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Abstract: This study presents a fully distributed control paradigm for secondary control of islanded AC microgrid (MG). The
proposed method addresses both voltage and frequency restoration for inverter-based distributed generators (DGs). The MG
system has droop controlled DG units with predominantly inductive transmission lines and different communication topologies.
The restoration scheme is fully distributed in nature, and the DGs need to communicate with their neighbours using a sparse
communication network. The proposed control scheme is efficient to provide quick restoration of the voltage and frequency
whilst accurate power-sharing is achieved despite disturbances. Further, convergence and stability analysis of the proposed
control scheme is presented. The proposed algorithm avoids the need for a central controller and complex communication
structure thereby reducing the computational burden and the risk of single-point-failure. The performance of the proposed
control scheme has been verified considering variations in load and communication topologies and link delay by pursuing an
extensive simulation study in MATLAB/SimPowerSystem toolbox. The proposed control scheme supports plug-and-play
demand and scalability of MG network. The proposed control scheme is also compared with the neighbourhood tracking error
based distributed control scheme and observed that the former exhibit faster convergence and accurate performance despite

disturbances in MG network.

1 Introduction

In the modern era of smart power systems, the microgrid (MG)
technology has been manifested as one of the promising
technologies to facilitate the integration of renewable energy
sources (RESs) into an existing power grid [1-3]. These RESs such
as photovoltaic (PV), wind generators (WGs) and microturbines
(MTs) are small-scale distributed generators (DGs) that are
connected to the main grid network via voltage source inverters
(VSIs) [4]. The physical characteristics of these inverter based-
DGs are entirely different from the conventional synchronous
generators (SGs). Hence there is a need for designing distinct
control techniques for the above scenario. For instance, the SGs
have large rotation mass and inertia which are coupled with the
grid frequency for ensuring grid stability. However, in the case of
DGs, the absence of inertia and rotating mass poses technical
challenges such as the need for storage capacity and appropriate
control action to ensure stability. A cluster of the DGs, loads, and
energy storage units forms a locally controllable entity in the main
grid and known as MG. The MG can operate in both grid-
connected and islanded modes. MG is located close to the loads,
and deliver electrical power with minimum losses and allow
different RESs to connect in a distributed manner, hence provide
better supply security. In a conventional power system, the grid
forming units are synchronous generators, and they provide
operating voltage and frequency for the whole network. Similarly,
in grid-connected mode, main grid governs the operating voltage
and frequency of the overall system, whereas, in an islanded mode
of operation, these functions have to be provided by the VSI. Thus,
control of the VSI becomes more complex and challenging [5, 6].
To synchronise the voltage and frequency of an islanded MG
with the main grid, various hierarchical control structures have
been presented in [7-10]. It is a three-layer control which
comprises of primary, secondary and tertiary control levels. The
primary control is realised locally via the droop control method at
each DG terminal to maintain the voltage and frequency stability.
Irrespective of the distributed nature of the droop control, it has a
drawback of producing voltage and frequency deviations from their
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nominal values. Hence, the secondary control level is necessary to
nullify the deviations caused by primary droop control and to
restore the voltage and frequency to their nominal values. The
tertiary control level works on the optimisation of the operating
cost and power flow of the MG [11].

To overcome the drawbacks of primary control, secondary
control is deployed. Traditionally, the secondary control level is
implemented in a centralised manner [7, 10], which brings in the
concept of global control action determined based on the
information collected from the MG system. It also necessitates the
use of a complicated two-way communication network and a
central computing system, which impairs the reliability of the MG
system. As a result, there is a risk of single-point-failure for the
entire MG system. However, in recent studies, [12—14], distributed
control of multi-agent system has evolved as a feasible solution to
the problems associated with the centralised control structure. The
distributed control structure only needs information of
neighbouring DGs. Hence, the DG units communicate with each
other using a sparse communication network. Without necessitating
a central computing unit, the distributed secondary control scheme
reduces the risk of single-point-failure and thus improves the
system reliability. For a multi-agent system, considering each DG
as an agent, the secondary voltage and frequency synchronisation
becomes a consensus problem [15].

Recently, several distributed secondary control strategies have
been reported in the literature [12, 15-26]. The majority of the
approaches are based on consensus protocol [15, 22-25], where the
agents reach consensus on the quantity of interest by using the
exchanged information over a sparse communication network [27].
Parlak er al. [12] propose a frequency restoration scheme for a
distributed power system with two un-interruptible power supply
units. The scheme exploits a simple integral controller to restore
the frequency in ~28 s (not suitable for sensitive load), whereas the
voltage regulation is not addressed. The control approach reported
in [21, 24] address only frequency restoration via distributed
averaging proportional integral controller, but needs centralised
communication structure despite its decentralised implementation.
In [28], a secondary frequency restoration scheme is presented with
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Fig. 1 Modelling of DG

a Dynamical model of inverter-based DG

b Block diagram of a power controller

¢ Equivalent model of DG connected to an MG bus

model predictive and smith predictor based controllers which
employ a centralised complex communication structure. The
secondary control scheme in [18] uses feedback linearisation to
convert the secondary voltage restoration problem into a tracking
synchronisation problem and uses a sparse communication
structure. Schiffer et al. [19] provide a consensus-based voltage
and reactive power regulation scheme and frequency restoration is
not addressed. Further, the algorithm replaces the droop controller
and makes the system prone to communication link failure. Shafiee
et al. [25] present a team-oriented adaptive droop control scheme
with dynamic consensus-based secondary control scheme only for
voltage restoration. The distributed control approaches addressed
in [15, 17, 22] deal with both voltage and frequency restoration,
but need the detailed model of the MG system. However, DGs line,
loads and MG configurations are unknown in practice, and the
selection of controller gains are based on the algebraic connectivity
of the communication network [27].

The consensus-based multi-agent control algorithm has been
employed in different areas, including synchronous generators-
based MG and inverter-based MG [20]. For accurate power sharing
of multiple double-fed induction generators, the average consensus
algorithm has been employed in [29]. A consensus-based algorithm
is proposed to achieve power supply—demand balance in an
islanded MG in [30]. Shafiee et al. [31] provide a distributed
control approach for both voltage and frequency regulation but it
uses the information of all DG units present in the MG network
and necessitates a complex connected two-way communication
network. Nasirian et al. [23] present a global voltage and reactive
power regulation scheme based on a droop-free control
methodology. The absence of droop mechanism can deteriorate the
controller performance if the communication network breakdown
occurs. Multi-functional distributed control framework is presented
in [32] with voltage, frequency, and active power regulator module
but needs normalised power information of all DGs present in MG.
Dehkordi et al. [33] propose fully distributed cooperative
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secondary voltage and frequency restoration scheme, the control
law is not independent of the MG system parameters.

This paper presents a fully distributed voltage and frequency
restoration scheme which uses the sparse communication network
while considering single integrator dynamics of DG with dominant
inductive transmission lines. The MG is considered as a multi-
agent system where each DG serves as an agent. The contributions
of the paper can be summarised as follows:

« A fully distributed voltage and frequency synchronisation
control algorithm is proposed for arbitrary electrical topology.
Also, exponentially fast convergence and stability proofs for the
proposed restoration algorithm are derived.

* Unlike the other distributed method that necessitates detailed
knowledge of the MG system configuration in the proposed
method, controller parameters do not depend on the MG line and
load specifications and use only the local and neighbour
information shared over a sparse communication network. This
avoids the need for a central computing unit and complex
communication network and provides a more reliable and
efficient control framework.

* In comparison with the conventional distributed controller in
[17], the proposed method achieves consensus rapidly and
exhibits more accurate performance under controller activation
and sudden load change and communication link delay. Also,
the proposed method is fully independent of the line impedance
and other DG parameters.

The remaining of this paper is organised as follows. In Section
2, we introduce a DG model and primary droop-based control
scheme. Section 3 discusses the preliminaries of graph theory and
the proposed distributed secondary control scheme for voltage and
frequency synchronisation schemes of AC MG system. Simulation
results and analysis are presented in Section 4. The paper is
concluded in Section 5.

2 Modelling of DG

In an MG system, each DG unit comprises of a primary DC power
source, a VSI, an LC filter and output connector as depicted in
Fig. la. The detailed mathematical model of an inverter-based DG
is introduced and analysed in [34]. The local primary control loops
are power, voltage and current control loops which adjust the
output voltage and frequency of the VSI [17, 18, 34]. The voltage
and current control loops employ proportional-integral (PI)
controllers. The power controller is modelled using real and
reactive power droop techniques. The primary control deals with
the voltage and frequency instability after islanding process, where
the power generated does not match with the consumer's power
demand. The droop control is an independent control method
which eliminates the communication link requirement at the
primary control level. A simplified model for power flow from an
inverter to the MG is given in Fig. lc. By neglecting high
switching frequency harmonics, a DG can be modelled as an AC
power source of Vina.i£¢h. The bus voltage is assumed to be Vi,,s£0
and lumped line impedance is represented as Z£6.

The complex power delivered from ith DG to the MG bus can
be expressed as follows [35]:

Vmagi4¢ - Vbus‘O

S=Viys I = Vipys£0 - 770 =Pi+.]Qi (1)

Separating the real and imaginary parts of S using Euler's formula,
the real power (P;) and reactive power (Q;) for the ith DG can be
obtained as follows:

Vius * Vinagi Vi
P = ~bus 7 magi 7 T cos(@ — ) — ;ubcos(ﬂ)
()
Vius * Vinaei Vius
0 = —="Esin(0 - §) — —sin(9)
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For a typical MG, the resistance to inductance ratio depends on the
line impedance and is smaller for a highly inductive transmission
line [36, 37, 38, 39], & = 90", then (2) can be rewritten as

Vius * Vimagi
Pi — bus > magi sm(zf))

Vs * V, Vi )
- __ Ybus ° Vmagi _ Ybus
0; =~ Meos(g) — 2=

If the phase difference ¢ between the inverter output voltage and
MG bus voltage is small, then, sin¢ =~ ¢ and cos ¢ ~ 1. Then (3)
can be rewritten as

Pi ~ Vbus 'ZVmagi¢

2
~ Vbus ° Vmagi - Vbus

Qi— 7

“)

which gives the linear relationship between (P, ¢) and (Qi, Vmagi).
Thus, voltage and frequency droop characteristics can be used to
tune the voltage and frequency of inverter based on the following
equations [40]:

Vmagi =Vui— ng: (5)
w; = @y — kpP; (6)

where @; is the angular frequency, Vi is the magnitude of the
output voltage. V,; and w,; are the root mean square voltage and
angular frequency of the ith DG at no load, i.e. reference values,
respectively. kp and kp are the droop coefficients for the voltage
and frequency control, respectively. The dynamics of each DG is
derived in its own direct-quadrature (d — g) reference frame. The
primary controller provides the direct and quadratic terms of the
reference voltage V;4; and V,, for the voltage control loop and
operating angular frequency w; for the VSI. The block diagram of
the power control loop is given in Fig. 15. The low-pass filter with
cut-off frequency w, is used to obtain the measured values of active
and reactive power P; and Q; from the instantaneous values P; and

Q,- delivered by ith DG as follows:

. =

Tstw. !

o ()
0= rchi

The differential equation for the power controller can be given as
[34]

Qi = - a)ch + wc(Vaqiiodi - Vodiiuqi) (8)

Pi - (UcPi + a)c(vadiiodi + Voqiioqi) (9)
where P; and Q; denote the time derivative of the active and
reactive power, respectively. The primary controller is designed
such that the output voltage magnitude is aligned with the direct
component of the output voltage and quadratic term of the output
voltage is set to zero

Vodi = Vi — k‘Q/Qi

(10)

Vj)qi =0
It is clear from the droop control law in (5), and (6), that output
voltage magnitude and frequency deviates from their nominal
values if there is any change in the active and reactive power
demand. Thus, appropriate secondary control strategies need to be
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designed for both voltage, and frequency synchronisation. The
control objectives for an islanded MG are as follows:

* To synchronise the voltages of all DG units to their nominal
values, i.e. lim,_ o Vi(t) = Viom,» Vi EN, where N is the
number of DGs.

* To synchronise the frequency of all DG units to their nominal
values, i.e. lim, _, o, @(?) = @poms Vi € N.

It is worth mentioning that the synchronisation of Vi is
equivalent to the synchronisation of V,; as

Vmagi = V(ZJdi + V(Z)qi = V;di (11)

3 Distributed secondary synchronisation scheme

This section first introduces the concept of the distributed control
algorithm, which is further exploited in controller design for the
proposed secondary voltage and frequency restoration scheme. The
secondary control selects appropriate primary control references
V,.i and w,; for voltage and frequency synchronisation, respectively.
Low bandwidth communication links are required for information
sharing between interconnected DGs, which can be implemented
using wireless networks or power line communication. The MG is
considered as a multi-agent system with each DG serves as an
agent. These agents can exchange information with their
neighbours by using a sparse communication network. Consider a
weighted undirected graph also known as digraph defined as
G = (7,¢&, ) with N nodes (agents) 7" = {1,...,N}, e CV XV
is a set of edges (communication links), and the weighted
adjacency matrix o = [a;] € RN If for all (i,j) €e and
(j, i) € €, then G is undirected, else it is called as a directed graph.
The elements a;; =aj;; =1 if j C N;, otherwise a;; = a; =0, the
adjacency matrix o is a symmetric matrix. The set of neighbours
of the node i is denoted as N; = {j € 7":(i, j) € €, j # i}. An edge
from i to j, denoted as (i,j), means that agent j can send
information to the agent i and vice versa. The Laplacian matrix of
G is defined as & = D — of, where D is called as in-degree matrix
and defined as D = diag{d;} where d; = }}; ¢ n,a;j. Z has all row
sum equals to zero, i.e. £1y = 0, where 1y is a vector of ones with
length N. Based on the design of Z at least one of the eigenvalues
of & is zero and all other have positive real parts [41].

3.1 Distributed control algorithm

Considering a network with N agents having single integrator
dynamics given as follows:

Xi=u, i€{l,..,N} (12)
where x; € X is the ith agent state for agreement, i.e. voltage or
frequency and u; € £ is the control law. As explained earlier, the
MG network is modelled as a weighted undirected graph G. The
agenti € {1, ..., N} has access to the reference input signal r; € X.
To achieve the consensus amongst all agent's state following is the
distributed algorithm [42]:

N
xi=fi—a(xi—"i)—ﬂzng—vi
ji=1
v (13)
V,»:aﬂzng

J=1

where for i € {1,..., N} x; and v; are the variables associated with
the ith agent. & is the Laplacian matrix of the considered weighted
digraph G. The first two terms cause the agents to move towards
the reference input signal r;, ie. either reference voltage or
frequency. The third and fourth terms comprise of PI feedback to
force the consensus amongst the neighbouring agents. For a fixed
topology on the communication network, this scheme results in
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Fig. 2 Modelling of DG
a Proposed voltage synchronisation scheme
b Proposed frequency synchronisation scheme

each agent achieving consensus with the reference input across the
network. The constants « and f are the design specifications which
can be adjusted to achieve better performance.

3.2 Distributed secondary voltage synchronisation

Differentiating (5) we can write
Viai = Vi = kg0 (14
Vi = Voai + kpQi (15)

The secondary voltage control reference input V,; for primary
droop control can be given as

V= f (Vi + K0)di (16)

Based on the distributed algorithm explained in Section 3.1, here a
voltage synchronisation scheme has been proposed. For an
inverter-based DG, single integrator dynamics for voltage
magnitude can be represented as [19]

VZdi = sz 17

where u): % >0 — % is the control input. For the ith DG, the
proposed distributed-based secondary control can be given as

N
uiV = Vnom - a(V:)di - Vnom) - ﬂ Z 3V;dj - Viv
j=1

(18)

N
v = aﬁz LV
ji=1

where V., is the nominal input reference voltage, & is the
Laplacian matrix, and (a, ) are the design specifications. From
(18), it is noted that the DG output voltage magnitude will
synchronise to its nominal value for all DGs in the MG system, i.e.
Vimagi = Viom- The block diagram of the proposed secondary

voltage synchronisation is shown in Fig. 2a. The proposed
algorithm in (18) can be written in compact form as follows:

Y =aY — LY - W, (19)
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W = afZY — Iy + ar) (20)

where Iy = Ly — (1/N)1,1%

N
yi=xi—%zlrj,i€{l,...,N} @1
~

W=v—v v=IyG+ar (22)

x; is the ith agent's state for agreement. The zero system of (19) and
(20) can be written as

—aly - B -l

apZ 0 (23)

Y
=A[ ], where A =
w

Y
w

Lemma 1: For any initial condition Y(0), W(0) € QZN, there exist
any a,f# > 0 such that, the trajectory of (23) over the weighted
balanced digraph satisfies [41]

-1 N
30 = 5 X W),
=1

N
Wit) — %Z}W,-(O), ast — o0, Vie{l,...,N}, (24)
f=
exponentially fast.

Proof: Consider the following variables change with
m= (I/W)IN and M are such that m"M = 0and MM =1 _,,

Pl_rr|Y 25
| = Ty (25)
where
Iy O 7 0
T, = o= . T,=[m M
Slay L) 5 [m - M]

We define new variables p and ¢ as p = (p,, p,.y) and ¢ = (¢, ¢>.n)>

where p,,q, € R and p,.n,q..y € RV Using (25), (7) can be
reformulated as follows:

‘ - - Jo -1
o g7, A=[ (26)
q q 0 —a
D), _[p.. _|epMTEM -1y
I.JzN =APzN’ A= p N-1 @7
qr.N q>.N 0 —aly_,

The eigenvalues of a matrix A are 0 and a. The eigenvalues of A
are a, with a multiplicity of N — 1 and p4, with i € {2,...,N}
where 4; are eigenvalues of the Laplacian matrix . For the
strongly connected weighted graph G, A, =0 and all other
eigenvalues have positive real parts. Therefore, for a, f > 0, the
system (26) and (27) is stable and likewise (23) is also a linear
stable system. For convergence property, consider the null space of
a matrix A is given by (1y, — aly), i.e. eigenvector associated with
zero eigenvalues. Therefore, (23) achieves consensus with an
exponentially fast rate to set

{X WY =puly, W= —paly,u € R} (28)

Now, left multiplying (23) by diag(O[T\;, 1]{,) and using the weight-
balance property of directed graph we get, va= 1 W; = 0, therefore
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N N
D Wiy = Y Wi0), V120 (29)
i=1 i=1

The combination of (28) and (29) yields that, from any initial
condition Y(0), W(0) € %N, the path of (23) satisfies (24) with
exponentially fast convergence. This completes the proof. o

Thus, the agreement state of an agent, i.e. the output voltage of
DG will synchronise to the nominal value with (18). Proper
selection of design specification a, § results in better performance.
Usually, these parameters are chosen to be adequately large to
achieve fast consensus amongst the DGs.
3.3 Distributed secondary frequency synchronisation

On differentiating (6), one obtains
@; = @i — kpP; (30)
d)ni = Ci),' + k;))Pl (31)

The secondary voltage control reference input w,; for primary
droop control can be given as

Wy = / (a; + kpP;)dt (32)

For an inverter-based DG, single integrator dynamics for operating
angular frequency can be represented as [19]

@; =uf’ (33)
where u: % >0—> % is the control input. Based on the

distributed control algorithm in (13) and the single integrator
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dynamics of the ith DG in (33), the secondary frequency
synchronisation scheme can be given as

N
u[w = Wnom — A(®; = Wnom) — ﬁ z 3’(1), - vlq) (34)
Jj=1

N
W=ap ) Lo, 35)

J=1

where @,y is the nominal input reference frequency, £ is the
Laplacian matrix and (a, ) are the design specifications. Using
(34), the frequency can be synchronised to its nominal value for all
DGs in MG system, i.e. @; & @yom- The stability and convergence
proofs are similar to (19)—(29) and can be omitted here. The block
diagram  of proposed distributed secondary frequency
synchronisation is shown in Fig. 2b.

3.4 Communication network for secondary control

An evident feature of the proposed control scheme is its low
bandwidth communication requirement among interconnected DG
units. This local communication network provides information
flow and can be implemented using a sparse communication
network. For an MG in a small geographical area, power line
communication is feasible, and if the physical structure of MG is
known, it is easy to obtain a digraph with spanning tree which
optimally connects all DG units. In conventional centralised
control structure, if the communication link between the DG and
the central controller breaks, the secondary control fails to operate,
whereas in the proposed distributed control structure due to the loss
of one communication link, the secondary control of DGs will not
fail.

4 Results and discussion

The MG structure is shown in Fig. 3a is considered to verify the
performance of the proposed secondary synchronisation scheme.
The islanded MG (380 V, 50 Hz) is simulated for three different
cases using MATLAB/SimPowerSystem toolbox. The studied MG
test system is comprised of five DG units. The loads and
transmission lines are modelled as series RL branches. The details
of DGs and transmission lines are given in Tables 1 and 2. Table 3
gives loads of the MG test system. The parameters Kpy, K1y, Kpc
and K¢ denote the proportional and integral constants of PI-based
voltage and current controllers. The parameters of the secondary
controller are set as @ =3, and f = 10. The simulation study is
pursued four cases as follows. In case 1, the performance of the
proposed control scheme is verified. In case 2, the proposed control
scheme has been evaluated with different communication network
topologies. In case 3, the proposed control scheme is compared
with the method reported in [17]. In case 4, the proposed
synchronisation scheme is evaluated with different communication
latencies.

4.1 Case 1: Performance evaluation of controller

The performance of the proposed control scheme has been verified
for sudden load change. The communication topology used in this
case is shown in Fig. 3b, case 1. The following four stages are
considered in a simulation study:

o Stage 1: Att =0 s only primary droop control is active.

o Stage 2: Att = 1.5 s secondary voltage synchronisation scheme
in (18) and frequency synchronisation scheme in (34) are
activated.

o Stage 3: Att =2.5 s load 1 is increased.

o Stage 4: Att = 3.5 s load 3 is removed.

Fig. 4 shows that in stage 1, only primary control was active

and it causes the voltage and frequency to deviate from their
nominal values. When the proposed secondary schemes in (18) and
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Table 1 Specification of MG test system

Parameter DG1,DG2and DG 3 DG 4 and DG 5
Viet 380V 380V
Sref 50 Hz 50 Hz
34 9.4x107° 125% 107
kg 13x107 1.5%107°
R 0.03Q 0.03Q
L 0.35mH 0.35 mH
R 0.1Q 01Q
L¢ 1.35 mH 1.35mH
Gt 50 uF 50 uF
Kpy 0.1 0.05
Kiv 420 390
Kpe 15 10.5
Kic 20,000 16,000
e 31.41rad/s 31.41 rad/s
Table 2 MG lines
ZLine 12 ZLine 23 ZLine34 ZLine45
lines R =0.12Q R =0175Q R =0.12Q R =0.175Q
L,=318uH L;=1847uyH L;=318uH L;=1847uH
Table 3 MG loads
Load 1 Load 2 Load 3 Load 4 Load 5
R =300Q R=40Q R=50Q R=40Q R=50Q
L =477uH L=64mH L=64mH L=64mH L=95mH

(34) are activated at r=1.5s, i.e. stage 2, the voltage and
frequency quickly synchronise to their nominal values
Viom =380V, and fiom = (@pom/2 * 7) = S0Hz, respectively,
within 0.23 s. Further, the proposed secondary synchronisation
schemes are effective when the RL load of R = 30Q, L = 47mH is
connected to load 1 at # =2.5s. It is clear from Fig. 4 that the
proposed controller achieves consensus against the inclusion of
load and precisely synchronises the voltage and frequency of MG.
Next, at t = 3.5s, load 3 is removed from the MG. The proposed
synchronisation scheme can restore the voltage and frequency with
small transient within 0.25 s.

4.2 Case 2: Communication topology changes

In this case, we verify the performance of the proposed controller
with a change in communication topology. The topology used in
this case is shown in Fig. 3b. The design specification of the
controller is similar to case 1. Fig. 5 shows that, with different
communication topology, the proposed secondary controller works
properly and synchronises the voltage and frequency of the
islanded MG to their nominal values within 0.25 s.

4.3 Case 3: Comparison of the proposed controller with the
method in [17]

As mentioned in the introduction, limited studies were reported
that deal with both the voltage and frequency synchronisation in a
distributed manner. [17, 18], have considered the related problems.
However, in [18], only frequency restoration has been considered.
Therefore, we compared the proposed controller with the controller
reported in [17] for the same MG test system shown in Fig. 6. The
MG parameters are taken the same for both the approaches. Fig. 6
shows that the proposed control scheme performs more accurately
despite changes happen in a load and communication topology.
The proposed method takes less time to synchronise the voltage
and frequency compared to the method reported in [17].
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Fig. 4 Performance evaluation for case 1
a DG output voltage magnitude

b DG frequency
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4.4 Case 4: Effect of communication latency

Communication plays an important role in preparing a framework
that permits the information exchange among various elements of
the MG. The influence of communication increases when a
consensus algorithm is used for the secondary control layer of the
MQG. In this case study, the effect of communication delay on the
proposed control approach is illustrated under three cases, fix
communication delay of 7; = 0.1, 1 and 2 s in the MG. The voltage
and frequency deviate at r=0.5and1s when loads 1 and 4
increased, respectively. At t=1.5s, the secondary control is
activated, and the restoration process starts for all DG units. For
simplicity, only the voltage and frequency responses of one DG
unit are given for the three different delays as shown in Figs. 7 and
8. It can be seen from Figs. 7a and b that the controller works
accurately with a small time delay of 0.1 s. Figs. 7¢ and d show
that when the time delay 7, is increased to 1s, the voltage/
frequency is restored after a small deviation but the convergence
time is increased. Further, when the delay continues to increase to
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Fig. 5 Performance evaluation for case 2
a DG output voltage magnitude

b DG frequency

¢ DG output active power
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2 s, the proposed controller restores the voltage/frequency, but with
more convergence time as shown in Fig. 8. Thus, it can be
summarised that the communication latency can delay the
convergence rate of the controller.

4.5 Case 5: Algorithm verification with a modified IEEE 39-
bus system

To test the scalability, in this case, we analyse the performance of
the proposed restoration algorithm for the modified IEEE-39 bus
system. It consists of ten DG units and the topology and
specifications are provided in [43]. Before t=2s only primary
droop control was active which results in voltage and frequency
deviations. The proposed control algorithm was activated at t = 2s
to restore the voltage and frequency to their nominal values. As
shown in Fig. 9, the voltage, and frequency of all DGs are restored
to 50 Hz within 0.28 s. This verifies the efficacy of the proposed
restoration algorithm for more number of DG units.
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4.6 Case 6: Plug-and-play (PNP) operation

In this case, the PNP functionality of the proposed restoration
algorithm is investigated. DG 5 is disconnected at t = 3s and then
reconnected at ¢ = 4s. The system parameters remain the same as
given in Tables 1-3. As shown in Fig. 10, when DG 5 is
disconnected at t = 3s the remaining active DGs in MG network
manages to supply the loads. It can be observed from Figs. 10c and
d that the active and reactive power output of DG 5 slowly drops to
zero due to the filter of DG 5. The voltage stability and frequency
stability are maintained with minimal transients. At = 4s, DG 5 is
reconnected in the MG and the voltage, frequency and power
regulation are maintained seamlessly, hence the proposed
restoration algorithm supports the PNP capability of MG.

5 Conclusion

This paper deals with the problem of voltage and frequency
synchronisation in an islanded MG scenario. A distributed
secondary control scheme is proposed for both voltage and
frequency synchronisation. The stability and convergence analysis
for the proposed scheme have been pursued to analyse the
convergence. The MG is modelled as a multi-agent system, and the
DG units share information with neighbouring DG's over and
sparse communication network. Unlike the centralised control
structure, the proposed method is fully distributed; hence it
overcomes the risk of single point failure and increases the system
reliability. The effectiveness of the proposed method has been
verified with extensive simulation studies in MATLAB/
SimPowersystem environment. The results obtained envisage that
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the proposed control scheme restores the voltage and frequency of
the overall system quickly with the inclusion or removal of load
and with the changing communication topology in the islanded
MG. Further, the effect of communication latency, disconnection,
and reconnection of DG unit and scalability on the proposed
control is investigated. The proposed control strategy can withstand
a delay of 2 s, and also supports PNP and scalability operation.
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