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Plug-and-play Voltage Stabilization in

Inverter-interfaced Microgrids via a Robust Control

Strategy
Mahdieh S. Sadabadi, Qobad Shafiee, and Alireza Karimi

Abstract—This paper proposes a decentralized control strategy
for the voltage regulation of islanded inverter-interfaced micro-
grids. We show that an inverter-interfaced microgrid under plug-
and-play (PnP) functionality of distributed generations (DGs)
can be cast as a linear time-invariant (LTI) system subject
to polytopic-type uncertainty. Then, by virtue of this novel
description and use of the results from theory of robust control,
the microgrid control system guarantees stability and a desired
performance even in the case of PnP operation of DGs. The
robust controller is a solution of a convex optimization problem.
The main properties of the proposed controller are that 1) it is
fully decentralized and local controllers of DGs use only local
measurements, 2) the controller guarantees the stability of the
overall system, 3) the controller allows plug-and-play function-
ality of DGs in microgrids, 4) the controller is robust against
microgrid topology change. Various case studies, based on time-
domain simulations in MATLAB/SimPowerSystems Toolbox, are
carried out to evaluate the performance of the proposed control
strategy in terms of voltage tracking, microgrid topology change,
plug-and-play capability features, and load changes.

Index Terms—Decentralized control, inverters, microgrids,
plug-and-play capability, robust control, voltage control.

I. INTRODUCTION

REliable integration of distributed generations (DGs) into

power systems can be achieved by means of microgrids

which are small electrical networks heterogeneously composed

of DGs, loads, and energy storage systems [1]. Renewable en-

ergy sources are normally interfaced to the microgrid through

power electronic converters acting as voltage sources [2].

Microgrids normally operate in grid-connected mode where

they are connected to the main grid at Point of Common

Coupling (PCC). Under this connection scheme, the voltage

and frequency of the microgrids are predominantly deter-

mined by the main grid while the microgrid control system

accurately shares active and reactive power among DGs and

controls the power exchange between the microgrid and the

main grid [3]. Due to intentional (scheduled)/unintentional

reasons, the microgrids can experience islanding conditions
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where they are disconnected from the main grid [4]. In this

case, due to the power mismatch between the DGs and the

loads, voltage and frequency of the loads deviate from their

rated values and the islanded microgrid eventually becomes

unstable. This operation mode of the microgrids is more

challenging than the grid-connected mode because accurate

load sharing mechanisms are required to balance the power

mismatch [1]. Therefore, upon the islanding condition, a new

microgrid control strategy must come into service in order to

provide voltage and frequency stability as well as a proper

power sharing among DGs [5].

In spite of the potential benefits that the use of DGs may

bring, their increasing penetration challenges an appropriate

control strategy to ensure stable and reliable operation of

microgrids in both grid-connected and islanded modes and

smooth transition between them [6]. The main challenges

arise from basic differences existing between the physical

characteristics of the conventional electrical generators and

the inverter-interfaced microgrids [7]. Conventional power

networks feature a large fraction of generation from traditional

synchronous generators that present large rotational inertia and

play a key role in maintaining frequency and voltage stability.

Given current and future trends in the cost and regulation

of distributed photovoltaic systems, the future power network

will feature deep penetration of inverter-interfaced microgrids

(see, e.g., the SunShot Initiative by the Department of Energy

(DOE) in the USA1). While larger renewable penetration is

desirable, current power-electronic inverters behave as low-

inertia devices and are not designed to contribute to grid-wise

stability.

One of the main problems associated with the control of

microgrids is plug-and-play (PnP) functionality of DGs and

microgrid topology change. DGs frequently join and leave the

power generation system due to availability and intermittency

of renewable energies, such as solar power and wind, an in-

crease in energy demand, faults, maintenance, etc. Under PnP

operation, different DGs are arbitrarily plugged-in or plugged-

out from the microgrid; however, voltage and frequency of the

local loads have to be stabilized without retuning the microgrid

control system, in the absence of any communication link.

Therefore, a decentralized control strategy is necessary to

guarantee the stability of the microgrid system in the case

of PnP functionality of DGs.

A control strategy ubiquitously used for the control of

1http://energy.gov/eere/sunshot/sunshot-initiative



2

microgrids is droop control which relies on the principle

of power balance of a classical synchronous generator in

conventional power networks (see, e.g., [2], [8]–[17]). In

the power systems based on rotating generators, frequency

(rotor speed) is dependent on active power balance, i.e. the

frequency is dropped when the injected active power increases

[18]. The idea of the so-called “droop” controllers has been

developed by Chandorkar et al [19]. From a control point of

view, droop control is a decentralized proportional controller

maintaining the voltage and frequency stability of the micro-

grids [7]. One of the main advantage of droop-based control

is the elimination of the communication links among droop

controllers enabling the plug-and-play (PnP) operation in the

microgrids. Moreover, primary droop control strategy provides

proportional power sharing among DGs. Nonetheless, droop

controllers with only a single tunable parameter drastically

limit the achievable performance, especially during transients.

Moreover, this control approach suffers from several draw-

backs including load-dependent frequency/voltage deviation,

coupled dynamics between active and reactive power, and poor

performance in the case of resistive-inductive line conditions

(mixed lines) and in the presence of conductances [20], [21].

In addition to the droop-based control strategies, non-droop-

based approaches for voltage and frequency control of the

islanded microgrids have also been developed, e.g. [20], [22]–

[33]. Various voltage controller design methods such as robust

servomechanism controllers [20], [23], [26], full-order H∞

controllers [24], robust two-degree-of-freedom control strategy

[28], multivariable voltage control scheme based on loop-

shaping approaches [27], decentralized state feedbacks [29],

and robust fixed-order decentralized H∞ control approach

[30] have been proposed. The proposed methods regulate

the voltage of a single-DG [22]–[24], [27], [28] and/or a

multi-DG microgrid [20], [26], [29]–[34]. In these methods,

the frequency of each DG is controlled through an internal

oscillator in an open-loop manner with ω0 = 2π f0, where f0 is

the nominal system frequency. All oscillators are synchronized

by a common time reference signal according to a global

positioning system (GPS) [20]. In non-droop-based methods,

power sharing is achieved via a power management system

(PMS) which centrally solves an optimal power flow problem

and broadcasts respective setpoints to DGs [20], [35]. In these

approaches, the accuracy of the proportional load sharing is

determined by how often the optimal power flow problem is

solved and is not guaranteed during a load change.

Under PnP functionality of DGs and microgrid topology

change, non-droop-based controllers, which rely on the system

model, need to retune all their local controllers in order

to guarantee the stability of the new system. Recently, a

decentralized control strategy has been developed in [29],

[34] which is based on a Quasi-Stationary Line (QSL) ap-

proximated model of microgrids [36] and the idea of neutral

interactions [37]. According to this control technique, when a

DG is plugged in and/or plugged out, the other DGs which

are physically connected to it have to retune their local

controllers. Although extensive research has been carried out

on the development of droop and non-droop-based control of

micorgrids, the problem of plug-and-play voltage stabilization

VSC i

Rti Lti
Cti

Vdc

Load

ILi

ItiVti Vi PCCi

Rij

Lij

Vdc VSC j

Rtj Ltj
Ctj Load

ILj

ItjVtj Vj

PCCj

DG i

DG j

Line ij

Iij

ki

kj

Fig. 1. Electrical scheme of two DGs connected via line i j.

in the inverter-interfaced microgrids is still open and can

benefit from further research.

In this paper, a solution for the problem of PnP func-

tionality of DGs is presented. We show that an inverter-

interfaced microgrid consisting of multi DGs under plug-

and-play functionality can be cast as a linear time-invariant

(LTI) system with polytopic uncertainty. By virtue of this

novel description and use of the results from theory of

robust control, the stability of the microgrid system under

PnP operation of DGs is preserved. Therefore, opposed to

most non-droop-based control methods, e.g. [20], [26], [29],

[30], [34], the present approach does not require to retune

the local controllers in the case of PnP operation of DGs

and topology change. Moreover, unlike the droop control

strategy, the proposed approach guarantees the stability of the

microgrid system under PnP functionality of DGs. To verify

the performance of the proposed control approach, it is applied

to a microgrid system composed of 11 DGs. The performance

of the controller is verified using simulation case studies car-

ried out in MATLAB/SimPowerSystems. The obtained results

confirm the effectiveness of the proposed controller against

PnP operation of DGs and microgrid topology change.

The organization of the paper is as follows: The mathemati-

cal model of the microgrid is presented in Section II. Sections

III is devoted to the islanded microgrid control system. A

solution for the problem of plug-and-play operation of DGs

in the microgrids is given in Section IV. Section V is devoted

to simulation results. Section VI concludes the paper.

Throughout the paper, matrices I and 0 are the identity

matrix and the zero matrix of appropriate dimensions, respec-

tively. The symbols T and ? denote the matrix transpose and

a symmetric block, respectively. Signals Xd and Xq are the d

and q components of the three-phase signal X , respectively.

For symmetric matrices, P > 0 (P < 0) indicates the positive-

definiteness (the negative-definiteness).
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II. ISLANDED MICROGRID MODEL

Consider an islanded microgrid with general structure con-

sisting of N DGs. Each DG is modeled as a DC voltage source,

a voltage-source converter (VSC), a series RL filter, a step-up

transformer with transformation ratio ki, a shunt capacitor, and

a local load whose topology and parameters are unknown.

It is assumed that DG i is connected to a set of Ni ⇢
{1, . . . ,N} DGs. The schematic diagram of a microgrid system

of two DGs, DG i and DG j, connected through a transmission

line i j is shown in Fig. 1. In this figure, Vi, Iti , ILi
, Vti , and

Ii j are the load voltage at PCC i, the filter current, the load

current, the VSC terminal voltage, and the transmission line

current, respectively. Under balanced conditions, the islanded

system is described by the following dynamical equations in

dq-frame:

DG i

(

dVi,dq

dt
+ jω0Vi,dq =

ki
Cti

Iti,dq −
1

Cti
ILi,dq +

1
Cti

Ii j,dq

dIti,dq

dt
+ jω0Iti,dq =− ki

Lti
Vi,dq −

Rti
Lti

Iti,dq +
1

Lti
Vti,dq

(1)

DG j

8

<

:

dV j,dq

dt
+ jω0Vj,dq =

k j

Ct j
It j,dq −

1
Ct j

IL j ,dq −
1

Ct j
Ii j,dq

dIt j,dq

dt
+ jω0It j,dq =−

k j

Lt j
Vj,dq −

Rt j

Lt j
It j,dq +

1
Lt j

Vt j,dq

(2)

Line ij:
dIi j,dq

dt
+ jω0Ii j,dq =−

Ri j

Li j
Ii j,dq +

1
Li j

Vj,dq −
1

Li j
Vi,dq

(3)

where
(

Vi,dq,Vj,dq

)

,
(

Iti,dq, It j,dq

)

,
(

ILi,dq, IL j ,dq

)

,
(

Vti,dq,Vt j,dq

)

,

and Ii j,dq respectively are the dq components of the load

voltages at PCCs, the current filters, the load currents, the VSC

terminal voltages, and the transmission line current. It should

be noted that in this study the dynamics of the renewable

energy sources are not considered and they are just modeled

by an ideal voltage source.

Under the assumption of Quasi-Stationary Line (QSL) [36],

i.e.
dIi j,dq

dt
= 0, the line dynamics in (3) is written as follows:

Ii j,dq =
Vj,dq −Vi,dq

Ri j + jω0Li j

(4)

By replacing Ii j,dq in (1) and (2) with (4), the islanded

microgrid system is described in the following state space

framework:

ẋgi
= Agii

xgi
+ ∑

j2Ni

Agi j
xg j

+Bgi
ui +Bwi

wi

yi =Cgi
xgi

; i = 1, . . . ,N
(5)

where xgi
=

⇥

Vi,d Vi,q Iti,d Iti,q
⇤T

is the state, ui =
⇥

Vti,d Vti,q

⇤T
is the input, wi =

⇥

ILi,d ILi,q

⇤T
is the

exogenous input, and yi =
⇥

Vi,d Vi,q

⇤T
is the output of DG

i. The state space matrices are given as follows [29]:

Agii
=

2

6

6

6

6

6

6

6

4

− 1
Cti

∑
j2Ni

Ri j

Z2
i j

ω0 −
1

Cti
∑

j2Ni

Xi j

Z2
i j

ki
Cti

0

−ω0 +
1

Cti
∑

j2Ni

Xi j

Z2
i j

− 1
Cti

∑
j2Ni

Ri j

Z2
i j

0 ki
Cti

− ki
Lti

0 −
Rti
Lti

ω0

0 − ki
Lti

−ω0 −
Rti
Lti

3

7

7

7

7

7

7

7

5

Agi j
=

1

Cti

2

6

6

6

6

4

Ri j

Z2
i j

Xi j

Z2
i j

0 0

−
Xi j

Z2
i j

Ri j

Z2
i j

0 0

0 0 0 0

0 0 0 0

3

7

7

7

7

5

, Bgi
=

2

6

6

6

4

0 0

0 0
1

Lti
0

0 1
Lti

3

7

7

7

5

Bwi
=

2

6

6

6

4

− 1
Cti

0

0 − 1
Cti

0 0

0 0

3

7

7

7

5

, Cgi
=



1 0 0 0

0 1 0 0

]

(6)

where ω0 = 2π f0 ( f0 is the nominal frequency of the micro-

grid), Xi j = ω0Li j, and Z2
i j = R2

i j +ω2
0 L2

i j.

A. QSL-based Model of Islanded Microgrids with N DGs

In a similar way, the overall model of the islanded micro-

grid system of N DGs can be described in the state space

framework as follows:
2

6

6

6

4

ẋg1

ẋg2

...

ẋgN

3

7

7

7

5

=

2

6

6

6

4

Ag11
Ag12

· · · Ag1N

Ag21
Ag22

· · · Ag2N

...
...

. . .
...

AgN1
AgN2

· · · AgNN

3

7

7

7

5

2

6

6

6

4

xg1

xg2

...

xgN

3

7

7

7

5

+

2

6

6

6

4

Bg1
0 · · · 0

0 Bg2
· · · 0

...
...

. . .
...

0 0 · · · BgN

3

7

7

7

5

2

6

6

6

4

u1

u2

...

uN

3

7

7

7

5

+

2

6

6

6

4

Bw1
0 · · · 0

0 Bw2
· · · 0

...
...

. . .
...

0 0 · · · BwN

3

7

7

7

5

2

6

6

6

4

w1

w2

...

wN

3

7

7

7

5

2

6

6

6

4

y1

y2

...

yN

3

7

7

7

5

=

2

6

6

6

4

Cg1
0 · · · 0

0 Cg2
· · · 0

...
...

. . .
...

0 0 · · · CgN

3

7

7

7

5

2

6

6

6

4

xg1

xg2

...

xgN

3

7

7

7

5

(7)

where matrices Agii
, Agi j

, Bgi
, Bwi

, and Cgi
(for i, j =

1,2, . . . ,N) are defined in (6). Matrix Agi j
= 0 if and only if

there exists no connection between DGs i and j.

III. ISLANDED MICROGRID CONTROL SYSTEM

Consider a schematic diagram of the microgrid control

strategy composed of a power management system (PMS),

local voltage controllers of DGs, and a frequency control

scheme in Fig. 2.
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Voltage  

Controller 

of DG 1 
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Fig. 2. General scheme of non-droop control approaches for islanded inverter-
interfaced microgrids.

A. Power Management System

A power management strategy is required for reliable and

efficient operation of a microgrid system with multiple DGs,

particularly in the islanded mode of operation [38]. The

main function of the power management system (PMS) is to

maintain an optimal operating point for the microgrid. PMS

assigns the active and reactive power set points for the DGs

to (i) properly share the real and reactive power among the

DGs based on either a cost function associated with each DG

unit or a market signal [26], (ii) appropriately respond to the

microgrid disturbances and major changes [39], (iii) balance

the microgrid power, and (iv) provide the resynchronization

of the microgrid system with the main grid, if required [39].

The set points are then transmitted to the local controllers

of the DGs. The local controllers measure the voltage at

their corresponding PCCs or the active/reactive output power

of their own DG unit and then enable the voltage tracking

according to the received reference set points [20].

B. Frequency Control

The frequency of the microgrid system is controlled in the

open-loop. To this end, each DG unit includes an oscillator

which generates θ(t)=
R t

0 ω0dτ , where ω0 = 2π f0 and f0 is the

nominal frequency of the microgrid. The phase-angle wave-

form θ(t) is employed for dq/abc (abc/dq) transformations.

The DGs are then synchronized by a global synchronization

signal that is communicated to the oscillators of DGs through

the global positioning system (GPS) [26].

C. Voltage Control

The voltage set points are communicated from PMS to

local controllers of the DGs and transformed to the dq-

frame based on the phase-angle signal θ(t) generated by

their internal oscillator. The main objective is to develop a

decentralized voltage controller for the islanded operation of

the inverter-interfaced microgrids given in (7). The focus of

this paper is on the development of a voltage control strategy

for autonomous microgrids. It can be applied to the microgrids

with different types of configuration. The main emphasis is

given to decentralized voltage control techniques which do

not need any communication.

1) Design Requirements: A dq-based voltage controller for

the islanded inverter-interfaced microgrid described in (7) is

sought such that the following conditions are met:

• The controller has a fully decentralized structure.

• The closed-loop system is asymptotically stable.

• The closed-loop system asymptotically tracks all ref-

erence voltage signals yre f i
with desired time-domain

performance.

In the following, a decentralized voltage controller with

integral action is developed in order to achieve all above

mentioned conditions.

2) Decentralized Voltage Controllers: One of the control

requirements is that DGs must track reference voltage signals,

yre f i
. To this end, each DG is augmented with an integrator

whose dynamics are as follows:

v̇i = yre f i
− yi

= yre f i
−Cgi

xgi

(8)

Therefore, the augmented DG system is described by:

˙̂xgi
= Âgii

x̂gi
+ ∑

j2Ni

Âgi j
x̂g j

+ B̂gi
ui + B̂wi

ŵi

ŷi = Ĉgi
x̂gi

(9)

where x̂gi
=

⇥

xT
gi

vT
i

⇤T
, ŷi =

⇥

yT
i vT

i

⇤T
,

ŵi =
⇥

wT
i yT

re f i

⇤T
, and

Âgii
=



Agii
0

−Cgi
0

]

, Âgi j
=



Agi j
0

0 0

]

B̂gi
=



Bgi

0

]

, B̂wi
=



Bwi
0

0 I

]

Ĉgi
=



Cgi
0

0 I

]

(10)

The remains of this subsection belong to the design of

decentralized voltage controllers Ki with the following control

laws:

ui(t) = Kix̂gi
(t); i = 1,2, . . . ,N (11)

The closed-loop dynamics of the ith augmented subsystem

with the local controller Ki are described as follows:

˙̂xgi
(t) =

(

Âgii
+ B̂gi

Ki

)

x̂gi
(t)+ ∑

j2Ni

Âgi j
x̂g j

(t)+ B̂wi
ŵi(t)

ŷi(t) = Ĉgi
x̂gi

(t)
(12)

The overall closed-loop system is presented as follows:

˙̂x(t) =
(

Â+ B̂K
)

x̂+ B̂wŵ(t)

ŷ(t) = Ĉx̂(t)
(13)
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where x̂ =
⇥

x̂T
g1
. . . x̂T

gN

⇤T
, ŵ =

⇥

ŵT
1 . . . ŵ

T
N

⇤T
, ŷ =

⇥

ŷT
1 . . . ŷ

T
N

⇤T
,

and

Â =

2

6

6

6

4

Âg11
Âg12

· · · Âg1N

Âg21
Âg22

· · · Âg2N

...
...

. . .
...

ÂgN1
ÂgN2

· · · ÂgNN

3

7

7

7

5

B̂ = diag
(

B̂g1
, . . . , B̂gN

)

B̂w = diag
(

B̂w1
, . . . , B̂wN

)

Ĉ = diag
(

Ĉg1
, . . . ,ĈgN

)

K = diag(K1, . . . ,KN)

(14)

The state feedback controller is designed via the following

theorem which is based on the use of slack variables [40].

Theorem 1. There exists a state feedback controller K which

stabilizes an open-loop system G(s) =
(

Â, B̂,Ĉ,0
)

if and only

if there exist a symmetric matrix P = PT > 0, slack matrices

G,Y , and a positive scalar ε such that the following conditions

hold:


ÂG+GT ÂT + B̂Y +Y T B̂T ?

P−G+ ε
(

GT ÂT +Y T B̂T
)

−ε
(

G+GT
)

]

< 0 (15)

Moreover, the state feedback gain is presented as K = Y G−1.

For instance, assume that the coupling term ∑ j2Ni
Âgi j

x̂g j

can be neglected, then according to Theorem 1, the augmented

subsystem of each DG
(

Âgii
, B̂gi

,Ĉgi
,0
)

with the state feedback

gain Ki is stable if and only if there exist Lyapunov matrices

Pi = PT
i > 0 and slack variables Gi,Yi,εi > 0 such that



Âgii
Gi +GT

i ÂT
gii
+ B̂gi

Yi +Y T
i B̂T

gi
?

Pi −Gi + εi

(

GT
i ÂT

gii
+Y T

i B̂T
gi

)

−εi

(

Gi +GT
i

)

]

< 0

(16)

for i = 1, . . . ,N. The local state feedback controllers are

presented as Ki =YiG
−1
i ; i= 1, . . . ,N. However, the interaction

terms have significant effects on the stability of the closed-

loop system and decentralized design of the local controllers

cannot generally guarantee the stability of the whole system,

i.e. Â. In the next subsection, we show that under some specific

conditions, the stability conditions given in (16) lead to the

overall closed-loop asymptotic stability.

3) Design Strategy based on Neutral Interactions: The

main objective is to design the local controllers individu-

ally without considering the interaction terms such that the

asymptotic stability of the closed-loop microgrid system is

guaranteed. To this end, the idea of neutral interaction in [37]

is used. The interaction terms are neutral with respect to the

stability criterion in (15) if and only if the interaction matrix

Âc = Â− Âd , where Âd = diag
(

Âg11
, . . . , ÂgNN

)

, is factorized as

follows:

Âc = GT S (17)

where G is the slack matrix in (15) and S is a skew-symmetric

matrix, i.e. ST =−S.

Under the following conditions, the interaction terms in the

augmented microgrid model described by (13)-(14) are neutral.

1) Cti =Cs for i = 1, . . . ,N.

ui 
yi yref_i 

∫+ +K
iK

r

i

K
d

i

x
gi

−
+

DG i 

wi 

vi 

Fig. 3. Block diagram of 3DOF voltage controller.

2) The local state feedback controllers Ki satisfy the sta-

bility conditions given in (16) with the following fixed-

structure slack matrices Gi:

Gi =



ηI2⇥2 0

0 G22i

]

; i = 1, . . . ,N (18)

where η > 0 is a common parameter among all Gi, i =
1, . . . ,N and matrices G22i

are of appropriate dimensions.

3)
ηRi j

CsZ2
i j

⇡ 0 for i = 1, . . . ,N and j 2 Ni.

If the above mentioned conditions hold, the interaction

terms Âg ji
G j +GT

j ÂT
gi j

⇡ 0 because

Âgi j
G j =



Φi j 0

0 0

]

(19)

where Φi j =

2

4

ηRi j

CsZ2
i j

ηXi j

CsZ2
i j

−
ηXi j

CsZ2
i j

ηRi j

CsZ2
i j

3

5⇡

2

4

0
ηXi j

CsZ2
i j

−
ηXi j

CsZ2
i j

0

3

5.

4) Pre-filter Design & Disturbance Rejection Strategy:

Under the above-mentioned conditions, the decentralized state

feedback controllers Ki designed by (16) guarantee the stability

of the closed-loop microgrid system. However, to improve the

performance of the system in terms of dynamics behaviour for

voltage reference tracking and disturbance rejection, the local

controllers are modified. The modification procedure is based

on the use of a three-degree-of-freedom (3DOF) controller

whose structure is shown in Fig. 3. The feedforward controller

Ki
r is designed to improve reference tracking performance

whereas Ki
d aims to attenuate the effects from the disturbance

wi on the output signals. The closed-loop system including the

3DOF controller in Fig. 3 is described as follows:

yi =
(

Ti(s)K
i
r(s)

)

yre fi +
⇣

Hi(s)K
i
d(s)+Hd

i (s)
⌘

wi (20)

where

Ti(s) = Ĉi

(

sI − (Âgii
+ B̂gi

Ki)
)−1



0

I

]

Hi(s) = Ĉi

(

sI − (Âgii
+ B̂gi

Ki)
)−1

B̂gi

Hd
i (s) = Ĉi

(

sI − (Âgii
+ B̂gi

Ki)
)−1

B̂wi

(21)

To achieve desired time-domain performance specifications

for reference tracking and minimize the effect of load changes

on the voltages at PCCs, the controllers Ki
r(s) and Ki

d(s)
are respectively designed by means of solving the following

optimization problems:

minKi
r
kTi(s)K

i
r(s)−Tdi

(s)k∞ (22)

minKi
d
kHi(s)K

i
d(s)+Hd

i (s)k∞ (23)
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where Tdi
(s) is a desired reference tracking (reference model)

designed according to the desired performance of DG unit i

. To solve the above optimization problems, the MATLAB

commands hinfstruct, looptune, and systune can be used.

IV. PLUG-AND-PLAY (PNP) FUNCTIONALITY

In this section, the problem of plug-in/-out operation in

the islanded inverter-interfaced microgrids is considered. The

objective is to preserve the stability of the microgrid system

when several DGs are plugged in and/or plugged out.

A. Robustness to PnP Functionality of DGs

A new feature is added to the proposed decentralized control

strategy which is robustness to PnP functionality. By virtue of

the fact that the plug-in/-out of DG j to/from DG i affects

only matrix Agii
, two cases for each DG are considered:

• Maximum possible connections of the DGs to DG i

(Nimax ⇢ {1, . . . ,N})

• Connection j with minimum values of
Ri j

Z2
i j

and
Xi j

Z2
i j

among

the other connections.
✓

R

Z2

◆

min

= min
j2Ni

Ri j

Z2
i j

✓

X

Z2

◆

min

= min
j2Ni

Xi j

Z2
i j

(24)

Corresponding matrix Agii
for both cases are given as follows:

A1
gii

=

2

6

6

6

6

6

6

6

4

− 1
Cti

∑
j2Nimax

Ri j

Z2
i j

ω0 −
1

Cti
∑

j2Nimax

Xi j

Z2
i j

ki

Cti

0

−ω0 +
1

Cti
∑

j2Nimax

Xi j

Z2
i j

− 1
Cti

∑
j2Nimax

Ri j

Z2
i j

0 ki

Cti

− ki

Lti

0 −
Rti

Lti

ω0

0 − ki

Lti

−ω0 −
Rti

Lti

3

7

7

7

7

7

7

7

5

A2
gii

=

2

6

6

6

6

6

4

− 1
Cti

(

R
Z2

)

min
ω0 −

1
Cti

(

X
Z2

)

min

ki

Cti

0

−ω0 +
1

Cti

(

X
Z2

)

min
− 1

Cti

(

R
Z2

)

min
0 ki

Cti

− ki

Lti

0 −
Rti

Lti

ω0

0 − ki

Lti

−ω0 −
Rti

Lti

3

7

7

7

7

7

5

(25)

Therefore, any possible connection/disconnection of DGs to

DG i belongs to the following polytopic uncertainty domain:

Agii
(λ ) = λA1

gii
+(1−λ )A2

gii
(26)

where 0  λ  1. As a result, matrices Âgii
also have the

polytopic uncertainty as follows:

Âgii
(λ ) = λ Â1

gii
+(1−λ )Â2

gii
(27)

where

Â1
gii

=



A1
gii

0

−Cgi
0

]

, Â2
gii

=



A2
gii

0

−Cgi
0

]

(28)

for i = 1, . . . ,N.

Now, we aim to design a decentralized state feedback con-

troller for the augmented polytopic system
(

Âgii
(λ ), B̂gi

,Ĉgi
,0
)

by means of the following theorem [40]:

Theorem 2. If there exist symmetric matrices P
j

i > 0, slack

matrices Gi,Yi, and a given scalar εi > 0 such that the

following set of LMIs holds
"

Â
j
gii

Gi +GT
i (Â

j
gii
)T + B̂gi

Yi +Y T
i B̂T

gi
?

P
j

i −Gi + εi

(

Â
j
gii

Gi + B̂gi
Yi

)T
−εi

(

Gi +GT
i

)

#

< 0

(29)

for j = 1,2. Then, the state feedback gain Ki = YiG
−1
i stabi-

lizes the system
(

Âgii
(λ ), B̂gi

,Ĉgi
,0
)

via a linearly parameter-

dependent Lyapunov matrix Pi(λ ) = λP1
i +(1−λ )P2

i , where

0  λ  1.

Remark. In the case of microgrids with radial (parallel)

configuration, three cases happen for the disconnection of DGs

from DG i: 1) disconnection of DG i− 1 and DG i+ 1, 2)

disconnection of only DG i−1, and 3) disconnection of only

DG i+1. Therefore, the connection/disconnection of DGs to

DG i in a radial or parallel microgrid can be described by a

multi-model uncertainty composed of four models where the

set of DGs connected to DG i is 1) Ni = {}, 2) Ni = {i−1},

3) Ni = {i+1}, and 4) Ni = {i−1, i+1}.

B. Algorithm I: “Decentralized Control of Islanded Inverter-

interfaced Microgrids”

In this subsection, a systematic algorithm for the design of

the local state feedback controllers Ki for the DG i described

by (5)-(6) under plug-and-play functionality is given. The

algorithm consists of the following steps:

Step 1: Build two vertices A1
gii

and A2
gii

given in (25) as well

as augmented matrices Â1
gii

and Â2
gii

in (28), for i = 1, . . . ,N.

Step 2: Impose the structural constraints given in (18) on

the slack matrix Gi in (29).

Step 3: Fix the scalar parameter εi > 0 in (29) and solve

the following convex optimization problem to obtain the state

feedback controllers Ki:

min
Yi,P

j
i ,η ,G22i

η

subject to



Â
j
gii

Gi +GT
i (Â

j
gii
)T + B̂gi

Yi +Y T
i B̂T

gi
?

P
j

i −Gi + εi

(

Â
j
gii

Gi + B̂gi
Yi

)T
−εi

(

Gi +GT
i

)

]

< 0

P
j

i = P
j

i

T
> 0, η > 0

i = 1, . . . ,N; j = 1,2
(30)

Set Ki = YiG
−1
i .

Step 4: Design pre-filters for controller performance im-

provement according to (22).

Step 5: Improve the local controllers to minimize the

effect of disturbance (load changes) on the voltages at PCCs

according to (23).

V. SIMULATION RESULTS

To verify the performance of the proposed control approach,

we consider an islanded inverter-intefaced microgrid consist-

ing of 11 DGs with meshed topology, borrowed from [34],

as graphically shown in Fig. 4. The simulation case studies

are carried out in MATLAB/SimPowerSystems Toolbox. It is

assumed that each DG supports a local load, i.e., a load which

is physically connected to the bus terminal of that DG. The
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Fig. 4. Layout of an islanded microgrid system composed of 11 DGs.

parameters of all DGs and the transmission lines are given in

Table I and Table II, respectively.

TABLE I
ELECTRICAL PARAMETERS OF MICROGRID IN FIG. 4.

DGs
Filter parameters Shunt capacitance Load parameters Reference voltages

Rt(mΩ) Lt(µH) Ct(µF) R(Ω) L(µH) Vdre f
(pu) Vqre f

(pu)

DG 1 1.2 93.7 62.86 76 111.9 0.9 0.436
DG 2 1.6 94.8 62.86 85 134.3 0.9 -0.436
DG 3 1.5 107.7 62.86 93 123.1 0.8 0.6
DG 4 1.5 90.6 62.86 80 167.9 0.8 -0.6
DG 5 1.7 99.8 62.86 125 223.8 0.995 0.1
DG 6 1.6 93.4 62.86 90 156.7 0.6 0.8
DG 7 1.6 109.6 62.86 103 145.5 0.707 0.707
DG 8 1.7 104.3 62.86 150 179 0.9 0.436
DG 9 1.7 100 62.86 81 190.2 0.9 -0.436
DG 10 1.5 99.4 62.86 76 111.9 0.8 0.6
DG 11 1.5 100 62.86 76 111.9 0.6 0.8

DC bus voltage Vdc = 2000V

Power base value Sbase = 8KVA

Voltage base value Vbase,low = 0.5KV,Vbase,high = 11.5KV

VSC terminal voltage (line-line) VV SC = 600V

VSC rated power SV SC = 3MVA

Transformer voltage ratio ki = 0.6/13.8KV (∆/Y )
System nominal frequency f0 = 60Hz

TABLE II
PARAMETERS OF THE TRANSMISSION LINES IN FIG. 4

Line impedance Zi j Ri j(Ω) Li j(mH)

Z12 1.1 600
Z13 0.9 400
Z34 1 500
Z24 1.2 700
Z45 1 550
Z57 0.7 350
Z56 1.3 800
Z59 1.2 650
Z78 1 450
Z610 1.1 600
Z111 1 700
Z611 1.1 600

Following Algorithm I in Subsection IV-B, all possible

connections of DGs to each DG are considered. For exam-

ple, DG 1 has connections with DG 2, DG 3, and DG 11

(N1max = {2,3,11}). Moreover, for DG1, the second vertex

A2
g11

is constructed through the connection with DG 11. Then,

local voltage controllers are designed through the convex

optimization problem given in (30) which is solved using

YALMIP [41] as the interface and MOSEK2 as the solver.

The dynamic performance of the microgrid system in Fig. 4

with the designed controllers is validated by a set of com-

2Available online in http://www.mosek.com
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Fig. 5. Dynamic responses of DG 6 due to new reference voltages (a) dq-
components of the load voltage at PCC 6, (b) instantaneous load voltages of
PCC 6, and (c) output active and reactive power of DG 6.

prehensive test cases including voltage setpoint variations,

PnP operation of DGs, and major changes in the microgrid

topology.

Case 1: Voltage Tracking Performance Assessment. Con-

sider the microgrid system in Fig. 4 which contains 11 DGs.

Each DG provides the active and reactive power for own local

loads according to the information/setpoints received from

Power Management System (PMS). The dq components of

the reference voltages for DGs are initially set according to

the values listed in Table I. The d and q components of the

reference voltage for DG 6 respectively change from 0.6 pu

and 0.8 pu to 0.8 pu and 0.6 pu at t = 2.5s. The dynamic

responses of DG 6 due to new reference voltages are plotted

in Fig. 5. Fig. 5 (a) shows the d and q components of the load

voltage of DG 6 and demonstrates that the proposed control

strategy successfully regulates the load voltage in less than

0.5s with zero steady state error. Fig. 5 (b) and (c) respectively

show the instantaneous load voltages of PCC 6 and output

active and reactive power of DG 6. Fig. 6 also shows the dq

voltages of the other DGs connected to DG 6. The results

indicate that there is a short transient (about one cycle of 60

Hz) in the load voltages at PCCs 5, 10, and 11 due to the step

change in the setpoints of DG 6.

Case 2: Plug-and-Play Capability. The objective of this

case study is to demonstrate the capability of the proposed

control strategy in PnP operation of DGs. To conduct this

case study, we assume that DG 11 is plugged out at t = 1.5s

and due to this failure all the connections attached to DG

11 are disconnected. Therefore, because of this disconnection,

dynamics of DG 1 and DG 6 are affected. Then, DG 11 is

plugged back into the system at t = 2.5s. Dynamic responses

of DG 11 and its neighbors due to the PnP functionality of

DG 11 are depicted in Fig. 7 and Fig. 8. The results illustrate

the robust performance of the proposed control technique
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to PnP functionality of DGs. The results verify that the

voltage controllers guarantee stability and provide a desirable

performance according to IEEE standards [42] even in the

case of PnP functionality of DGs. Moreover, as the results in

Fig. 8 show, the controllers of the neighbours regulate the load

voltages at PCCs before, during, and after the PnP operation

of DG 11 with a minimum amount of transients.

Case 3: Microgrid Topology Change. The objective of

this case study is to assess the robust performance of the
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Fig. 8. Dynamic responses of DG 1 and DG 6 due to PnP functionality of
DG 11 (a) d-component of the load voltages at PCCs, (b) q-component of
the load voltages at PCCs, (c) output active power of DGs, and (d) output
reactive power of DGs.
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Fig. 9. Layout of the microgrid with a new topology.

local voltage controllers to major topological uncertainties.

The topology of the microgrid in Fig. 4 is changed to the

configuration of Fig. 9 at t = 1.5s. The microgrid transients

due to this topology change are illustrated in Fig. 10. The

change in the microgrid configuration affects the system

dynamics. However, simulation results reveal that the local

voltage controllers are able to maintain the stability of the

microgrid after a significant change in its configuration.

Case 4: Load Change. In this scenario, the robustness

of the controller against the load parameters variations is

verified. The load at PCCs is modeled by a three-phase parallel

RLC network whose parameters are given in Table I. The

dq components of the reference signals of DGs are regulated

according to the values listed in Table I. The load resistances
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R at PCC1 in the three phases are equally changed from 152Ω

to 76Ω at t = 1.5s. The results which are depicted in Fig. 11

show the robustness of the controller with respect to the load

changes.

Case 5: Robustness to Small Deviation in Shunt Capac-

itors. This case study evaluates the performance of designed

control system with respect to small deviation in the shunt

capacitors from Cs. To this end, it is assumed that the shunt

capacitances in PCC1 and PCC2 are respectively deviated

from the common value Cs to 0.9Cs and 1.1Cs. First, the

reference voltages for DGs are set according to the values

given in Table I. Then, the d and q components of the reference

voltage of DG 6 respectively change from 0.6 pu and 0.8 pu

to 0.8 pu and 0.6 pu at t = 2.5s. The d and q components of

all DGs are shown in Fig. 12.
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Fig. 12. Voltage signals of DGs due to step changes in Vdqre f6
at t = 2.5s and

small deviation in Ct1 and Ct2 (a) d-component of the load voltages at PCCs
and (b) q-component of the load voltages at PCCs.

VI. CONCLUSION

In this paper, a voltage control technique is developed for

the islanded operation of inverter-interfaced microgrids with

general topology. The control structure is fully decentralized

and it relies on the Quasi-Stationary Line (QSL) approximated

model of microgrids. The designed controller is the optimal

solution of a convex optimization problem using Linear Matrix

Inequalities (LMIs). The main features of the proposed control

strategy is that local controllers are robust to plug-and-play

operation of DGs and microgrid topology change. As a result,

the stability of the microgrid system is preserved in the case

of plug-in/-out of DGs. The performance of the proposed

controller is verified under several case studies, carried out in

MATLAB/SimPowerSystems Toolbox, such as voltage track-

ing, microgrid topology change, plug-and-play capability of

DGs, and load changes.
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