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Abstract—This paper proposes a distributed control scheme to
regulate the power flows among multiple microgrids operating
in islanded mode. Each microgrid controller gathers information
from neighboring microgrids and reduces dynamic interactions.
Modal analysis and time-domain simulations are used to identify
critical issues that degrade the stability of microgrids under
different operating conditions. A case study comprising three
interconnected microgrids is considered. Each microgrid includes
distributed generation and is described through a detailed dynamic model. Time-domain analyses are carried out considering
different scenarios and large disturbances. Simulation results
indicate that, while conventional controllers can lead to poorly
damped power oscillations among the interconnected microgrids,
the proposed control scheme guarantees stability in the postdisturbance operating conditions.
Keywords—Microgrid, oscillation damping, distributed control,
decentralized control, robust control.

I. I NTRODUCTION
ICROGRIDS are currently controlled independently,
according to local requirements and aims, often based
on local control strategies and without coordination with other
microgrids [1], [2]. However, it is anticipated that future
sub-transmission and distribution systems will be composed
of several interconnected microgrids and form a complex
electric network. Interconnecting together multiple microgrids
can lead to undesirable dynamic behaviors, which have not
been adequately examined so far. In particular, this paper discusses power oscillations arising from multiple interconnected
microgrids and proposes a control scheme based on a robust
distributed control approach.

M

A. Literature Review
1) Benefits of microgrid interconnection: A single microgrid
system can only generate and distribute power within a localized area. In addition, the intermittent power generated by solar
photovoltaic (PV) units and wind turbines often cause variations in the output power, voltage and frequency. Furthermore,
in the event of unavailability/failure of one or more distributed
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generation (DG) units in the single microgrid system during
the islanded mode of operation, the single microgrid system
itself will not be secured enough to meet its own load demand
due to restricted energy generation capability. In such cases,
the single microgrid system usually employs load shedding
technique to ensure supply-demand balance which is usually
inconvenient and economically undesirable as it poses the
risk of causing disruption to customers’ business operations.
In order to overcome the above mentioned challenge in a
single microgrid system, the interconnection of microgrids
is proposed in this paper as multiple microgrid systems in
adjacent locations can be interconnected to exchange power
with each other in order to ensure the improved security of
supply.
The feasibility and benefits of interconnecting microgrids
have been discussed in the literature. An electricity cluster
oriented network is proposed in [3] where an inverter is used
to connect the clusters. In [3], the authors propose a gridindependent power network that comprises of one or several
clusters in which DG units and energy storage systems (ESSs)
are the main power supply sources. In [4], it is shown that
several smart grid functions, for example, improved reliability,
high penetrations of renewable energy and improved generation efficiency can be achieved using coupled microgrids. An
agent-based intelligent power management system is proposed
in [5] to facilitate power trading among microgrids. The
references above discuss the benefits of coupled microgrids.
The focus of this paper is investigating dynamic interactions
of multiple microgrids and their impacts on the dynamic
performance of distribution systems. Another aim of this paper
is to design a robust controller to minimize the unwanted
negative interactions of multiple microgrids.
2) Control of islanded microgrids: The control of islanded
microgrids with non/less inertial DG units is a great challenge
for future power industries. Without a reliable and robust control strategy, serious issues (e.g., voltage profile degradation,
frequency instability and loss of synchronization) can occur in
the system. Clustered and agent-based controls are proposed
in [6]–[8] for controlling multiple microgrids. A cooperative
control approach for voltage control based on reactive power
sharing among groups of DG units is proposed in [9]. A
technique to model and stabilize a large microgrid for smallsignal analysis is discussed in [10], whereas a three-level
hierarchical control is proposed in [11]. In [12], the authors
suggest an optimal reactive power control strategy which is
based on a centralized architecture that requires expensive and
reliable communication systems. Recently, decentralized volt-
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age control schemes to minimize distribution power losses of
microgrids have been proposed in [13]–[15]. These references
use proportional-integral (PI) controllers to design voltage and
power controllers that work well for a particular operating
condition. The authors in [16], [17] propose decentralized
droop controllers for islanded microgirds. The controllers
discussed above cannot ensure the stable operation during
large disturbances, e.g., islanding from grid-connected mode,
as these are not designed considering the information from
neighboring microgrids.
3) Distributed control of microgrids: Distributed control
is becoming more and more popular to control clustered
microgrids with DG units and ESSs as it is significantly
difficult to manage and control a large number of DG units
using either centralized or decentralized control. Distributed
control uses local communication networks and includes the
positive features of both centralized or decentralized controls
while reducing the effects of their drawbacks [18]. A selforganizing distributed power flow control for simplified models
of PV units connected to distribution systems is proposed
in [19]. In [20], the authors propose a distributed control for
power sharing and voltage control in DC microgrids. A model
predictive distributed control is proposed in [21] to maintain
the voltage profile of a multi-area power system within the
acceptable bounds. The nonlinearities and dynamics of the
system are neglected in [20], [21]. A distributed hierarchical
control architecture for automatic generation control is proposed in [22] for large-scale power systems by considering the
dynamics of synchronous generators but this is not the case of
interconnected microgrids in islanded operational mode.
4) Interconnection of microgrids: The management of
power flows is a challenge in interconnected microgrids. A
custom interconnection architecture for multiple microgrids
is proposed in [23], whereas, in [24], the authors present
a multi-agent based decentralized control scheme for power
management in microgrids. A load management scheme in
interconnected microgrides to reduce the operational cost is
proposed in [25]. However, in the above mentioned literature,
nonlinear dynamical models are not considered to design
the controllers of DG units. A distributed control scheme is
presented in [26] to regulate power flows among multiple microgrids. In [27], the authors present a model predictive control
scheme for optimal power exchanges in a smart network of
microgrids. System uncertainties, which are essential for the
design of robust controllers, are neglected in [26], [27].

desired power regulation by coordinating DG units and STATCOM/ESSs of each microgrid. The design process considers
the uncertainties and system nonlinearities which enhances the
robustness of the closed-loop system. It monitors the power
mismatch in neighbouring microgrids and regulates power flow
among different microgrids. The proposed control scheme is
robust, insensitive to parametric uncertainties and can cope
with system nonlinearities.
C. Paper organization
The remainder of the paper is organized as follows. Section II provides the mathematical modeling of an inverterbased microgrid. The general formulation of the system model
and incorporation of uncertainties within the model are also
presented in Section II. The proposed control strategy and
design algorithm are discussed in Section III. In Section IV,
a case study composed of three interconnected microgrids is
used for illustrating negative interactions and discussing the
performance of the distributed controller. Finally, concluding
remarks are presented in Section V.
II.

M ICROGRID M ODEL

An accurate nonlinear dynamical model of a microgrid is
crucial for stability analysis and controller design. The remainder of this section is organized as follows. Nonlinear models of
each element of the microgrid, namely, distributed generators,
loads, lines, STATCOM and ESS devices, are described in
details. Distributed generators, loads and lines are modeled in
a single block, hereinafter called a subsystem. Then, a general
compact notation is proposed where linear terms are separated
from nonlinear ones. Parameter uncertainties are also modeled
to ensure the robustness of the design of the proposed control
scheme.
A. Subsystem model
Each microgrid subsystem is assumed composed of a DG
with a series RL branch, a load and a line, as depicted in
Fig. 1.
V̄Li
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Rti
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Lti
I¯ti

B. Contribution
This paper investigates the dynamic interactions among
interconnected microgrids. To allow the islanded operation
mode, each microgrid includes DG units (a PV and full
converter-based wind generator (WG) system) and a STATCOM/ESS. The paper shows that the interaction of standard
microgrid controllers can lead to poorly damped oscillations.
These oscillations can be effectively damped through a proper
regulation of ESS active powers as well as STATCOM reactive
powers. The main contribution of this paper is the development of a robust distributed control scheme to achieve the
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B. DG units
Fig. 2.

PV system connected to the grid.

The DG voltage source is controlled through a voltage
source converter (VSC) device, hence V̄i = ki mi Vci ∠αi ,
where Vci is the DC voltage source equivalent to the DG unit,
αi is the VSC firing angle, ki is the converter ratio and mi is
the VSC modulation index. The series RL branch includes
Rfi , which is the equivalent resistance accounting for the
switching and transformer losses; and Lfi , which is the leakage
reactance of the transformer. Loads are represented as parallel
RLC branches (R1i , RLi , Ci , Li ) and lines are represented
as series RL branches where Rti and Lti are distribution line
resistance and inductance, respectively. According to Fig. 1
and the description above, the full model of the i-th subsystem
in dq frame is given by [28]:
Lfi I˙di = Vdi − Rfi Iqi + ωi Iqi Lfi − VLdi
Lfi I˙qi = Vqi − Rfi Idi − ωi Idi Lfi − VLqi
Lti I˙tdi = VLdi − Rti Itqi + ωi Itqi Lti − Vsd

(1)

Lti I˙tqi = VLqi − Rti Itdi − ωi Itdi Lti − Vsq
Li I˙Ldi = VLdi − RLi ILqi + ωi ILqi Li
Li I˙Lqi = VLqi − RLi ILdi − ωi ILdi Li
Ci V̇Ldi = Idi − Itdi + ωi VLqi Ci − ILdi − (1/R1i )VLqi
Ci V̇Lqi = Iqi − Itqi − ωi VLdi Ci − ILqi − (1/R1i )VLdi
where ILdi and ILqi are the dq components of the current
through the load; Idi and Iqi are the dq components of the
DG unit’s current; Itdi and Itqi are the dq components of the
current throughq
the line; ωi = 2πfi is the subsystem angular
2 + V 2 is the load voltage. Observe that
speed and VLi = VLdi
Lqi
the nonlinearity of (1) is basically due to the dependence
on the subsystem frequency fi that, in islanded mode, is
determined by the active power droop control. Observe also
that subsystems are connected at a point of connection, whose
voltage is V̄s in Fig. 1. Finally, the active and reactive powers
injected by the DG units at the i-th bus are:
3
Pi = (VLqi Iqi + VLdi Idi )
2
3
Qi = (VLqi Idi − VLdi Iqi )
2

In this paper, photovoltaic (PV) units and permanent magnet
synchronous generators (PMSG)-based wind generator are
considered as DG units and their output voltages are V̄i as
shown in Fig. 1. The PV system consists of PV panels, a threephase VSC and an output LCL filter. The nonlinear model of
a three phase grid-connected PV system can be obtained from
Fig. 2 in dq frame using the angular frequency ω of the grid
and is given as [29]:
L1i I˙1di = −Ri I1di − ωi L1i I1qi + Ri I2di − Vcfdi + vpv Kdi
(3)
˙
L1i I1qi = −Ri I1qi + ωi L1i I1di + I2qi − Vcfqi + Vpv Kqi
L2i I˙2di = Ri I1di − Ri I2di − ωi L2i I2qi + Vcfdi − Vdi
L2i i̇2qi = Ri I1qi − Ri I2qi + ωi L2i I2di + Vcfqi − Vqi
Cfi V̇cfdi = −ωi Cfi Vcfqi + Cfi (I1di − I2di )
Cfi V̇cfqi = ωi Cfi Vcfdi + Cfi (I1qi − I2qi )
Cpi V̇pvi = Ipvi − I1di Kdi − I1qi Kqi
where Ri is the resistance, L1i and L2i are the inductances
of the filter, Cpi is the DC capacitance, Cfi is the filter
capacitance, Vpvi is the voltage across the DC-link capacitor,
Vcf is the voltage across the filter capacitor, I1i and I2i are
the output currents of the inverter and filter, respectively, ωi
is the angular frequency, Ipvi is the output current of PV
array, Kdi and Kqi are the binary input switching signals,
respectively. The subscripts di and qi stand for direct and
quadrature component, and fi for filter.
The PMSG is used in the variable-speed wind generation
systems. Figure 3 shows the schematic diagram of a wind turbine with PMSG connected to the point of common coupling
(PCC) through a transformer. The nonlinear model of the wind
turbine, made up of the various blocks shown in Fig. 3, is
based on a static model of the aerodynamics, a nonlinear model
of the generator, the network-side-converter (NSC) with DClink capacitor, grid-side filter and the generator-side-converter
(GSC). The aerodynamic torque applied to the rotor of the
turbine by the effective wind speed passing through the rotor
is given as [29]:
Taei =

(2)

ρi
3
Awti cpi (λi , θi )Vwi
2ωmi

(4)

where the symbols follow the notation as discussed in [29].
When the direction of d-axis is aligned with rotors magnetic
flux linkage, the transient model of a PMSG is described in
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of batteries) and a bi-directional DC-DC buck-boost converter
to control the charging and discharging of the storage device.
The aim of ESS modules is to store and/or deliver energy to
the grid via the DC-link whenever required. The VSC model
is given as in [31]:
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where Edi = k1i m1i Vdci cos α1i , Eqi = k1i m1i Vdci sin α1i and
Idc1i and Idc1i are given by

fi

Converter
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Storage

STATCOM/ESS control scheme.

this paper by the following equations [30]:
Vdsi = Rwi Idwsi − ωsi ψqsi + ψ̇dsi

(5)

Vqsi = Rwi Iqwsi + ωsi ψqsi + ψ̇qsi
where Vi is the voltage, Ii is the current, Rwi is the resistance
and ψi is the flux. The subscripts di and qi stands for directand quadrature-axis components, and wi for wind turbine.
The dynamics of the the GSC can be written as [30]:
Ldwsi I˙dwsi = −Rwsi Idwsi − ωsi Igwsi Lqwi − Vdsi
Lqwi I˙qwsi = −Rwsi Iqwsi + ωsi Idwsi Ldwi − Vqsi

(6)

The dynamics of the the NSC is given as [30]:
Lfi I˙dwni = −Rwfi Idwni − ωsi Igwni Lwi − Vdsi + Vdi
Lwi I˙qwni = −Rwfi Iqwni + ωsi Idwni Lfi − Vqsi + Vqi

(7)

The DC-link dynamics are represented as:
Cwdci Vwdci V̇wdci = −

Vdci − Ebi
m2i k2i (cos α2i + sin α2i )
Rbi
= m1i k1i Idsi cos α1i + m1i k1i Iqsi sin α1i

Idc1i =
Idc2i

Fig. 4.

2
Vdci
− Pti − Pni ,
Rlossi

(9)

(8)

where resistor Rlossi represents the total conducting and switching losses of the GSC and Cdci is the capacitance. Also, Pni
is the wind generator output power, and Pwi is the power
delivered to the network.

Vdci is the capacitor voltage, Cdci is the DC capacitor, Rdci is
the internal resistance of the capacitor, and Psi is the power
supplied by the system to the STATCOM to charge the capacitor. The STATCOM terminal AC voltage is Ēi =k1i Vdci ∠α1i ,
where k1i is the inverter ratio, m1i and α1i are the modulation
ratio and phase angle of VSC of the STATCOM. The ESS is
modeled as a battery (Ebi ) and the converter switching losses
are represented by a resistance Rbi in parallel with a battery.
Finally, m2i and α2i are the modulation ratio and phase angle
of the DC-DC converter.
D. General formulation and inclusion of nonlinearity and
uncertainty
Conventional control design methods are based on linear
models that provide adequate performance in the neighborhood
of a given operating condition. However, microgrids can show
large variations of generation and loading levels. In this paper,
nonlinearity is preserved and such variations are taken into
account through a parameteric analysis of uncertainties.
The models described by (1)-(10) can be represented in a
compact form as:
ẋi = Ai xi + B i [ui + ψ i (xi )]
y i = C i xi

(11)

where
xi

C. STATCOM and ESS model
Fast and independent active and reactive power support
provided by a STATCOM/ESS can significantly enhance the
performance of microgrids. Hence, STATCOM/ESS devices
are included in the microgrid model in parallel to a load as
shown in Fig. 4.
The voltage across the i-th STATCOM/ESS is VLi . A standard STATCOM device is comprised of a coupling transformer,
a VSC, and a DC-link capacitor (see Cdci in Fig. 4). The DClink capacitor provides voltage supports for the VSC and the
DC chopper. The ESS consists of a storage device (e.g., a bank

(10)

=

[Idi , Iqi , Itdi , Itqi , VLdi , VLqi , ILdi , ILqi ,
I1di , I1qi , I2di , I2qi , Vcfdi , Vcfqi , Vpvi , ψdsi ,
ψqsi , Idwsi , Iqwsi , Idwni , Iqwni , Vwdci , Idsi , Iqsi , Vdci ]

T

is the state vector of the i-th agent. For STATCOM VSC conT
T
trol ui = [m1i , α1i ] is the control input and y i = [VLi , fi ]
T
is the measured output. For inverter, ui = [mi , αi ] and
T
T
y i = [Pi , Qi , fi ] and for DC-DC converter, ui = [m2i , α2i ]
T
and y i = [VDCi , Ebi ] . The matrices Ai , B i and C i are
constant and known, and describe nominal subsystem model.
The uncertainty ψ i (xi ) represent unmodeled parts of nonlinear
terms, and disturbances due to unmodeled parts which are
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Microgrid A

calculated from the higher-order terms, known as the Cauchy
remainder, in the Taylor series [33]:
(M i − Ai ) ∆xi = ψ i (xi ) =

W Ti ϕi (xi )

+ ǫi ,

(12)
STATCOM

where


∂f i1
Mi = 
∂xi

xi =x∗1
i
ui =ui ∗1

∂f i25
,...,
∂xi

xi =x∗N
i
ui =ui ∗N

T

 ,

where xi is a 1 × 25 column vector, f i = [fi1 , . . . , fi25 ]T is
also a 1 × 25 column vector made up of the right-hand sides
∗N
of (1)-(10), (x∗N
i , ui ), N = 1, . . . , 25, denote points lying
on the line segment connecting points (xi , ui ) and (xi0 , ui0 )
and the constant matrix W i is [33]:

Rfi Rfi Rti Rti
1
1
W i = diag
,
,
,
,
,
,
(13)
Lfi Lfi Lti Lti RLi Ci RLi Ci
RLi RLi Ri Ri Ri Ri
Rwsi
,
,
,
,
,
, 0, 0, 0, 0, 0,
,
Li Li L1i L1i L2i L2i
L
 dwi
1
Rsi Rsi 1
Rwsi Rwfi Rwfi
,
,
,
,
,
,
Lqwi Lwf i Lwf i Cwdci Lsi Lsi Cdci
and ǫi is a positive constant which is an approximation error of
uncertainty representation. The uncertainty matrix is calculated
as the difference of the matrices M i and Ai . The matrix Ai
is calculated at nominal operating points and M i at arbitrary
points to model the uncertainties. Prior to the controller design,
several large disturbance simulations are carried out to get
an idea of the region of interest. The maximum value of
||M i − Ai || is obtained over this region and not globally.
If the maximum value is evaluated over the entire uncertainty
region, the calculation burden will be very high and it will
lead to a conservative controller. The complete description of
this reformulation technique can be found in [32] and [33].
The formulation presented above is used in the next section to
design a distributed output-feedback controller that coordinates
the active and reactive power productions of DG units and
STATCOM/ESS devices.
III. P ROPOSED C ONTROL S CHEME
A single microgrid system, operated in islanded mode,
shows several deficiencies, including low reliability and limited
energy generation capability. This issue can be solved through
the interconnection of multiple microgrids that respond to
power unbalances by adjusting the powers flowing to and
from the interconnected microgrid modules. The configuration
considered in this paper consists of a STATCOM/ESS module
to control both the active and reactive power of the microgrid.
Inverters and ESSs are used to exchange power among interconnected microgrids through tie-lines. The power transfer
among the interconnected microgrids is controlled based on
frequency measures. An example of the proposed topology is
shown in Fig. 5.
The proposed architecture of the distributed control is shown
in Fig. 6. The distributed control layer is used for coordinating
inverters and STATCOM/ESS devices whereas local droop
controllers as discussed, for example, in [28], [34] are used
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Architecture of the distributed control scheme.

for the DG units. Each microgrid incldes several distributed
energy resources which have their own local controllers. These
controllers monitor real power, reactive power and frequency
of that particular microgrid and share powers through VSCHVDC link appropriately in order to ensure the stability of
the overall system. Distributed controllers monitor real power
mismatch between generation and load demand, reactive power
mismatch between generation and load demand and frequency
deviation of neighbouring microgrids using the communication
network. If there is a mismatch between active or reactive
power generation and demand in a microgrid, the controllers
communicate to each others and regulate power flow through
VSC-HVDC to meet the demand. Mismatches of active power
(∆Pi = Pgi − Pdi ), reactive power (∆Qi = Qgi − Pdi ) and
frequencies (∆fi = 50 ± fi ) are shared between microgrids
and distributed controllers using the communication network as
indicated in Fig. 6. These signals are chosen for the controllers
by the method of comparing the residuals, which are the products of modal controllability and observability gramians [31].
The information among neighboring subsystems is exchanged
using the communication network which is simpler and more
reliable compared to the centralized control as in centralized
control information is transmitted over a long distance. Digital
communication networks allow the communication between
the subsystems and thereby provide a larger flexibility for
control design: instead of only local subsystem information
also neighboring subsystems states can be used for the distributed control. As a result, a better performance is achieved
compared to the decentralized approach. The controllers of the
STATCOM/ESS and that of the inverter work as follows.
1) STATCOM/ESS controller: As it is shown in Fig. 4 of
the previous section, this controller provides real power and
frequency command to achieve the desired system response
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where Gi is the unique positive definite solution to the
following Riccati equation:

α̂i
−

ATi Gi + Gi Ai + H i − Gi B i B Ti Gi = 0

+

(18)

where H i is a positive definite matrix. The vector êi is defined
as

Qref
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Fig. 7.

T

Ŵ i ϕi (x̂i )

where ρi is a coupling strength gain which is chosen using
trial and error method and ϕi (x̂i ) is a known vector. K i is a
feedback matrix and given as:

+

Pi

=

êi =

Structure of the proposed inverter control.
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aij (x̂i − x̂j )

(19)

j=0

Controller

Idci

where aij is the element (i, j) of the adjacence matrix that
defines the interconnections of the microgrids1 and x̂i is an
estimation of xi obtained using a state observer described by:

VLi
αdci

˙ i = Ai x̂i + B i ufi + F i (y − ŷ )
x̂
i
i
ŷ i = C i x̂i

Vdci
HVAC

Inverter
Rectifier

Fig. 8.

Structure of the proposed rectifier control.

during the transient period. The proposed controller regulates
the modulation gain (m1i ) and firing angle (α1i ). The firing
angle, α1i mainly affects the variation of the active power
exchanged among different microgrid clusters. Therefore, the
function of the active power control is to meet the active power
demand of the system during transients. The other output of the
controller is the duty cycle ratio, m1i which mainly regulates
the magnitude of the STATCOM’s output voltage and therefore
the system voltage.
2) Converter controller: The active power flow among the
microgrids is controlled through the firing angle α̂i and the
output DC voltage Vdci of VSC converter of the VSC-HVDC
link between microgrids. The control chain is shown in Fig. 7.
The frequency error (firef −fi ) allows defining the power flows
among microgrids in both transient and steady-state conditions.
The reference active power Piref is generated from the control
scheme as shown in Fig. 7 using the frequency error (firef −fi )
of a microgrid. The frequency of a microgrid deviates when
there is mismatch between its generation and load demand. The
reference calculator is a constant and its value is given as 0.25
MW/Hz. The input DC voltage of the inverter is controlled by
a rectifier control circuit as shown in Fig. 8.
The proposed controllers for the STATCOM/ESS and the
VSC-HVDC link are given as [35]:
ui = ufi − uadi

(14)

where
ufi

=

ρi K i êi

(15)

(20)

where F i is an observer gain matrix designed such that Aei =
Ai − F i C i is Hurwitz (stable).
The term uadi is an adaptive term that compensates for the
uncertainty term ψ i (xi ) and Ŵ i in (16) is an estimate of W i
defined by (13). The matrix Ŵ i that is obtained as


1
˙
Ŵ i = γi ϕi (x̂i )ỹ Ti −
ϕi (x̂i )ϕTi (x̂i )Ŵ i − ri Ŵ i (21)
2κi
where y˜i = y i − yˆi , and κi , γi and ri are positive constants
which are chosen using a successive approximation technique.
In this paper, ǫi = 0.25, ρi = 8.25, γi = 150, κi = 0.05 and
ri = 0.60, which provide feasible controllers.
The closed loop system is uniformly ultimately bounded if
the coupling strength gain ρi satisfies
ρi ≥

1
2 min τi (Hi )

(22)

where τi are the eigenvalues of Hi . The control algorithm for
DG units using the above control scheme is shown in Fig. 9.
IV. C ASE STUDY
The test system considered in this paper is shown in Fig. 10.
It is composed of three interconnected microgrids. Each microgrid consists of a PV unit, a fully controlled wind generator
(WG), a STATCOM/ESS and mixture of static and dynamic
loads. The capacity of the STATCOM is 0.5 MVA and ESS is
0.6 MWh. In the paper, the length of the DC lines of the VSCHVDC links is assumed to be about 50 km. The PV unit and
wind turbine in microgrids 1 and 2 work at rated conditions as
depicted in Fig. 10. Under normal operating conditions when
three microgrid are interconnected, 0.8 MW is delivered from
1 The adjacence matrix is built as follows: a
ij = 1 if the macrogrid i is
connected to the microgrid j; aij = 0 otherwise.
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Single line diagram of the test system.

case study presents and discusses the following points: (i)
the interaction of conventional non-communicating local DG
controllers; (ii) a comparison of the performance of distributed
and decentralized controllers; (iii) the response of the designed
controller after the outage of a communication link; (iv) the
response of the proposed controller after the disconnection of
a DG unit; (v) the designed of the proposed controller due to
parameter uncertainties; and (vi) the response of the designed
controller with dynamic and severe unbalanced load.

No
Check closed
loop response

Stable and
damping >5%
Yes
Stop

Fig. 9.

Flowchart of the proposed control algorithm

microgrid 1 to microgrid 3, 0.4 MW from microgrid 2 to 3,
whereas microgrids 1 and 2 do not exchange power. We assume that, if only two microgrids (1 and 2) are interconnected,
they do not share any power in steady-state. A preliminary
analysis is carried out using conventional controllers, which are
designed without sharing any information with each other [3].
Then the designed control scheme is studied. To compare the
behavior of conventional and proposed control schemes, both
a small-signal analysis and time-domain simulations following
a large disturbance are carried out. The objective of this case
study is to illustrate the interactions of multiple microgrids
and investigate the performance of the designed controller
under various operating conditions of the test system. The
proposed controller is implemented in Matlab/Simulink, which
is used to solve all simulations presented in this section. The

A. Interaction of non-communicating local DG controllers
This subsection discusses the behavior of conventional local
DG controllers in a system where several microgrids are connected together. It has been assumed that no communication
among the microgrids. The analysis is carried out using the
STATCOM/ESS and VSC-HVDC link models as shown in
Fig. 4 and Figs. 7 and 8, respectively, and using a second-order
PI controller as presented in [3]. PI parameters are generally
tuned by trial-and-error approaches. The initial guess can be
obtained, for example, using the Ziegler-Nichols method [37].
We adopt this strategy to define the optimal settling time and
peak overshoot. In this case, the gains of the tuned (trialand-error method) PI controller for STATCOM/ESS are Kp =5
and KI =40. Each DG unit with a PI controller defines a 9thorder system whereas the STATCOM/ESS module with a PI
controller is a fifth-order system. The total states in per each
microgrid with two DG units and one STATCOM/ESS are
31. The whole system with three microgrids has thus 93 state
variables.
Figure 11 shows the eigenvalues of the dominant modes for
three scenarios: (i) microgrid 3 alone, (ii) microgrids 1 and
3, and (iii) microgrids 1, 2 and 3. Connecting together the
microgrids significantly reduces the damping as the eigenvalues move towards the imaginary axis. Observe also that the
right-most eigenvalues have a damping ratio lower than 5%.
The main conclusion is that dominant modes of neighboring
microgrids are coupled and their interaction tends to destabilize
the overall system.
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Fig. 12. Active power flow from microgrid 1 to microgrid 3 for three-phase
fault at node 3.

Time-domain simulations are carried out to observe the
behavior of the interconnected microgrids following a large
disturbance. In particular, a three-phase fault is applied at node
3 of microgrid 3 at t =1 s. The fault is cleared after 100 ms.
Figure 12 shows the power flow from microgrid 1 to microgrid
3 when only two microgrids (i.e., 1 and 3) and three microgrids
(i.e., 1, 2 and 3) are in operation. Simulation results confirm
that the inclusion of a third microgrid reduces the system
damping, thus having a negative impact on the overall dynamic
performance of the system. A comparison of the performances
between the designed controller and decentralized controller
are shown in Table I.
TABLE I.

−5.0

−4.0

−3.0

−2.0

−1.0

0.0

Real axis

Fig. 11.
Dominant modes of a single microgrid as well as of multiple
interconnected microgrids.

0.0

−15.0
−6.0

P ERFORMANCE C OMPARISON : (a) PROPOSED CONTROLLER ;
AND (b) DECENTRALIZED CONTROL

(a) Proposed Controller
(b) Decentralized Control
damping overshoot settling time damping overshoot settling time
16.5%
12.5%
1.25 s
2.42%
87.5%
7.25 s

Fig. 13. Eigenvalues of the system composed of three microgrids using
decentralized [38] and distributed controllers.

B. Comparison of decentralized control without communication and the designed distributed control
This subsection compares the performance of the designed
controller with a fully decentralized controller that does not
share information among microgrids as proposed in [38]. Both
small-signal and large disturbance analyses are considered.
The most critical eigenvalues with the fully decentralized
controller as well as of the designed distributed controller are
shown in Fig. 13. As it can be observed, the decentralized
control shows poorly damped eigenvalues, i.e., eigenvalues
with a damping ratio lower than 5%. On the other hand, the
distributed controller leads to a properly damped system.
A time-domain simulation considering the complete nonlinear system and a three-phase fault is carried out to determine
the performance of the proposed controller. The three-phase
fault is applied at node 3 of microgrid 3 at t = 1 s and
subsequently cleared after 100 ms.
Figure 14 shows the power flow from microgrid 2 to microgrid 3, when all microgrids (1, 2 and 3) are connected and in
operation. From Fig. 14, it appears that the designed distributed
controller is robust and provides an excellent performance in
terms of overshoot, rise time, settling time, oscillation and
steady-state errors. The designed controller provides better
performance irrespective of the number of microgrids, i.e., one,
two or three.
C. Failure of a communication link
Firstly, it is assumed that the communication link between
microgrids 1 and 2 fails. A three-phase fault is applied at node
3 in microgrid 3 at t = 1 s. The fault is cleared by the autoreclosing action of the circuit breaker after 100 ms. Figures 15
and 16 show the active power output and terminal voltage,
respectively, for the WG in microgrid 2. Then, the effect of
the communication link failure between two other microgrids
(i.e., 1 and 3) is investigated to study the worst-case scenario.
An asymmetrical fault (single line to ground) is applied at the
interconnecting line of microgrids 1 and 2 at 0.03 s which
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Fig. 14. Active power flow from microgrid 1 to microgrid 3 for three-phase
fault at node 3 with distributed and decentralized controllers.

Fig. 16. Terminal voltage of wind generator in microgrid 2 for three-phase
fault at node 3 with and without full communication.
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Fig. 15. Active power of wind generator in microgrid 2 for three-phase fault
at node 3 with and without full communication.

Fig. 17. Power flow from microgrid 1 to microgrid 3 for asymmetrical fault
with and without full communication.

D. Outage of a DG unit
is cleared at 0.13 s. Figure 17 shows the power flow from
microgrid 1 to 3. The designed controller with full communication ensures stable operation during severe transients and
provides desired dynamic performance during the post-fault
condition. The quantitative comparison of the performance
of the distributed controller with full communication and
partial communication (like decentralized control) is shown
in Table II. Each DG controller autonomously and effectively
responds to the disturbance and stabilizes the system within
one second. In case one communication link fails, simulation
results indicates that the proposed controller is still able to
recover a stable operating condition after the clearance of the
fault. However, the lack of one communication channel affects
the overall performance of the controller. The main conclusion
that can be drawn from this case study is that the reliability of
the communication network is crucial for the correct operation
of multiple interconnected microgrids.

In this case study, the outage of a PV unit in microgrid
3 is considered at t=1 s. To counteract the consequence of
power unbalance, the controller responds by increasing both
active and reactive power supply based on the availability in
the three microgrids. In particular, the STATCOM/ESS and
interconnecting VSC-HVDC Link provide extra active power,
0.5 and 1 MW, respectively, to balance the load demand. DG
units continue to operate at their assigned set point. Figure 18
shows the power flow from microgrid 1 to microgrid 3; and
Fig. ?? shows the reactive power output of the STATCOM/ESS
TABLE II.
P ERFORMANCE C OMPARISON : (a) PROPOSED CONTROLLER
( FULL COMMUNICATION ); AND (b) PARTIAL COMMUNICATION
(a) Full communication
(b) One link fail
damping overshoot settling time damping overshoot settling time
16.5%
5.0%
0.20 s
5.25%
15%
4.2 s
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Fig. 18. Active power flow from microgrid 2 to microgrid 3 for outage of
DG unit.
P ERFORMANCE C OMPARISON : (a) PROPOSED
CONTROLLER ; AND (b) DECENTRALIZED CONTROLLER

TABLE III.
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Fig. 19. Speed of wind generator in microgrid 3 for sudden severe change
in connected load.

(a) Distributed controller
(b) Decentralized controller
damping overshoot settling time damping overshoot settling time
16.5%
1.5%
2.2 s
5.25%
27.5%
4.1 s

1.2
1.15

Accurate line parameters
Modified (20%) line parameters

1.1

in microgrid 3. Simulation results indicate that the proposed
control scheme makes the microgrids to cooperate and share
the power flow to stabilize the system. Moreover, the designed controller provides an excellent performance in terms of
damping ratio and settling time. The quantitative comparison
of the performance of the designed distributed controller and
decentralized control is shown in Table III.

Load voltage (pu)

1.05
1
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0.9
0.85
0.8
0.75
0.7
0

1

2

3

4

5

6

Time (s)

E. Effect of parameter uncertainties
Uncertainties in power systems can be caused by the
variation of loading, load parameters, network topology and
machine parameters. It is difficult to identify the parameters
of power systems in particular the exact load demand as it
changes continuously. The designed controller in this paper
provides robust performance against parameter uncertainties.
Although the controller is designed for rated operating conditions, it is robust, i.e., parameter uncertainties do not affect
its dynamic performance. The performance of the controller is
tested under a severe load change (20%) and compared with
a decentralized controller and without controller as shown in
Fig. 19. Without control, the system is unstable. Moreover, although both distributed and decentralized controls stabilize the
system, the speed drops only by 2% when using the proposed
distributed controller and more than 6% when considering a
decentralized controller.
Figure 20 shows the load voltage at microgrid 3 with
accurate line parameters and modified line parameters (20%).
A three-phase short-circuit fault is applied at t=1 s and cleared
after five cycles. Figure 20 shows that the proposed distributed
controller is robust against parameter variations.

Fig. 20.

Load voltage with accurate and modified (20%) line parameters.

F. Effect of dynamic load and unbalanced load
In this subsection, we assume that a significant portion of
the connected load (60%-70%) of each microgrid is composed
of induction motors (IMs). The purpose of this section is to
test the impact on the performance of the proposed control
scheme if the system include a large amount of dynamic
nonlinear loads under unbalanced conditions. Figure 21 shows
the terminal voltage of the wind generator of microgird 1
due to its unbalanced loading conditions as shown in Figures 22. Results shows that the designed controller is robust
and properly respond to unbalanced conditions. Moreover, the
presence of dynamic loads such as IMs does not compromise
the performance of the controller.
V. C ONCLUSIONS
A systematic procedure to design distributed controllers to
regulate the power flow among multiple islanded microgrids
is proposed in this paper. It is shown that conventional local
control schemes are unable to provide a satisfactory dynamic
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