioα − voα ioβ ),

(4)

where P and Q are the instantaneous output real and reactive powers, respectively.

With consideration of a nondistorted grid, the dynamics of the instantaneous real and

reactive powers could be obtained based on the grid voltage variations as follows:

dP
dt

=−R
L

P−ωQ+
3

2L
(voα vα + voβ vβ −V 2

g ),

dQ
dt

= ωP− R
L

Q+
3

2L
(voβ vα − voα vβ ),

(5)

where ω is the angular velocity of the voltage and Vg =
√

v2
oα + v2

oβ
. Define two

states and two control inputs as x =
[
x1,x2

]T
=
[
P,Q

]T
∈ Xo ⊂ R2, u =

[
u1,u2

]T
=[

vα ,vβ

]T
∈ Uo ⊂ R2, where Xo and Uo are the compact sets in the operating range.

Then, a continuous dynamic model of an RES in state-space is represented as follows:

ẋ =

−R
L x1−ωx2 +

3
2L (voα u1 + voβ u2−V 2

g )

ωx1− R
L x2 +

3
2L (voβ u1− voα u2)

 ,
y =

[
x1 x2

]T
.

(6)

We define a VM control inputs [44]:

uvm =

uvm1

uvm2

=

 voα u1 + voβ u2

−voβ u1 + voα u2

 . (7)
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Consequently, the original system (6) can be rewritten as follows:

ẋ =

−R
L x1−ωx2 +

3
2L (uvm1−V 2

g )

ωx1− R
L x2− 3

2L uvm2

 . (8)

For tracking performance, we define an error vector such as

e := x∗− x =

e1

e2

=

x∗1− x1

x∗2− x2

 , (9)

where x∗ =
[
x∗1 x∗2

]T
denotes the reference.

Theorem 1. [45] Consider the system (8), if we take a control law such as

uvm =

uvm1

uvm2

=

V 2
g + 2R

3 x1 +
2Lω

3 x2 +ν1

2Lω

3 x1− 2R
3 x2−ν2

 , (10)

and ν1 and ν2 can be designed as follows:

ν1 = KP,pe1 +KP,i

∫ t

0
e1(τ)dτ,

ν2 = KQ,pe2,+KQ,i

∫ t

0
e2(τ)dτ,

(11)

where KP,p, KQ,p, KP,i, and KQ,i are the positive gains, then the errors globally expo-

nentially converge to zeros. ♦

Proof: We differentiate each output until at least one of the control inputs appears.ẏ1

ẏ2

=

−R
L x1−ωx2 +

3
2L (uvm1−V 2

g )

ωx1− R
L x2− 3

2L uvm2

 . (12)

If, the control inputs uvm1 and uvm2 are taken as (10), then the output is

ẏ1 = νP, ẏ2 = νQ. (13)

To simplify the analysis, we assume that ẋ∗1 = 0 and ẋ∗2 = 0. Consequently, taking the

new control law as (11) gives us two simple decoupled error dynamics for real and

reactive powers.

ė1 =−KP,pe1−KP,i

∫ t

0
e1(τ)dτ,

ė2 =−KQ,pe2−KQ,i

∫ t

0
e2(τ)dτ.

(14)

It is obvious that the closed-loop system is globally exponentially stable. �
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3. Stability Analysis

In this Section, we discuss the stability of the microgrid. The various methods of the

stability analysis for the microgrids have been researched [46]. In [47], a small-signal

model of a microgrid is studied. The stability of the DC microgrid is guaranteed by

using the passivation in [41]. In this paper, we guarantee the stability of the whole AC

microgrid via the passivity property, which has an advantage that the whole system is

stable and passive if a group of passive sub-systems is connected through paralleling or

feedback. At first, we briefly introduce a port-controlled Hamiltonian (PCH) system,

which satisfies passivity property [48]. Then, we use the PCH for RESs to get the

passivity property when the VM-DPC is applied to the RES.

3.1. Port-Controlled Hamiltonian (PCH) System

Let x∈Rn denotes the state vector and u∈Rm denotes the input. Consider a system

described in the state space as

ẋ = f (x,u), (15)

where x ∈ X ⊂Rn is the state vector, and u ∈U ⊂Rm is the input. The function f (·, ·) :

X ×U → Rn is sufficiently smooth in the open connected set X . Suppose that (15)

satisfies a PCH system as follows:

ẋ = (J−R)
∂H(x)

∂x
+G(u), (16)

where H is the Hamiltonian function given by

H(x) =
1
2

xT Sx, S = ST � 0,

JT =−J, R=RT � 0.
(17)

Here,� indicates positive definite, the matrices S and R are constant n×n matrices. R

indicates the dissipative forces in the system, J represents the conservative forces, and

G(u) represents the energy acquisition term [49, 50].

Assumption 1. Suppose that there exist signals ud(t) and xd(t) that satisfy the PCH

form (16):

ẋd = (J−R)
∂H(xd)

∂xd +G(ud). (18)
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♦

In this paper, we consider that the system dynamics are sufficiently smooth in the open

connected set X ., thus Assumption 1 is acceptable in this study.

Theorem 2. Suppose a system has the PCH form in (16) and has a reference trajectory

xd(t) that satisfies (18). If u = ud is applied to the system in (16), then the closed-loop

system is exponentially stable. Namely, limt→∞ x(t) = xd(t). ♦

Proof: Let x(t) ∈ X ⊂Rn be the trajectory of (16) corresponding to u = ud ∈U ⊂

R such that

ẋ =
(
J(ud)−R

)
∂H(x)

∂x
+G(ud).

Although x(t) and xd(t) satisfy the same dynamics equations, but they are not the same

signals because their initial conditions could be different. By defining the error as e :=

xd− x, we obtain the following tracking error dynamics:

ė = ẋd− ẋ =
(
J(ud)−R

)
∂H(e)

∂e .

Let us use H(e) as a Lyapunov function candidate, where H is defined in (17). The

total time derivative of H(e) is given by

Ḣ(e) = 1
2

(
ėT
(

∂H(e)
∂e

)
+
(

∂H(e)
∂e

)T
ė
)

=−eT STRSe.

Since S = ST � 0 and R� 0, the equilibrium point at the origin of the error dynamics

is globally exponentially stable. Hence, limt→∞ ‖ xd(t)− x(t) ‖= 0. �

Remark 1. x and xd have the same dynamics but may have different initial conditions.

ud could be obtained if we use the flatness property. However, to use the advantages

of the VM-DPC, the following analysis is addressed.

3.2. VM-DPC with PCH

In this study, the dynamics in (8) also satisfy the PCH form in (16). For the system

(8), if we take a Hamiltonian function such that

H(x) =
1
2

xT Sx (19)
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where S = I2, then the system in (8) is changed into the PCH form in (16) as follows:

ẋ = (J−R)
∂H(x)

∂x
+G(u), (20)

where

J=

 0 ω

−ω 0

 ,R=

R
L 0

0 R
L

 ,G(u) =

 3
2L (uvm1−V 2

g )

3
2L uvm2

 .
Assumption 2. We define VM-DPC in (10) as u∗, suppose that using u∗, x converges

to x∗ that has a relationship with xd of (18) as follows:

xd− x∗ =

exp−λ1t(xd
1− x1)

exp−λ2t(xd
2− x2)

 . (21)

where λ1,2 are the decay ratio of each state. ♦

Assumption 2 is acceptable in this study, since from Theorem 1, we conclude that the

closed loop system is globally exponentially stable. Regarding Assumptions 1 and 2,

we can get the relationship between the desired controller in (18), ud , and VM-DPC in

(10), u∗ = uvm, as follows:

δu1 = ud
1−u∗1 =

3exp−λ1t

2L

(
−λ1ė1 +

R
L

e1 +ωe2

)
,

δu2 = ud
2−u∗2 =

3exp−λ2t

2L

(
λ2ė2−

R
L

e2 +ωe1

)
,

(22)

where λ1 and λ2 are the decay ratio of e1 and e2, respectively. .

Assumption 3. Suppose that ∀x ∈ Xo, where Xo is operating range, there exist ∆1 and

∆2 that satisfy:

sup
∀x∈Xo

ė1 = ∆1, sup
∀x∈Xo

ė2 = ∆2. (23)

♦

Due to the rated power of converters and RESs, the powers generated from the RESs

to the microgrid are bounded. Moreover, the states are stabilized and regulated in the

operating range via the VM-DPC. Consequently, e and ė are also be bounded with the

given reference. Consequently, Assumption 3 is acceptable in this study.
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Theorem 3. Given dynamic system (8), suppose that the Assumptions 1 to 3 hold. If

the control input is designed with VM-DPC (10) and a new feedback such as

ûvm = u∗+u f b, (24)

where u f b =
[
−κ1|e1|,κ2|e2|

]T
with κ1 ≥ λ1∆1 and κ2 ≥ λ2∆2, then the tracking error

of (8) based on the PCH form is exponentially stabilized. ♦

Proof: Let us consider a Lyapunov function candidate such as

V (e) =
1
2

eT Se > 0. (25)

The derivative of (25) with respect to time results in

V̇ (e) =
1
2

(
ėT
(

∂H(e)
∂e

)
+

(
∂H(e)

∂e

)T

ė

)
=−eTRe+δu1e1 +δu2e2−κ1|e1|−κ2|e2|.

(26)

Using (22), (26) can be rewritten as follows:

V̇ (e)≤−λ1 exp−λ1t ė1e1−λ2 exp−λ2t ė2e2−κ1|e1|−κ2|e2|

≤ −ε1|e1|− ε2|e2|< 0,
(27)

where ε1 ≥ κ1−λ1∆1 and ε2 ≥ κ2−λ2∆2. Thus the tracking error of (8) in the PCH

form is exponentially stabilized. �

Finally, based on (7) and (24), the original control inputs are calculated.

vα =
voα uvm1− voβ uvm2

V 2
g

,

vβ =
voβ uvm1 + voα uvm2

V 2
g

.

(28)

Remark 2. To guarantee the passivity property of the ESS, we modified the PR con-

troller with active damping, which was designed in [51].

Fig. 3 shows the block diagram of the proposed method. In normal operation, RES

will generate its maximum power. Hence, we assume that RESs are operated in MPPT
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Table 1: System parameters used in simulation

Parameter Symbol Value Unit

Nominal bus voltage V ∗rms 230 V

Nominal bus frequency f ∗ 50 Hz

Filter inductance of ESS Lin 1.8 mH

Filter capacitor of ESS C 9×3 µF

Output inductance of ESS Lo 1.8 mH

Filter inductance of PV & WT Lpv&Lwt 3.6 mH

mode in this study. Based on Theorem 3, the integrated RESs have the passivity prop-

erty. Consequently, the stability of the whole microgrid can be guaranteed by using the

passivity principle [40], i.e. the whole system including the ESS and RESs is asymp-

totically stable.

4. Simulation Results

To validate the proposed coordinated control method, we use MATLAB/Simulink,

Simscape Power Systems. The microgrid selected as a case study is modified from

the one discussed in [52], where a lab-scale prototype is used based a real microgrid

platform implemented in Shanghai [53]. The parameters of the tested system are listed

in Table 1. The ESS supports the bus voltage and frequency for the microgrid and the

WT and PV inject their MPPT powers to the microgrid, as shown in Fig. 4. The VSCs

of the ESS and the RESs are used through the switched model in Simscape Power

Systems library, and the proposed control strategy is implemented by using Simulink

library.

Fig. 5 describes the power tracking performance when the WT, PV, loads 1&2 are

connected to the microgrid. At first, the ESS generates and maintains the bus voltage

and frequency of the microgrid. At 0.2 s, the switch S1 is on, and the load 1 is con-

nected to the microgrid. At this time, only ESS injects the real power to the microgrid

to balance the generation and consumption. Suddenly, the switch S2 turns on at 0.51

s, and the WT is connected to the microgrid and generates 6 kW. For this connection,
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Figure 4: Electrical scheme used in the simulation.

the WT does not require a synchronization process. Fig. 7(c) and (d) show the currents

of the ESS and WT at 0.51 s, and the WT is connected and injects the currents to the

microgrid simultaneously. The WT supports all the power consumed at the load and

the surplus power is flowing into the ESS for its charging, as shown in Fig. 5 (a). The

voltages and currents of the load 1 have a small overshoot and converge to their oper-

ating points in one cycle, as shown in Fig. 8(c) and (d). To compare the performance,

we use a conventional method, which uses a vector current control designed in the d–q

frame with a PLL system. Fig. 7(b) shows that the currents of WT with the conven-

tional method have a larger overshoot than those with the proposed method when the

WT is connected and injects the currents to the microgrid simultaneously, since there

is a synchronization process with the conventional method. The PLL system estimates

the phase angle of the grid voltage slowly due to the slow dynamics of the PLL system.

We can increase the bandwidth of the PLL system to improve the dynamic perfor-

mance. However, increasing the bandwidth of the PLL system will cause a unstable

phenomenon in a weak grid as discussed in [54]. Hence, we could not increase the

bandwidth too much. Such overshoot affects the currents and voltages of the load as

well, as shown in Fig. 8(a) and (b). Moreover, the protection system of the inverter may
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Figure 5: The performance of real power of the proposed coordinated control for the islanded AC microgrid:

(a) ESS, (b) WT, (c) load, (d) PV.

be activated due to the larger overshoot of the currents when doing some experimental

test.

After 0.2 s, the PV is suddenly connected to the microgrid and generates 4 kW.

For this connection, the power ripples in the microgrid are slightly increased, and the

real power of the load 1 has a slight overshoot, since the voltages and currents of the

load are affected by the connection of the PV as shown in Fig. 6. At this time, the PV

also does not require the synchronization process. The ESS absorbs the extra powers to

maintain the voltage and frequency in the microgrid. Moreover, at 1 s, another load (5

kW) is connected to the microgrid, and the total power of the RESs is equal to the total

power of the loads. Consequently, the ESS only supports the voltage and frequency in

the microgrid with 0 power regulation, as shown in Fig. 5 (a). Fig. 9 shows that the

voltages and currents converge to their operating points fast, but the connection of the

load 2 affects the WT and PV which have a slight undershoot, as shown in Figs. 5 (b)
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Figure 6: Injected currents and voltages of the whole loads. (a) Currents, (b) voltages.
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(c)

(d)

(a)

(b)

Proposed methodConventional method

Figure 7: Conventional method: currents of (a) ESS, (b) WT; Proposed method: currents of (c) ESS, (d) WT

when the WT is connected at 0.51s.

and (d). Finally, the power of WT is decreased because of the wind at 1.2s, as shown

in Fig. 10. Thus, the ESS injects more power into the grid to maintain the voltage and

frequency.

Fig. 11 shows the frequency of the microgrid when the WT, PV and the load 2 are

connected and the power of WT is reduced. The frequency of the microgrid is recovered

to its nominal value by the ESS. Moreover, the THD of voltages and currents of the load

are less than 5% as commonly required for grid operation [55]. Consequently, we can

conclude that the proposed coordinated control for the islanded microgrid has a good

effect and the RES could plug into the microgrid anytime.

5. Experimental Results

We also validate the proposed method with the experimental setup, as shown in

Fig. 12. The experimental system parameters are the same as in Table 1, but the volt-

age of ESS is set to 110 V. Note that one of the inverter emulates an ESS system,
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(a)

(b)

Proposed methodConventional method

Figure 8: Performance of the load 1 when the WT is connected at 0.51s. Conventional method: (a) currents,

(b) voltages; Proposed method: (c) currents, (d) voltages.

(a)

(b)

Figure 9: Performance of the whole loads when the load 2 is connected to the microgrid. (a) Currents, (b)

voltages.
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Figure 10: Currents of the WT when the power of WT is reduced at 1.2 s.

Load 2 is 

connected

Power of WT 

is reduced 

WT is 

connected 
PV is 

connected 

(a)

(b)

Figure 11: Frequency of the microgrid (a) when the WT and PV are connected; (b) when the load 2 is

connected and the WT is reduced.
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Figure 12: Experimental setup in the laboratory.

and the other two inverters emulate WT and PV, respectively. All the controllers are

implemented in the dSPACE 1006 system.

Fig. 13 shows the real power of the ESS and RESs. At first, the ESS supports

voltage and frequency to a three-phase load. At 1.85 s, the WT is connected and injects

0.7 kW power to the microgrid, as shown in Fig. 13. The ESS reduces its power to

keep the voltage of the load, as shown in Fig. 13 (a). At 2.85 s, the PV is connected and

injects 0.4 kW power to the microgrid, as shown in Fig. 13 (d), while the ESS absorbs

the power to keep the voltage of the loads, as shown in Fig. 13 (a) and Fig. 14 (c).

6. Conclusions

A novel coordinated control applied to renewable energy source and energy storage

system units was proposed to deal with the synchronization problem without phase-

locked loop system and stability issues in islanded microgrids . The energy storage

system using the conventional proportional resonant controller supports the voltage

and frequency of the microgrid, and the renewable energy sources are injecting their

maximum power to the microgrid in the normal operation by using the voltage modu-

lated direct power control, which enhances their plug-and-play capabilities since they

are integrated into the existing microgrids without using the phase-locked loop system.
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Figure 13: The experimental results of real power of the proposed coordinated control for the islanded

microgrid: (a) ESS, (b) WT, and (c) PV.
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(b)

(d)

(a)

(c)

Figure 14: (a) Voltage of ESS and (b) current of WT when the WT is connected; (c) voltage of ESS and (d)

current of PV when the PV is connected.
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Moreover, we used the passivity property to guarantee the stability of the microgrid.

Simulation and experimental results show that the islanded microgrid is operating well

and the plug-and-play capabilities of the renewable energy sources are enhanced when

comparing with the conventional method.
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