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A Consensus-based Robust Secondary Voltage and Frequency Control Scheme for
Islanded Microgrids

Junyan Hu, Parijat Bhowmick∗

Department of Electrical and Electronic Engineering, School of Engineering, University of Manchester, Manchester M13 9PL, U.K.

Abstract

This paper deals with the problem of designing a fully-distributed and robust secondary control scheme for voltage and frequency
restoration of islanded microgrids along with real power sharing. Compared to the existing developments in this topic, the proposed
multi-agent consensus-based secondary control scheme takes into account the effects of model uncertainty, parameter variation and
unmodelled dynamics and thereby, offers a certain degree of robustness against all these factors. Due to virtue of the fully-distributed
control configuration, each distributed generating (DG) unit in a microgrid requires only the information of its own and some of its
neighbours but not of all other DG units attached to that microgrid. This helps in reducing the bandwidth requirement and cost of
the underlying communication network and also causes enhanced flexibility and reliability of the overall microgrid operation. The
proposed scheme counteracts any fluctuation in the terminal voltage and frequency of the DG units and also facilitates real power
sharing among them at a pre-specified ratio despite the time-varying load disturbances, various power line faults, communication
delays, etc. Finally, an exhaustive case study on a prototype IEEE 14-bus microgrid system containing five DG units has been
accomplished to demonstrate the usefulness of the developed scheme.

Keywords: Secondary control, microgrid, feedback linearization, distributed cooperative control, multi-agent systems, active
power sharing.

1. Introduction

Microgrid can be considered as the basic unit of a smart grid
which integrates a number of distributed generating (DG) units
and facilitates power supply to local loads and often to main
grid as well [1, 2]. When a microgrid is connected to the main
power grid, it is said to be working in ‘grid-connected mode’
and it operates in ‘islanded mode’ if it is isolated from the main
grid [2]. Usually microgrids remain connected to the main grid,
but often due to external disturbances, power line faults, un-
planned outage, scheduled maintenance, etc., microgrids may
loose connection to the main grid. When this happens, the pri-
mary control is brought into action to prevent any deviation in
the terminal voltage and frequency of each DG unit of that iso-
lated microgrid from the reference (or nominal) voltage (Vre f )
and frequency (ωre f ) [3]. Due to the drooping characteristics
of conventional primary voltage and frequency controllers, the
variations in the voltage and frequency of a DG unit cannot
be fully rectified which severely deteriorates the power qual-
ity and, in turn, disturbs the healthy operation of a microgrid.
This necessitates the application of ‘secondary control’ in addi-
tion to the primary control during the islanded operating mode
to accurately maintain the voltage and frequency of each DG
units to the standard values Vre f and ωre f . Pioneering research
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on the modelling, small-signal stability analysis and testing of
autonomous operation of inverter-based microgrids has been re-
ported in [4]. Varieties of control techniques have been investi-
gated during the past few years to improve the quality and relia-
bility of the microgrid systems. Before the advent of distributed
cooperative control strategies, microgrid control schemes used
to resort on centralized control techniques. But in a centralized
control, each of the nodes (here the DG units) stays bidirec-
tionally [5] connected to all the remaining modes and hence,
centralized control requires a complex and expensive communi-
cation network. Moreover, a centralized control scheme ceases
to work even if a single unit breaks down or loses connection to
the rest of the network due to communication link failure. On
the other hand, the primary advantage of a distributed control
scheme is that a node is not required to communicate with all
other nodes in the network. Because of this feature, distributed
cooperative control techniques have been quite popular in mi-
crogrid and smart grid applications for designing controllers
[6]. In [7], a dynamic optimization-based coordinated control
scheme has been proposed for DC microgrids, whereas in [8],
a multi-function model reference adaptive PID control law is
developed to augment voltage and current control of islanded
microgrids. In [9], the authors have designed a consensus-
based information synchronization and distributed model pre-
dictive control scheme to ensure satisfactory voltage regulation
of smart distributed networks.

Due to remarkable progress in the graph theory-based multi-
agent cooperative control techniques over the past two decades
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[10, 11, 12, 13], distributed cooperative secondary control of
islanded microgrid operation has drawn profound attention of
the smart grid control communities. In [14], a cooperative sec-
ondary frequency control scheme is developed for distributed
microgrids. Moreover, [14] has also addressed fundamental
issues related to data communication and network topology,
which occurs during practical implementation of a distributed
control scheme. In [15, 16], a distributed secondary voltage
controller (SVC) has been developed for microgrids based on
the small-signal dynamic model but it does not guarantee global
stability due to considering incomplete plant model during the
controller design. In [17], distributed cooperative control strat-
egy is applied to design a secondary voltage control scheme
and feedback linearization tool has been utilized to linearize
the nonlinear plant model of a DG unit, but did not include
the dynamics of the primary controller, which may deteriorate
both stability and performance of the microgrid as a whole. In
the sequel, the same group of authors introduced a multi-agent
consensus-based distributed cooperative control framework in
[18] for secondary voltage and frequency control (SVFC) of
inverter-based microgrids. However, in both [17, 18], the non-
zero minimum eigenvalue of the graph Laplacian matrix is di-
rectly involved in the proposed control law, which indicates
that the control schemes are not fully-distributed. In order
to circumvent these issues, the notion of distributed adaptive
(commonly called ‘fully-distributed’) cooperative control has
recently been introduced in the literature [3, 18, 19] for sec-
ondary controller design of islanded microgrids. The work of
[19] is a major contribution in the area of secondary voltage and
frequency control of isolated microgrids, however, [19] does
not address the robustness issues such as model uncertainties
and unmodelled dynamics. In contrast to [3, 18, 19], an alter-
native secondary voltage and frequency control framework has
been proposed in [20] and [21] respectively for islanded mi-
crogrid operation without applying the feedback linearization
technique. The notion of distributed-averaging proportional-
integral (DAPI) controllers are introduced and applied for sec-
ondary voltage and frequency control of inverter-based micro-
grids in [20] and [21]. Of late, in [22], the authors have de-
signed a distributed secondary controller for islanded micro-
grids using the principle of optimal static output feedback con-
trol [23] based on the voltage and frequency drooping strate-
gies used in [21]. Notable research has been conducted in [24]
to develop a distributed secondary control scheme for droop-
controlled microgrids including reactive power sharing. [24]
has also provided experimental results to validate their pro-
posed theory. Leading research is carried out in [25] on design-
ing hierarchical control framework for droop-controlled AC and
DC microgrids based on ISA-95 standard that includes primary,
secondary and tertiary control objectives. Later on, in [26], an
extensive survey on the decentralized, distributed and hierarchi-
cal control of droop-controlled islanded microgrids has been
published. In [27], signification research contribution is laid
in investigating the impact of communication time delay in the
secondary frequency control of an islanded microgrid with mul-
tiple DG units. Followed by [27], in [28], small-signal stability
analysis of a distributed secondary frequency control scheme

is performed for an islanded microgrid with multiple inverters
in presence of time delay. In [29], the authors have designed a
distributed secondary voltage and frequency restoration scheme
for inverter-based microgrids when the communication network
suffers from uncertain links.

The existing developments and the limitations therein mo-
tivate us to design a multi-agent consensus-based fully-
distributed secondary control scheme to synchronise the volt-
age and frequency of individual DG units in a microgrid to the
nominal (or reference) level during the islanded mode of op-
eration. The contributions of this paper can be summarised as
follow:

• A fully-distributed and robust SVFC framework is pro-
posed for isolated (or islanded) microgrids which also
maintains active and reactive power sharing among the
DG units at a desired proportion. The scheme is devel-
oped based on a complete first-principle nonlinear dy-
namic model of the DGs, which may not be all identical.

• Input-output feedback linearization technique has been ap-
plied to obtain a simplified linearized model common for
all DGs and to suppress the apparent structural heterogene-
ity present in the DG units attached to a microgrid.

• The proposed SVFC scheme being fully-distributed re-
quires the constituent DG units to access only the local in-
formation, i.e., information of each DG unit and its neigh-
bours, but not about the whole network. Due to virtue of
this property, the SVFC scheme reduces the bandwidth re-
quirement and also offers greater reliability and flexibility,
in contrast to most of the existing approaches.

• In the proposed methodology, apart from considering the
impact of bounded external disturbances (e.g., load fluctu-
ations), an additional exogenous input term is considered
to compensate for the effects due to parameter variation,
model uncertainty and unmodelled dynamics.

After the theoretical development, a detailed case study on a
prototype IEEE 14-bus microgrid system containing five DG
units has been carried out to highlight the effectiveness and
feasibility of the proposed secondary voltage and current con-
trol (SVFC) scheme. Apart from showing the nominal perfor-
mance, the case study has also examined the robustness prop-
erties of the SVFC scheme to handle frequent graph topology
switching, load fluctuations, plug-and-play operation and com-
munication delay.

Rest of the paper proceeds as follow. Preliminaries on al-
gebraic graph theory is presented in Section 2. A complete
nonlinear dynamical model of an inverter-based DG unit is pro-
vided in Section 3. Section 4 contains the main contributions
of the paper which develops a fully-distributed and robust sec-
ondary control scheme for voltage and frequency restoration of
islanded microgrids along with maintaining active and reactive
power sharing among the neighbouring DG units. In Section 5,
an in-depth case study on a prototype IEEE 14-bus microgrid
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system is considered to show usefulness of the proposed sec-
ondary control scheme. Section 6 concludes the paper men-
tioning future research directions.

Notations

Notations and acronyms are standard throughout. R>0 and
R≥0 denote respectively the sets of all positive and all non-
negative real numbers. Let In denote the identity matrix of di-
mension n × n and 1N be the vector with N number of entries
all being 1. diag{ai} represents a diagonal matrix with the diag-
onal entries ai ∀i. For a real-valued function g(t) : [0,∞) →

Rn, g(t) ∈ L2 if
√∫ ∞

0 g(t)T g(t) dt < ∞ and g(t) ∈ L∞ if
sup
t≥0
‖g(t)‖ < ∞. λmin(X) denotes the minimum eigenvalue of

a matrix X ∈ Rn×n that has only real eigenvalues. The Kro-
necker product of two matrices A and B is denoted by A ⊗ B.
‖.‖ expresses the 2-norm of a vector or a matrix. A square
matrix A ∈ Rn×n is called a non-singular M-matrix if all its
off-diagonal elements are non-positive and all eigenvalues of A
have positive real parts [30].

2. Preliminaries on graph theory

A microgrid can be conceptualised as a multi-agent coop-
erative system, in which the DG units are viewed as nodes or
agents and the communication links play the roles of edges.
Each DG unit communicates with other DGs through a sparse
communication network. Let G = (V,E,A) be a weighted and
directed graph for whichV = {1, 2, . . . ,N} is a nonempty set of
nodes, E ⊂ V ×V is the set of edges and A =

[
ai j

]
∈ RN×N is

the adjacency matrix corresponding to the graph. An edge de-
noted by (i, j) indicates that information flows from node ith to
node jth and, in this case, the ith node is considered as a ‘neigh-
bour’ of the jth node. ai j is the weight of edge ( j, i) and ai j , 0
if ( j, i) ∈ E. In-degree matrix associated with G is defined as
D = diag{di} ∈ RN×N with di =

∑N
j=1 ai j and the Laplacian ma-

trix L ∈ RN×N of G is given by L = D − A. Within a directed
graph, a spanning tree exists if the graph has a ‘root’ node hav-
ing directed path to each of the remaining nodes. If the ith node
for any i ∈ {1, 2, . . . ,N} is attached to the root (labelled as ‘node
0’), then the node is called a ‘pinned’ node and an edge (0, i) is
said to exist between them having the weight gi > 0. We denote
the pinning matrix as G = diag {gi} ∈ RN×N

≥0 .
The following lemma related to the properties of graph Lapla-
cian matrix will be invoked in deriving the main results of the
paper in Section 4.

Lemma 1. [11] Assume there exists a spanning tree in the
graph G and L ∈ RN×N be the corresponding Laplacian ma-
trix. Then, λ1[L] = 0 is a non-repeated eigenvalue and v1 = 1N

be the corresponding eigenvector; while <{λi[L]} ≥ 0 for all
i ∈ {2, 3, . . . ,N}.

Note, the Laplacian matrix L enjoys symmetry when G is undi-
rected and in that case, the condition <{λi[L]} ≥ 0 reduces to
λi[L] ≥ 0 ∀i. Lemma 2 describes an important property of M-
matrix and it is widely applied in designing cooperative control
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Figure 1: Schematic diagram of an inverter-based DG unit.

protocols where the graph Laplacian matrix satisfies the prop-
erties of an M-matrix.

Lemma 2. [31] Consider a non-singular M-matrix U. Then,
there exists a positive definite matrix Ξ = diag{ψ1, . . . , ψN} such
that ΞU + UT Ξ > 0.

Let us now recall a corollary on the well-known Barbalat
Lemma.

Lemma 3. [32] For some p ∈ [1,∞), if g(t) ∈ Lp
⋂

L∞ and
ġ(t) ∈ L∞, then it holds that limt→∞ g(t) = 0.

3. Complete mathematical modelling of inverter-based
DGs including primary control

The functional block diagram of a voltage-controlled
voltage-source inverter-based DG unit is depicted in Fig. 1.
A microgrid consists of a number of such DG units, which
are synchronised to maintain a common (usually the reference)
voltage (Vre f ) and frequency (ωre f ). As discussed in the Intro-
duction, primary controller alone is not strong enough to nul-
lify the deviations in the voltage and frequency of the individ-
ual DG units when operated in the islanded mode. Therefore,
secondary control is essential in islanded mode of operation to
restore the voltage (voi) and frequency (ωi) of each DG unit to
the nominal level. Below, we provide the complete nonlinear
dynamical model of an inverter-based DG unit equipped with
the primary controller as derived in [1, 17, 19, 4].

Let δi denote the angle of the ith DG reference frame with
respect to a common reference frame and satisfies the relation

δ̇ = ωi − ωcom, (1)

whereωi is the angular frequency of rotation of the ith DG while
ωcom represents the same associated with the common reference
frame. The voltage and frequency droop characteristics exerted
by the primary controller are governed by the following equa-
tions: 

ωi = ωni − mpiPi,

v∗odi = Vni − nQiQi,

v∗oqi = 0,
(2)
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where mPi and nQi are the droop coefficients, selection of which
depends on the active and reactive power ratings of each DG;ωi

is the angular frequency of ith DG unit fixed by the primary con-
trol; Pi and Qi denote respectively the active power (in kW) and
reactive power (in kVAr) measured at the terminals of ith DG;
Vni and ωni act as the reference signals to the primary controller
[17, 4]. The power controller is characterised by the following
differential equations: Ṗi = −ωciPi + ωci(vodiiodi + voqiioqi),

Q̇i = −ωciQi + ωci(vodiioqi − voqiiodi),
(3)

where ωci is the cutoff frequency of the low-pass filters used in
the power controller block; vodi, voqi, iodi and ioqi are the direct
and quadrature components of voi and ioi respectively (see Fig.
1). The differential-algebraic equations of the voltage controller
is given as:

φ̇di = v∗odi − vodi,

φ̇qi = v∗oqi − voqi,

i∗ldi = Fiiodi − ωbC f ivoqi + KPvi(v∗odi − vodi) + KIviφdi,

i∗lqi = Fiioqi + ωbC f ivodi + KPvi(v∗oqi − voqi) + KIviφqi,

(4)

where φdi and φqi are the auxiliary state variables associated
with the PI controllers used in voltage control and ωb denotes
the nominal angular frequency. Similarly, the dynamics of the
current controller is obtained as:

γ̇di = i∗ldi − ildi,

γ̇qi = i∗lqi − ilqi,

v∗idi = −ωbL f iilqi + KPci(i∗ldi − ildi) + KIciγdi,

v∗iqi = ωbL f iildi + KPci(i∗lqi − ilqi) + KIciγqi,

(5)

where γdi and γqi are the auxiliary states related to the PI con-
trollers involved in current control. Finally, the governing equa-
tions of the output LC filter and output connector, as shown in
Fig. 1, are mentioned below as:

i̇ldi = −
R f i

L f i
ildi + ωiilqi +

1
L f i

vidi −
1

L f i
vodi,

i̇lqi = −
R f i

L f i
ilqi − ωiildi +

1
L f i

viqi −
1

L f i
voqi,

v̇odi = ωivoqi +
1

C f i
ildi −

1
C f i

iodi,

v̇oqi = −ωivodi +
1

C f i
ilqi −

1
C f i

ioqi,

i̇odi = −
Rci

Lci
iodi + ωiioqi +

1
Lci

vodi −
1

Lci
vbdi,

i̇oqi = −
Rci

Lci
ioqi − ωiiodi +

1
Lci

voqi −
1

Lci
vbqi,

(6)

where vbdi and vbqi are the direct and quadrature components
of the microgrid bus voltage vb as shown in Fig. 1. Now, the
above set of equations (1)-(6) can be expressed in a compact
form describing the input affine nonlinear state-space model of

the ith DG unit:

ẋi = fi(xi) + gi(xi)ui + ki(xi)Di, (7a)
y1i = vodi = h1i(xi), (7b)
y2i = ωi = ωni − mpiPi = h2i(xi) + eiui, (7c)

where the state vector is given by xi =
[
δi, Pi,Qi, φdi, φqi, γdi,

γqi, ildi, ilqi, vodi, voqi, iodi, ioqi

]T
; yi = [y1i, y2i]T = [vodi, ωi]T de-

notes the output; ui = [u1i, u2i]T = [Vni, ωni]T represents the
control input; and Di = [ωcom, vbdi, vbqi]T symbolizes the known
disturbance input.

Remark 1. Presently, the paper deals with the control aspects
of the microgrid and hence, the paper has not explicitly con-
sidered the issues related with the input energy sources feeding
the inverter unit. It is assumed that a high-valued capacitor (or
solid-state voltage clamping unit) is used to maintain the volt-
age input to the inverter within allowable range. Theoretically,
any fluctuation in the voltage input to the inverter causes a drift
in the output line current iLi [33], which is then fed back to the
voltage and current controller block to take necessary correc-
tive action to prevent this variation by manipulating the voltage
reference v∗i to the inverter as shown in Fig. 1. Furthermore, the
effect of any disturbance in the input voltage due to stochastic
nature of the external energy sources is considered during the
controller design via including the known disturbance input Di

in (7a) and an additional external disturbance input di (will be
introduced in Section 4.1).

4. Development of a fully-distributed and robust secondary
control scheme for islanded microgrid operation

The primary objective of secondary voltage and frequency
control (SVFC) is to generate appropriate reference signals Vni

and ωni for the primary controller such that the output voltage
magnitude (vo,magi) and frequency (ωi) of each DG unit can be
reinstated to the nominal values, i.e., Vre f and ωre f , along with
facilitating active and reactive power sharing among all the DG
units connected to a microgrid at a pre-specified ratio.

4.1. Distributed and robust secondary voltage control

In this subsection, a fully-distributed and robust secondary
voltage control (SVC) protocol has been introduced that assists
the DG units to synchronise with the nominal grid voltage dur-
ing the islanded mode of operation. As the d and q components
lie in quadrature, the output voltage magnitude of the ith DG
unit is given by

vo,magi =

√
v2

odi + v2
oqi ∀i ∈ {1, 2, . . . ,N}. (8)

It is already discussed that the primary voltage control strategy
makes voqi = 0 and hence, synchronisation of vo,magi to Vre f is
equivalent to synchronisation of vodi to Vre f for each i. There-
fore, secondary voltage control requires to find an appropriate
control input ui (i.e., Vni) such that vodi asymptotically follows

4



Vre f for each i. As the dynamics of DG units described via (7a)-
(7c) are nonlinear and coupled, we apply input-output feed-
back linearization technique to transform the nonlinear dynam-
ics into the ‘normal’ form (also known as Brunovsky canonical
form, see [32] for details) for designing an SVC scheme. The
direct relationship between y1i and u1i is obtained as

ÿ1i = L2
Fih1i + LgiLFih1iu1i, (9)

where LFi h1i =

(
∂h1i

∂xi

)
Fi is defined as the Lie derivative of h1i

with respect to

Fi(xi) = fi(xi) + ki(xi)Di. (10)

Similarly the higher-order Lie derivative operators are defined

as L2
Fi

h1i = LFi (LFi h1i) and Lgi LFi h1i =

(
∂(LFi h1i)
∂xi

)
gi. The

auxiliary control law vi is now selected as

vi = L2
Fih1i + LgiLFih1iu1i + di, ∀i (11)

where di is an unknown input considered additionally to ac-
count for the external disturbances. Furthermore, di = Wudd̄i

can be chosen where the matrix Wud is used to model the effects
of plant uncertainties and unmodelled dynamics. Equations (9)
and (11) together yield a second-order LTI sub system

ÿ1i = vi + di ∀i. (12)

The control input u1i can be expressed in terms of vi as

u1i = (LgiLFih1i)−1(−L2
Fih1i + vi) ∀i. (13)

The LTI subsystem (12) can be expressed in a state-space form

żi = Azi + Bvi + wi ∀i, (14)

where zi =
[

y1i ẏ1i

]T
=

[
vodi v̇odi

]T
, A =

[
0 1
0 0

]
, B =[

0 1
]T

and wi =
[
0 di

]T
. Thus, applying input-output feed-

back linearization, (7a)-(7b) has been transformed into (14) and
a set of internal dynamics. Note, the pair (A, B) is always con-
trollable. Now, the reference generator is described by

ż0 = Az0 (15)

where z0 =
[
Vre f v̇re f

]T
. Also note that since Vre f is constant,

ż0 = 0. Below, we declare several assumptions which are pre-
requisite for deriving the SVC protocol (i.e., Theorem 1).

Assumption 1. The topology among N DG units is undirected
and connected. There exists a spanning tree in the communi-
cation graph G for which the root node (labelled as ‘0’) is the
reference generator and gi > 0 for at least one DG unit. In this
case, L + G > 0 [5, 18]. Note L + G is also a non-singular
M-matrix.

Assumption 2. The external disturbances are bounded, i.e.,
there exists a set of constants γi such that ‖di‖ ≤ γi for each
i and let γ̂i(t) be an estimate of γi over all t ≥ 0.

Assumption 3. Let φi(t) with φi(0) ≥ 0 be the time-varying
coupling weights for all i ∈ {1, 2, . . . ,N} and for all t ∈ R≥0.

Assumption 4. Let σi(t) be a uniformly continuous and
bounded function [34] such that for any t0 ≥ 0

lim
t→∞

∫ t

t0
σi(τ)dτ ≤ σ̄i <∞ ∀i. (16)

Objective of SVC is to design an appropriate control input vi

such that zi approaches z0 ∀i ∈ {1, 2, . . . ,N}. Motivated by [35,
36], a fully-distributed and robust SVC law is proposed below:

vi = − (φi + ϕi)Kξi,

φ̇i = − κ1σiφi + κ1 ‖Kξi‖
2 ,

˙̂γi = − κ2σiγ̂ + κ2 ‖Kξi‖ ,

ϕi =γ̂2
i /(γ̂i ‖Kξi‖ + σi) ∀i

(17)

where

ξi =

N∑
j=1

ai j(zi − z j) + gi(zi − z0) ∀i (18)

denotes the local voltage magnitude tracking error of the ith

DG unit, the constants κ1 ∈ R>0 and κ2 ∈ R>0 are to be
selected and K is the feedback gain matrix to be designed.
We denote z =

[
zT

1 , z
T
2 , . . . , z

T
N

]T
, d = [d1, d2, . . . , dN]T and

ξ =
[
ξT

1 , ξ
T
2 , . . . , ξ

T
N

]T
. Applying the SVC protocol (17), the

closed-loop linearized system dynamics of N DG units can be
expressed in the Kronecker product form as

ż = (IN ⊗ A)z + (IN ⊗ B)d − [(Φ + Ω) ⊗ BK]ξ, (19)

where Φ = diag{φ1, . . . , φN} and Ω = diag{ϕ1, . . . , ϕN}. The
following theorem, one of the main contributions of this paper,
establishes that all zi in (14) synchronise to z0 in (15) due to
the action of the proposed SVC scheme, which implies that the
output voltage magnitude vo,magi of all DG units will eventually
attain Vre f .

Theorem 1. Consider the feedback linearized model of N DG
units as described in (14) assuming that the internal dynam-
ics of each DG is asymptotically stable. Suppose further that
Assumptions 1–4 hold. Then, the direct component of the DG
output voltage vodi asymptotically tracks the reference voltage
Vre f for all i ∈ {1, 2, . . . ,N} due to application of the SVC law
(17) with K = BT P where P > 0 is a solution to the following
algebraic Riccati (ARE) equation

PA + AT P − PBBT P + Q = 0 (20)

for a given Q > 0.

Proof. Define ζi = zi − z0 and let the global voltage magnitude
tracking error vector be ζ =

[
ζT

1 , ζ
T
2 , . . . , ζ

T
N

]T
. Substituting (19)

into the derivative of ζ, we find

ζ̇ = (IN ⊗ A)ζ + (IN ⊗ B)d − [(Φ + Ω) ⊗ BBT P]ξ. (21)
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Consider the following Lyapunov function candidate

V1 = ζT [(L + G) ⊗ P]ζ +

N∑
i=1

φ̃2
i

κ1
+

N∑
i=1

γ̃2
i

κ2
(22)

where φ̃i = φi − α, γ̃i = γ̂i − γi and the constant α ∈ R>0 to
be determined later. It can be readily verified that V1 is positive
definite. We now compute the time-derivative of V1 along the
trajectories of (21)

V̇1 = 2ζT [(L + G) ⊗ P]ζ̇ + 2
N∑

i=1

φ̃i
˙̃φi

κ1
+ 2

N∑
i=1

γ̃i ˙̃γi

κ2
. (23)

Substituting (21) and (17) into (23), we have

V̇1 = 2ζT [(L + G) ⊗ PA] ζ + 2ζT [(L + G) ⊗ PB] d−

2ζT
[
(L + G)(Φ + Ω) ⊗ PBBT P

]
ξ + 2

N∑
i=1

φ̃i (−φiσi+

∥∥∥BT Pξi

∥∥∥2
)

+ 2
N∑

i=1

γ̃i

(
−γ̂iσi +

∥∥∥BT Pξi

∥∥∥). (24)

Note that ξi and ζi are related via the expression

ξ = [(L + G) ⊗ In] ζ. (25)

It follows from the definitions of Φ and φ̃i that

− 2ζT
[
(L + G)Φ ⊗ PBBT P

]
ξ + 2

N∑
i=1

φ̃i

∥∥∥BT Pξi

∥∥∥2

= − 2
N∑

i=1

φi

∥∥∥BT Pξi

∥∥∥2
+ 2

N∑
i=1

(φi − α)
∥∥∥BT Pξi

∥∥∥2

= − 2αζT
[
(L + G)2 ⊗ PBBT P

]
ζ. (26)

Assumption 2 can be applied to obtain the following relation

2ζT [(L + G) ⊗ PB]d ≤ 2
N∑

i=1

γi

∥∥∥BT Pξi

∥∥∥. (27)

Now, (24) implies (28) upon substituting (26) and (27)

V̇1 ≤ 2ζT [(L + G) ⊗ PA] ζ − 2αζT
[
(L + G)2 ⊗ PBBT P

]
ζ

− 2ζT
[
(L + G)Ω ⊗ PBBT P

]
ξ + 2

N∑
i=1

γ̂i

∥∥∥BT Pξi

∥∥∥
− 2

N∑
i=1

φ̃iφiσi − 2
N∑

i=1

γ̃iγ̂iσi. (28)

Furthermore, from Assumptions 3 and 4, we have

− 2ζT
[
(L + G)Ω ⊗ PBBT P

]
ξ + 2

N∑
i=1

γ̂i

∥∥∥BT Pξi

∥∥∥
= 2

N∑
i=1

γ̂i

∥∥∥BT Pξi

∥∥∥σi

γ̂i

∥∥∥BT Pξi

∥∥∥ + σi
≤ 2

N∑
i=1

σi. (29)

Note that −φ̃iφi = −φ̃2
i − φ̃iα ≤ (1/4)α2 and −γ̃iγ̂i ≤ (1/4)γ2

i .
Now, using (29), inequality (28) implies

V̇1 ≤ 2ζT [(L + G) ⊗ PA] ζ − 2αζT
[
(L + G)2 ⊗ PBBT P

]
ζ

+

N∑
i=1

kiσi (30)

where ki = 4 + (α2/2) + (γ2
i /2) > 0 is constant for all i.

Now, since L + G > 0 via Assumption 1, there exists a uni-
tary diagonalizing matrix T such that J = diag{λ1, . . . , λN} =

T−1(L + G)T . Let ϑ =
(
T−1 ⊗ IN

)
ζ =

[
ϑT

1 , ϑ
T
2 , . . . , ϑ

T
N

]T
and

subsequently (30) is expressed in terms of ϑ as

V̇1 ≤ ϑ
T
[
J ⊗ (PA + AT P) − 2αJ2 ⊗ PBBT P

]
ϑ +

N∑
i=1

kiσi,

which is further simplified to

V̇1 ≤

N∑
i=1

λiϑ
T
(
PA + AT P − 2αλiPBBT P

)
ϑ +

N∑
i=1

kiσi. (31)

By choosing a sufficiently large α such that α ≥ 1
2λmin(L+G) , it

follows from the ARE given in (20) that

V̇1 ≤ −

N∑
i=1

λiϑ
T Qϑ +

N∑
i=1

kiσi ≤ −λ ‖ϑ‖
2 +

N∑
i=1

kiσi (32)

where λ = λmin(L + G)λmin(Q). Now, integrating both sides of
(32) with respect to t from 0 to T ≥ 0, we have

V1|t=T ≤ V1|t=0 −

∫ T

0
λ ‖ϑ(t)‖2 dt +

∫ T

0

N∑
i=1

kiσi(t)dt (33a)

⇒V1|t=T ≤ V1|t=0 +

N∑
i=1

kiσ̄i [since λ > 0] (33b)

where V1|t=T denotes V(ϑ(T ), φ̃i(T ), γ̃i(T )) for any T ≥ 0. Since
V1|t=0 is constant for a given set of initial conditions and σ̄i are
finite and time independent, the function V1 remains uniformly
bounded, that is for all t ≥ 0, which implies that ϑi(t), φ̃i(t)
and γ̃i(t) are all uniformly bounded for each i. Moreover, since
V1|t=T ≥ 0 for all T ≥ 0, the inequality (33a) implies∫ T

0
λ ‖ϑ(t)‖2dt ≤ V1|t=0 +

N∑
i=1

kiσ̄i ∀T ≥ 0 (34)

which implies ϑ(t) ∈ L2
⋂

L∞. Since ϑ(t) = (T−1 ⊗ IN)ζ(t),
ζ(t) ∈ L2

⋂
L∞ which in turn implies ξ(t) = [(L+G)⊗ IN]ζ(t) ∈

L2
⋂

L∞. Therefore, ζ̇(t) ∈ L∞ from (21) since ζ(t), d(t) and
ξ(t) are all L∞ bounded signals ∀t ≥ 0. Now invoking Lemma
3, it can be ensured that lim

t→∞
ζ(t) = 0, which means

lim
t→∞

[zi(t) − z0(t)] = 0 ∀i. (35)

Hence, vodi asymptotically reaches Vre f for each i ∈

{1, 2, . . . ,N} under the assumption that the internal dynamics
of all DG units are asymptotically stable. �

The block diagram of the proposed fully-distributed and ro-
bust SVC scheme is depicted in Fig. 2.
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Figure 2: Functional block diagram of the SVC scheme applied to the ith DG
unit.

4.2. Distributed and robust secondary frequency control

Similar to SVC, in this subsection, our aim is to develop a
robust and distributed secondary frequency control (SFC) tech-
nique that will guarantee frequency synchronisation of all DG
units to the nominal grid frequency (ωre f ). Here, the output is
denoted by y2i = ωi and the control input is u2i = ωni. Applying
again the input-output feedback linearization tool on (7a)-(7c)
considering y2i = ωi as the output, we obtain a first-order dy-
namics

ω̇i = ω̇ni − mPiṖi ∀i. (36)

The auxiliary control input v2i is defined as

v2i = ω̇ni − mPiṖi ∀i (37)

such that (36) gets transformed into a single integrator dynam-
ics

ω̇i = v2i ∀i ∈ {1, 2, . . . ,N}. (38)

The relative frequency tracking error for each of the DG units
is defined as

ξωi =

N∑
j=1

ai j(ωi − ω j) + gi(ωi − ωre f ). (39)

Being inspired from [37], the following adaptive control law is
designed to achieve the secondary frequency control (SFC)v2i = (ci + ρi)Kωξωi ∀i ∈ {1, 2, . . . ,N},

ċi = Qωξ
2
ωi,

(40)

where ci(t) with ci(0) > 0 represent the time-varying coupling
weights; Kω and Qω are positive constants to be selected; and
ρi is a set of smooth functions to be determined. Let us denote
ω = [ω1, . . . , ωN]T and the global frequency tracking error ξω =

[ξω1, . . . , ξωN]T . From (39), ξω can be expressed in a compact
form as (1N denotes a column vector of all 1)

ξω = (L + G) (ω − 1N ωre f ). (41)

Substituting (36) and (40) into the derivative of (41), the closed-
loop frequency tracking error dynamics is obtained asξ̇ω = Kω(L + G)(C + ρ)ξω,

ċi = Qωξ
2
ωi,

(42)

where C = diag{c1, . . . , cN} and ρ = diag{ρ1, . . . , ρN}.

Theorem 2. Consider the feedback linearized model (38) as-
suming that the internal dynamics of each DG is asymptotically
stable. Then, the frequency ωi of each DG unit asymptotically
reaches the nominal frequency ωre f subjected to the SFC law

(40) with Kω = −

√
Qω

Rω
and ρi =

√
QωRω ξ

2
ωi for given Rω > 0

and Qω > 0.

Proof. As (L+G) is a non-singular M-matrix via Assumption
1, there exists Ξ = diag{ψi} with ψi > 0 for all i ∈ {1, 2, . . . ,N}
such that Ξ(L + G) + (L + G)T Ξ > 0 according to Lemma 2. In
this proof, the SFC problem has been posed as an asymptotic
stability problem of the closed-loop system (42). We start with
an appropriate Lyapunov function candidate

V2 =

N∑
i=1

1
2
ψi(2ci + ρi)ρi +

1
2

N∑
i=1

ψi(ci − β)2 (43)

where β > 0 is a constant to be determined later and ċi(t) ≥
0 with ci(0) > 0 implies ci(t) > 0 for all t > 0. It can be
verified that V2 > 0. Now, the time derivative of V2 along the
trajectories of (42) is computed as

V̇2 =

N∑
i=1

[
ψi(ci + ρi)ρ̇i + ψiρiċi

]
+

N∑
i=1

ψi(ci − β)ċi (44)

=

N∑
i=1

2ψi(ci + ρi)ξωi
√

QωRωξ̇ωi +

N∑
i=1

ψi(ρi + ci − β)ċi.

Note that

N∑
i=1

ψi(ρi + ci − β)ċi = ξT
ω

[
Qω(C + ρ − βI)Ξ

]
ξω (45)

and
N∑

i=1

2ψi(ci + ρi)ξωi
√

QωRω ξ̇ωi

= 2ξω
[ √

QωRω(C + ρ)Ξ
]
ξ̇ω

= −ξT
ω

[
Qω(C + ρ)

(
Ξ(L + G) + (L + G)T Ξ

)
(C + ρ)

]
ξω

≤ −ξT
ω

[
λ1,min Qω(C + ρ)2

]
ξω (46)

where λ1,min indicates the smallest positive eigenvalue of[
Ξ(L + G) + (L + G)T Ξ

]
. Exploiting conditions (46) and (45),

Lyapunov inequality (44) implies

V̇2 ≤ ξ
T
ω

[
Qω(C + ρ)Ξ − Qω(λ1,min(C + ρ)2 + βΞ)

]
ξω. (47)

The following implication

− ξT
ω

[
Qω(λ1,min(C + ρ)2 + βΞ)

]
ξω

≤ − 2ξT
ω

[
Qω

√
λ1,min βΞ(C + ρ)

]
ξω (48)

holds due to the property X2 + Y2 ≥ 2XY when X = XT ≥ 0 and
Y = YT ≥ 0. Selecting β ≥ maxi∈{1,...,N} ϕi

λ1,min
in (48) and applying the

result into (47), we obtain

V̇2 ≤ −ξ
T
ω

[
Qω(C + ρ)Ξ

]
ξω. (49)
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Figure 3: Functional block diagram of the SFC scheme applied to the ith DG
unit.

Applying the change of variable

ζω =
√

(C + ρ)Ξ ξω (50)

into (49), the expression for V̇2 becomes

V̇2 ≤ −Qω ζ
T
ωζω, (51)

which implies V̇2 ≤ 0 and V̇2 = 0 only when ζω = 0. This im-
plies asymptotic stability of (42) invoking LaSalle’s invariance
principle [34]. This ensures lim

t→∞
ζω(t) = 0 and in turn,

lim
t→∞

ξω(t) = 0 (52)

since ζω and ξω are related via non-singular transformation (50).
Hence, ωi approaches ωre f for all i ∈ {1, 2, . . . ,N} as t → ∞.
This completes the proof. �

The block diagram of the proposed fully-distributed and ro-
bust SFC scheme is shown in Fig. 3.

Remark 2. The scalar control parameters Qω > 0 and Rω >
0 used in the SFC protocol (40) have a direct impact on the
transient response of the DG unites. In order to get a faster
response of ωi, a larger Qω and a smaller Rω can be chosen.
But that may increase the control input demand and in practical
designs, control input may have to be restricted due to physical
limitations of the actuators. To maintain a trade-off between
the speed of response and the required control effort, difference
between Qω and Rω should not be too high and the design also
depends on other performance constraints.

4.3. Real power sharing among the DG units
Note that the real power sharing between two DG units is

taken care by primary control according to the relationship

P1mp1 = P2mp2 = · · · = PNmpN . (53)

In order to ensure real power sharing among the DG units satis-
fying (53) along with secondary voltage and frequency control,
we introduce an additional control input component

upi = mPiṖi ∀i. (54)

The consensus error of the active power transferred by the ith

DG is defined by

ξpi =

N∑
j=1

ai j(mPiPi − mP jP j) ∀i. (55)

Similar to the previous section, an adaptive control protocol is
selected below to facilitate real power sharing:upi = (cpi + ρpi)Kpξpi,

ċpi = Qpξ
2
pi, ∀i

(56)

where Kp = −

√
Qp

Rp
and ρpi =

√
QpRp ξ

2
pi with Qp ∈ R>0 and

Rp ∈ R>0 being the control parameters. Following the proof
of Theorem 2, it can be readily established that active power
outputs (Pi) of the DG units will be governed by the ratio 1

mp1
:

1
mp2

: · · · : 1
mpN

by the proposed distributed control law (56).
Substituting (54) into (36), the combined control input ωni is
obtained as

ωni =

∫
(uωi + upi) dt ∀i. (57)

ωni is the generated reference input to the primary control block
(see Fig. 1), which is responsible for frequency synchronisation
of all DG units in a microgrid as well as the active power shar-
ing among them at a particular ratio during the islanded mode
of operation.

Remark 3. The fundamental difference between our approach
and that of the literature [26, 21, 24, 25] is that we have used a
two-layer control scheme in which the inner layer first applies
a feedback linearisation technique to transform the nonlinear
and coupled dynamics of the microgrid into Brunovsky normal
form and then the outer layer implements the SVFC protocols to
synchronise the voltage and frequency of each DG to the nom-
inal values exploiting consensus principle. On the contrary, in
[21, 24], control laws are designed by utilising the distributed
averaging (DAPI) technique and manipulate directly the droop
characteristic equations ωi = ω∗ − miPi and vi = v∗i − niQi. In
[22], a small-signal approximated model is first obtained and
then a optimal static output feedback control law is designed. It
is mentioned in [21] that complete closed-loop stability analy-
sis in the SVC case is extremely challenging and hence, a small-
signal stability analysis has been resorted in [21]. Whereas
the present two-layer control scheme involving feedback lin-
earisation facilitates a complete stability analysis framework
via Lyapunov approach for both secondary voltage control and
frequency control along with real power sharing.

5. Case study on a prototype microgrid system

To show the effectiveness of the proposed fully-distributed
and robust SVFC scheme, a prototype microgrid system with
five DG units interconnected via IEEE 14-bus configuration
[38] is considered in Fig. 4. Initial loads of all five DG units are
given by 1.5kW + 1.2kVAr, 2kW + 0.6kVAr, 0.8kW + 0.8kVAr,
1.6kW+1.3kVAr and 1.1kW+1.5kVAr. The real power sharing
ratio is specified as 1 : 2 : 3 : 4 : 5. The simulation is carried
out in Matlab-Simulink environment. The SVC parameters are
chosen as: σi = 2e−2t, φi(0) = 0, γ̂i(0) = 2 ∀i ∈ {1, . . . , 5},
κ1 = κ2 = 1 and Q =

[
1000 0

0 10

]
. Note, σi is uniformly contin-

uous and bounded. Solving ARE (20), We find a P > 0 which
yields K = BT P =

[
31.6228 8.5584

]
. The SFC parameters
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Figure 4: A prototype IEEE 14-bus microgrid system containing five DG units.
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Figure 5: Time-varying communication graphs of the DG units.

are considered to be Qω = 300, Rω = 0.01, Qp = 100 and
Rp = 1. The nominal grid voltage and frequency are set as
Vre f = 310V and ωre f = 100π rad/s.

5.1. Voltage and frequency restoration with real power sharing

In the first phase (0 ≤ t < 10s) of simulation, secondary
control has not been activated. It is apparent from Fig. 6 that
primary control action has not been able to achieve perfect syn-
chronisation of voi and ωi to Vre f and ωre f . At t = 10s, both
SVC and SFC schemes are activated together along with (56) to
ensure active power sharing. The simulation results suggest that
the proposed SVFC scheme is able to prevent any deviations in
the voltage and frequency levels of individual DG units, that
is, voi reaches 310V and ωi reaches 100π rad/sec (i.e., 50Hz)
for all i under the influence of the developed SVFC scheme.
Note that the responses are quite smooth with minimum tran-
sients. This happens primarily due to the effect of the feedback
linearising controller since it compensates for most of the non-
linear terms present in the plant dynamics and makes the final
response achieved by the secondary controller smoother.

Remark 4. In the proposed methodology, all three distributed
control protocols SVC, SFC and (56) to facilitate real power
sharing among the DG units work simultaneously and indepen-
dent of each other to achieve voltage and frequency synchro-
nisation for each DGs along with maintaining the real power
sharing among them at a pre-specified ratio. Simulation results

(Fig. 7) show that the proposed SVFC control scheme has met
all these objectives with satisfactory transient performance un-
der the nominal operating condition of the islanded microgrid
as well as in the event of topology changes and during plug-
and-play operation.

5.2. Robustness of the proposed SVFC scheme to frequent com-
munication topology changes, load variations and plug-
and-play operation

In order to test the robust performance of the proposed SVFC
scheme, the communication graph is switched in the interval
of 40s following a sequence (a) → (b) → (c) → (a) as shown
in Figures 5(a)-5(c) staring from t = 40s. Fig. 6 shows that
despite frequent switching in the communication network, the
output voltage and frequency of each DG unit are tracking the
reference values without any steady-state error. Apart from
voltage and frequency synchronisation, active power (Pi) pro-
duced by the DG units are found to be in the desired ratio
P1 : P2 : P3 : P4 : P5 = 1/mp1 : 1/mp2 : 1/mp3 : 1/mp4 :
1/mp5 = 1 : 2 : 3 : 4 : 5 for all t > 10s and irrespective of any
load fluctuations, due to the influence of the SVFC scheme. Fig.
6 also shows that the DGs generate reactive power (Qi) in the
same ratio as that of the active power (Pi) generation. Further-
more, in order to evaluate robust performance of the proposed
scheme, an additional load Lc = 1kW + 0.8kVAr is assigned
to DG3 at t = 40s. It is observed from Fig. 6 that, due to
this additional loading, not only DG3 but the remaining DG
units also have increased their active power generation to main-
tain the specified real power sharing ratio. The reactive power
generation for all DG units has also increased. Note that the
output voltages and frequencies of the DGs are still synchro-
nised (after the transients die down) to the nominal level due
to the secondary control action. ‘Plug-and-play’ capability of
the proposed SVFC scheme is examined by disconnecting DG5
from the network at t = 80s and reconnecting it at t = 120s.
The simulation results (Fig. 6) indicate that active power gen-
erated by DG5 reduces to zero (green plot) immediately after
taking out DG5 from the network and remains zero until DG5
is plugged into the network at t ≥ 120s. During this period, the
remaining DG units generate excess active power in the ratio
1 : 2 : 3 : 4 to compensate for DG5. This phenomena is clearly
reflected in Fig. 6. Most importantly, there is no collapse in
the voltage and frequency profile of any of the DG units due
to this unprecedented disturbance happened because of discon-
necting a live DG unit from the network. Note that when some
DG units suffer from communication link failure, the remaining
units connected to the network can still achieve consensus due
to application of the proposed fully-distributed SVFC protocol
and hence, guarantees reliable and safe operation of the whole
microgrid in islanded mode.

Remark 5. Topology switching and plug-and-play operation
give rise to a modified interaction topology among the DGs and
hence a new Laplacian matrix. But the proposed distributed
SVFC control protocols (Theorems 1 and 2) do not explicitly
depend on the graph Laplacian matrix (L + G) and therefore,
the scheme continues to work even when there is a change in the
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Figure 6: Simulation responses of the prototype microgrid system employing the SVFC scheme with real power sharing: (a) Output voltage magnitudes vo,magi,
(b) frequencies ωi, (c) active power delivered Pi and (d) reactive power Qi delivered of all five DG units operating in islanded mode. At t = 0+, the microgrid is
disconnected from the main grid and for 0 < t < 10s, the primary controller works alone. At t = 10s, the SVFC scheme is triggered and for 10 ≤ t ≤ 40 nominal
operating condition has been maintained. From t = 40s onwards, the communication topology has been switched in the interval of 40s. Furthermore, at t = 40s, an
additional load is assigned on DG3 and at t = 80s, DG5 has been disconnected from the network and reconnected at t = 120s to test the plug-and-play capacity.

configuration of the DG network. In Theorem 1, the distributed
control law is constructed based on the feedback linearized
double-integrator dynamics given in the Brunovsky canonical
form with the stabilizable pair (A, B) as derived in (14). The
matrices A and B are fixed irrespective of any changes in the
topology of the DGs and accordingly, the optimal state feed-
back gain K = BT P, where P > 0 is an unique solution to the
ARE (20) for a given Q > 0, also remains fixed.

5.3. Impact of communication delays

Communication delay is inevitable in practical applications
involving communication network and sometimes causes major
issues in the controller performance which may even lead to in-
stability. In this part of the case study, we are interested to mea-

sure the impact of communication delay on the performance of
the microgrid achieved by the proposed SVFC scheme. Fig. 7
reveals that the closed-loop system responses (voi and Pi) be-
come oscillatory as the delay increases beyond a certain ex-
tent. However, the proposed SVFC control scheme is able to
preserve stability of the overall microgrid system, synchronises
the output voltage and frequency of all DG units to the nomi-
nal level and also facilitates active and reactive power sharing
among the DG units at the pre-specified ratio.

Remark 6. The effect of communication delay can be theoret-
ically analysed in a similar manner as done in [22] exploit-
ing the property that, for average consensus, the time delay
should be in the range (0, τ∗) where τ∗ ∝ 1

λmax[L+G] according
to [10, 12]. It indicates that to improve the delay margin of
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Figure 7: Output voltages (voi) and active power generated (Pi) of all five DG units subjected to 200ms, 500ms and 800ms communication delay.

a network involving single or double integrator MAS, the link
weightage ai j should be designed such that λmax[L + G] is not
too high. This analysis holds in the present scenario for the
SFC control protocol proposed in (40) since Kw = −

Qw
Rw

is con-
stant for all t ≥ 0 and the adaptive gains ci, ρi reach steady
and finite values within finite time. Similar arguments hold for
the SVC control law given in (17). However, detailed theoreti-
cal analysis of delay-dependent network stability is beyond the
scope of this paper.

5.4. Comparison between the proposed SVFC scheme and the
scheme used in [17]

To this end, we compare the performance achieved by the
proposed distributed and robust SVFC scheme with that ob-
tained by the controller reported in [17]. The cooperative con-
trol law of [17] is applied on the present prototype microgrid
system (Fig. 4) and the parameters in the present case study
are kept the same as that of [17]. Figures 8(a)-8(d) show that
the performance achieved by the SVFC scheme follows closely
that of [17] and it is also noticed that steady-state performance
of the SVFC scheme is better (less oscillatory) than that of [17].
Note that the consensus-based scheme introduced in [17] re-
quires to explicitly compute the non-zero minimum eigenvalue
of the graph Laplacian and hence, needs to access the infor-
mation of all DG units. On the contrary, the proposed control
framework in this paper is fully-distributed and does not need
to capture the global information about all units which enables
the scheme to efficiently handle the situations when some nodes
(i.e. DG units) are added to or removed from a network.

6. Conclusion

In this paper, multi-agent cooperative control strategies have
been applied to design a fully-distributed, robust and adaptive
secondary voltage and frequency control (SVFC) scheme for
islanded microgrids. In contrast to the existing results on sec-
ondary controller design, the proposed control scheme is de-
veloped based on a complete nonlinear dynamic model of the
inverter-based DG units (which may not be all identical) and
takes into account the effects of model uncertainties, plant pa-
rameter variations and unmodelled dynamics. It is observed
from the case study that the proposed SVFC scheme facilitates
satisfactory transient and steady-state performance in presence
of load fluctuation, plug-and-play operation, graph topology
switching due to network failure and communication delays.
Furthermore, the proposed secondary control framework facil-
itates active and reactive power sharing among the DG units
apart from counteracting any deviation in the terminal voltage
and frequency of each DG unit from the nominal (or reference)
level. In future scope, the proposed secondary control scheme
can be extended to address the network related issues, such as,
data loss, packet jamming, link failure, cyber attack, etc., using
Cyber Physical Systems framework [39].
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