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Abstract

The secondary control layer of microgrids is often modelled as a multi-agent distributed
system, coordinated based on consensus protocols. Convergence time of consensus algo-
rithm significantly affects transient stability of microgrids, due to changes in communica-
tion topology, switching of distributed generations (DGs), and uncertainty of intermittent
energy sources. To minimise convergence time in consensus protocol, this work proposes a
multilayer event-based consensus control framework, which is resilient to communication
delays and supports plug-and-play (P&P) addition or removal of DGs in DC microgrids
of cellular energy systems. A novel bi-layer optimisation algorithm minimises convergence
time by selecting an optimal communication topology graph and then adjusts controllers’
parameters. Average consensus is achieved among distributed controllers using an event-
based consensus protocol, considering non-uniform delays between agents. A realisation
method has also been introduced using the directional beamforming technique for topol-
ogy assignment algorithm based on modern telecommunication technologies. Provided
feasibility case study has been implemented on a real-time hardware-in-the-loop (HIL)
experimental testbed, to validate the performance of the proposed framework for key pur-
poses of voltage stabilisation and balanced power-sharing in DC microgrids.

(DAC) is a commonly used one, where agents agree on the aver-
age value of their shared variables from an initial condition [3].

For a distributed microgrid with renewable energy sources
(RES) and energy storage systems (ESSs), distributed control
architecture is a natural choice compated to current centralised
supervisory control and data acquisition (SCADA)-based
approaches. The main advantages of distributed controllers
are (1) increased reliability against controller failures, (2) dis-
tribution of computational complexity, and (3) robustness in
the control system [1]. In microgrids, distributed control and
estimation are mainly implemented in secondary and tertiary
layers, due to distributed nature of RES, and limitations of the
communication network. Optimal neighbour data sharing and
multi-agent consensus protocols are problems of interest in pro-
posed distributed strategies [1, 2]. Among available consensus
protocols in multi-agent systems, distributed average consensus

There are a number of important applications for distributed
control systems, such as in power systems [4], industrial
automation [5], situational awareness [0], drone control [7],
and self-driving vehicles [8]. In most of these applications,
communication delays and network traffic may significantly
degrade the performance of the control system and destabilise
it, and communication network-associated constraints can
affect DAC performance. In this context, the Internet of things
(IoT) pushes these networked control systems (NCSs) towards
the utilisation of wireless communications, where a channel
may be shared among thousands of nodes in a microgrid [6].
These applications share common constraints that include
limited bandwidth of communication channels and limited
capacity of sensors’ batteries. Thus, distributed controllers must

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

propetly cited.

© 2021 The Authors. /ET Generation, Transmission & Distribution published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology

LET Gener. Transm. Distrib. 2021;1-15.

wileyonlinelibrary.com/iet-gtd 1


https://orcid.org/0000-0003-2534-8866
https://orcid.org/0000-0001-9643-3019
https://orcid.org/0000-0001-9139-0646
https://orcid.org/0000-0002-0779-8727
mailto:a.rahimian@ulster.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/iet-gtd

2 |

ALAVI ET AL.

fulfil the following objectives (1) minimising network traffic, (2)
increasing sensors’ operating life, and (3) guaranteeing optimal
or sub-optimal control performance under communication
delays.

To effectively implement such distributed controllers, event-
based transmission mechanisms are suggested in the literature
[3, 9, 10]. For instance, the proposed event-triggered controller
[3] effectively reduces the number of network packets, leading
to reduced traffic for DAC among agents with sparse and costly
wireless communication links. However, event-based control
systems are mote prone to existing transmission delays and need
to be further studied. To solve this problem, several approaches
are suggested by other researchers. For instance, in [11], con-
stant link delay was considered to be uniform among all con-
trollers, and albeit theoretically attractive approach, there exist
practical constraints, since communication link was assumed to
be full-duplex with parallel bi-directional data transfer.

In the existing literature of consensus algorithms for multi-
agent systems, the asymptotic consensus is mainly achieved
within infinite time. In [12], a consensus algorithm other than
DAC was considered for linear time-invariant (LTT) systems
with noise and delays. Switching and fixed typologies were stud-
ied in [13], and random topologies in [14]. In [15, 16], external
disturbance and input delays were studied. In [3], authors have
designed an event-triggered Kalman consensus filter (KCF) for
state estimation of distributed agents. The advantage of using
event-triggered KCF is to sepatate the state estimator from the
controller and to separate the controller’s design from that of
the state estimator. Despite the advantage of the easier design
principle, this method introduced computational complexities
with low convergence times.

In particular, convergence time is an important performance
index for distributed controllers operating based on average
consensus, and in this work, authors have proposed a novel
bi-layer optimisation algorithm to minimise convergence time.
Moreover, the proposed method is robust and less com-
putationally expensive in P&P scenarios in comparison to
recent works.

In [17], event-based communication was modelled as a self-
triggered problem with packet dropouts and communication
delays. The computational complexity of the self-triggered con-
trol system is nonetheless high, and self-triggered control sys-
tems are notably prone to robustness issues in highly uncertain
systems, such as microgrids [18]. In [19], authors have proposed
a finite time consensus protocol for frequency stabilisation of
AC microgrids by adjusting graph gains. This solution works as
long as communication topology is optimised in advance and
communication delay is a low value. In [20], the central predic-
tive gain scheduling strategy makes event-based, finite-time con-
trollers prone to a single point of failure. A common problem
with many other works in this area [21-23] is solving finite-time
consensus problems in continuous mode rather than in discrete-
event mode, which is the main characteristic of existing commu-
nication technologies.

There are several important results reported for distributed
control of AC microgrids. In [24], authors achieved frequency
restoration and active power allocation under time-varying

delays with boundaries found via the Lyapunov function for
the total system. In [25], a self-consistent method is proposed
to maintain power balance from RES in event disconnec-
tions in the communication network. In [20], a nonlinear dis-
tributed cooperative control scheme is proposed that can reg-
ulate the power output of DGs to achieve efficient utilisation
of renewable energy in AC microgrids, which ensures mean-
square autonomous proportional power-sharing over a nonlin-
ear microgrid system via a sparse cyber network subject to noisy
disturbance and limited bandwidth constraints. Similar to [24],
authors in [27] designed a cooperate asynchronous control sys-
tem that excludes Zeno behaviour in the operation of event-
triggered communication. From robustness of mentioned con-
trol system to disturbances are analysed in the same authors in
[28] and [29]. In [28], the effect of measurement noise is consid-
ered, and in [29], noise on communication channels was stud-
ied. Despite advances in distributed event-based control in AC
microgrids, this subject is still not well established in DC micro-
grids.

This paper proposes a multilayer event-based consensus con-
trol with minimised convergence time, which is also resilient
to communication delays, and further supports P&P addition
or removal of DGs in DC microgrids. Exchanging information
among components is only executed when an event is gener-
ated, which efficiently reduces the number of packets gener-
ated in sensor-controller-actuator loops. A novel bi-layer opti-
misation algorithm minimises convergence time by selecting
an optimal communication topology graph and adjusts con-
trollers’ parameters.

Different datasets can be used for event detection; for exam-
ple output signals [30, 31] or state-feedback signals [32]. Output-
based event generation approach has been deployed in this
work, as voltages and currents are only available measurements
in DC microgrids. More importantly, communication delays
among agents are considered to be non-uniform, which is real-
istic in a distributed communication scenario. Thus, the main
contributions of this work can be summatised as follows:

* A novel bi-layer optimisation algorithm to minimise the con-
vergence time of distributed controllers based on event-based
average CONseNsus.

* A secondary layer controller for DC microgrids, resilient to
non-uniform network delays. The proposed control architec-
ture results in fast-voltage recovery by only regulating the out-
put voltage of converters installed on EESs. It is co-designed
to tackle the problem of voltage stabilisation and power-
sharing together.

The remainder of this paper is structured as follows.
Section 2 introduces the proposed multilayer control frame-
work. Distributed event-triggered consensus protocol is
described in Section 3. In Section 4, the proposed topology
assignment algorithm for minimum time convergence is dis-
cussed and analysed. Then in Section 5, secondary control
layer system for DC microgrids is designed. The provided
case study has been implemented on a real-time HIL experi-

mental testbed, to effectively validate the performance of the
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proposed architecture for voltage stabilisation and balanced
power-sharing in the DC microgrids. Experimental results and
analysis are discussed in Section 0, and the paper is concluded in
Section 7.

2 | FRAMEWORK OVERVIEW

Microgrids consist of DGs such as microturbines and RES. The
latter ones, such as photovoltaic (PV) panels and wind turbines,
have intermittent availability due to variations of weather con-
ditions. Hence, control systems in a microgrid are usually cate-
gorised into three layers to overcome the variations in the avail-
ability of DGs:

* Primary Layer: This layer is also called the local layer, in
which local control loops are operating. Droop control is a
commonly used control function in this layer. Power elec-
tronic converter controllers are also grouped in this layer.

* Secondary Layer: In this control layer, real-time synchro-
nisation tasks between local controllers take place. Control
systems in this layer are distributed with neighbouring com-
munication. Consensus protocols, especially distributed aver-
age consensus controllers are designed in this layer. Control
systems of this layer are mainly designed for voltage or fre-
quency stabilisation, and balanced power-sharing,

* Tertiary Layer: Energy management, demand response, and
other microgrid management systems ate designed in this
layer. Usually, the operational speed of control systems in this
layer is not real-time, and thus, human interaction for man-
agement decisions is considered.

In our proposed framework for DC microgrids, when a new
DG is getting online, that is connecting to the network, sec-
ondary control systems of DG have to be initialised. There-
fore, controllers first seck neighbouring DGs with the required
link speed and shortest route. A synchronisation unit in the DG
controller is responsible for this task. Then, the unit transmits
information of available links to the tertiary layer control sys-
tem, where a specific bi-layer optimisation algorithm defines the
communication graph for all DGs in the microgrid.

This work assumes that each bus has an ESS installed on it
and ESS is connected to a microgrid via a bi-directional DC-DC
converter. ESS acts as an energy buffer for the corresponding
DG installed on the bus, and thus, DG will not get connected
to the microgrid directly. This forms the concept of virtual or
abstracted DG as BESS on each bus hides (abstracts) dynam-
ics of installed DG. It further simplifies distributed control sys-
tem design as the dynamic interface of RES will be similar for
all buses.

The main optimisation factor is a delay in the communication
graph, which directly affects the convergence of consensus pro-
tocols. This topology change is critical for maintaining micro-
grid stability since microgrid power continuity and resiliency
must be achieved by minimising communication delays.

After the new communication topology is determined, this
information will be sent back to DG’s synchronisation unit. For

Microgrid Tertiary Layer Management
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The proposed communication network-centric tertiary layer

security reasons, the whole communication graph is not shared
with DGs, and DG controllers gain information for neighbout-
ing connections only. Secondary control systems operate based
on event-triggered average consensus protocol with the fol-
lowing two objectives: (1) voltage stabilisation, and (2) state of
charge (SoC) balancing of ESSs in the microgrid. The proposed
protocol is resilient to communication delays, and further uses
communication networks in an event-based manner to reduce
overall network traffic.

The structure of the tertiary layer topology assignment unit is
shown in Figure 1. The process consists of two steps: (1) opti-
misation of graph topology algorithm based on communication
link delays, and (2) computation of tuned parameters for DG
controllers. In the next section, the proposed event-triggered
consensus protocol is introduced, which forms the basis of the
secondary control layer system. Then, the tertiary layer graph
optimisation method is discussed, followed by the droop con-
trol strategy for mentioned control objectives of the DC micro-
grid.

3 | EVENT-TRIGGERED AVERAGE
CONSENSUS WITH COMMUNICATION
DELAYS

Controller agents are connected via a directed graph G(V, &)
with nodes V = (1,..., N), and edges € CV X V. (i, j) € €
holds if there is a connection from node 7 to node /.. A = [4;;] €
RN*N s the graph adjacency matrix, where a; > 0if (7, 7) € €,

and a;; = 0 otherwise. d; = Z/\:1 a;; represents the weighted
degtee of controller »;. D = diag{d;} is the degree matrix graph,
and L = D — A is the Laplacian matrix graph. A directed graph
is connected if there is an undirected path between any pair
of vertices.

In this section, after presenting an overview of the proposed
framework, some preliminaries on graph theory are given,
followed by the proposed event-based consensus protocol for
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multi-agent systems. It is then shown that the system is input- with convergence rate upper bounded by:
to-state stable (ISS), by finding the maximum allowed delay.
< (1 O'/i/ax)Mi”z'{]‘ij}/’LZ (]")f >
exp == @
3.1 | Average consensus protocol 2min AL} + |19

Considering a continuous-time system of /V single integrator
agents, classical distributed average consensus protocol in sec-
ondary control layer of microgrid architecture is given by:

N
=) == Y Ly @) M

J=1

whete x is value of interest to be shared among agents, and Z;;
is communication topology Laplacian matrix.

Due to constraints of communication link to transmit
continuous-time data streams, we hereby propose the follow-
ing event-triggered consensus protocol, in which each controller
shares its state information at specific event instances:

N

&= ut) == ), L&t —1,) @)
J=1

where 7;; > 0 is communication delay from agent ; to agent

Xi(t—1) = (z‘ ) t— [t f/H) We assume delay
only affects commumcanon between two different agents,
therefore 7; = 0, X;(1) = x,(¢) ), and 7 € 7] /+1) Note that
delays between agents are not uniform and can have differ-
ent values.

Increasing sequence {#/ }/ , and {# 1
triggering times and event interval of controller 7, respectively.
For notation simplicity, let x(7) = [x;(2), ..., x,()]7, %) =
[31(1)s eer s 5, and e(t) = [e1 (1) e 5 6,(D)]T = X () = x(2).

The objective here is to find correct event generation condi-

—4}j2,, are event-

tions to guarantee the stability of the proposed protocol with
time delay. To prove Theorem 3.1, first, it is shown that /. has
its second smallest eigenvalue at A, using Lemma 1:

Lemma 1. [33] The Laplacian matrix L of a connected graph G is
positive semi-definite, that is 3" Lz > 0,Vz € R”. Moreover, 3/ 1.z =
0 ifand only if 3 = al,,a € R, and 0 < A, (LYK, < L, where A, is
the second smallest eigenvalue of I and K, = I, — l1,71,3.

Now in the proposed Theorem below, we show that DAC
protocol is converged to the average of agents’ variables under
non-uniform communication delays.

Theorem 1. _Assume a strongly connected directional graph with N
agents and consensus protocol defined in (2). Let 0 < 0; < 1 be a con-
stant design parameter. Given first event generation time at f{ = 0, nodes
converge to consensus of the average of initial state values under the following
event-triggering condition:

i, ) = %@)? <0 3
=

Proof. First §(¢) is defined as agents disagreement vector using
the following substitution ([34]):

x(t) =al +6(t) ®)

a is the initial state average, ¢ = sz (#). Input values to

agents are then derived, using (5):

§¢) = ZL[/(a+5 @) ——aZL[/ ZL,/ (1))
©)

N
==\ 1,8,
=1

To prove the stability of the proposed event-triggered DAC
protocol in (2), the following Lyapunov energy function is
employed:

N
1V (@6@) = é Y 620 )
=1

with its derivative along the dynamic trajectory (2) as:

N N

5(;)_255_252 —1;8,(t—1;)

N . N A
26— X =18, ~ 7))
=1 =1

N N

SEPDNZGE LI
=1 j=
N N
- 21 Z /(f)L// (= Ty)
=1 j=
N N

= Z ZL,/ G, —1,) =8,

111

_ Z Z 6Ly 6, —1,) = 8,¢)

=1 j=1,7#i

To simplify Equation (8), let:

N

Ji=- . L6, —14)

i=1

= 5,(t))° )
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Therefore Equation (8) becomes:

@) =5 Zf Z Z 6L, —1)  (10)

=1 j=1,/#i

Since ab < & + %bz,Va, b€ R, and

N N N
Y G== 2D L6, —1) = 8,0 =8"(1)LEw)
i=1 i=1 j=1
1n
the following inequality holds:
1 N N N
HCOESEDWED WIS
i=1 i=1 j=1,j#i
N
-y Z L 4<5 (¢ —7) = 8,1
=1 j=1,7#i
1 N N
== X+ X L,00
i=1 i=1
From (3) and (12), we have:
1 N N
V@) <=7 X Ji+ 2 Lyd®
=1 =1
<—30-0,08" W180) (1)
where 0 ,,,,. = max{oy, ...,0,}. In addition, we have:
8" (L) = B(¢) + ) LGE) + o))
<287 (LS + 26" (1) Le(?) (13)
&7 121l
7 =™ max:
<287 (L8 + o — T Z N/ (14)
=2+ —2= 119 8T (LS (15)
Zmln/{Lﬂ}

where (13) holds because L is a positive semi-definite

matrix, 287 Ih < al La+ b LbNa, b E R”  and a' La<
[|L|| |14]|?,Va € R”. As a result we have:

. (1- gmax)min[{Lii} T

(60 < — 8T (L8 ()

4mini{Lii} + 2| |L| |0max

_ (1= 0,,)mindL;}A, (L)
Zmlnl{Lﬁ} +1 | |L| |O'f}mx

V@©@) (16

Considering Lemma 1, (16) holds, therefore:

(1 - gﬂ/ax)mini{]‘ij}AZ (]J)Z‘ >

V©E#) < V6(0)exp <‘ 2mind L} + [|Ll|o

max

This confirms system (2) with triggering condition (3) expo-
nentially gets stabilised because § is connected, and 7;; is

finite. O

Remark: The proposed event-triggering function is entirely
distributed as convergence law is only dependant on the infor-
mation of the agent’s neighbours. Thus, agents do not need any
information for global parameters. However, under this condi-
tion, communication delay between the agent and its neighbours
should be estimated in advance.

3.2 | Communication delay effect on average
consensus

In this section, analysis for the effect of communication delay
is provided, where maximum allowable time delay for node-
to-node communication will be derived. Effect of delay with
continuous feedback is treated in literature; for example in [13,
35]. Here, it is shown the proposed event-based strategy sta-
bilises the average consensus with respect to ISS, assuming the
maximum allowed delay is A > 0, and the control law will be
u(t) = —Lx(@t — A).
Following the change of variables in (5):

x(t) = al + 8(2) (18)

where « is the average of initial state values, 2 = %Zx, ()
Then we obtain: i

8(t) = —LO(t — A) — Le(t — A) (19)
From the extension of ISS for time-delay systems in [36], we

use the following Lemma from [9] to find the attraction region
under bounded delay:

Lemma 2. /9] Time-delay consensus problem of (19) is ISS with regard-
ing 1o e(t — ), then there exists fmcz‘z'om BeKy andy € K such
that forallt > 0 and 0 < A <

2@

N8I < BUSO ) +¥(lle—as—alle)  (20)

From Lemma 2, there exists § € K} and y € K such that
(20) holds. Since an upper bound is enforced for ||¢|| by event
generation mechanism (3), ||6(#)|| converges to a ball around

origin as long as the maximum allowed delayis 0 < A <
24N(G)

It can be shown that size of the ball increases with bound on
[le(?)|], defined by o,.
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4 | MINIMUM TIME AVERAGE
CONSENSUS

4.1 | Algebraic connectivity optimisation
principles

In the previous section, the necessary event-triggering condi-
tion for exponential stability of average consensus protocol has
been thoroughly described. However, as mentioned, conver-
gence time can significantly degrade the performance of the
controller or destabilise the microgrid. In this section, conver-
gence time is minimised using an optimisation problem for con-
troller agents to achieve consensus in minimal finite time.

As stated in Lemma 1, 4, is the second smallest eigenvalue
of L. Besides, Theorem 3.1 has shown in Equation (17) that
A, directly affects the convergence rate of average consensus
among agents. Hence, 4, is a very important parameter of the
graph among all eigenvalues of the Laplacian matrix, which is
also called algebraic connectivity.

The aim of this work is to optimise the communication graph
to decrease consensus convergence time. Based on Equation
(17), this occurs if the value of algebraic connectivity increases.
The following two theorems state the effect of adding and
removing a node on algebraic connectivity:

Theorem 2. Let G be a graph with N wvertices. Let G + ¢ be an
angmented graph obtained by adding an edge e between two vertices in G.
Then eigenvalues of G and G + e are intertwined as follows [37]:

0= 11(G) S (GC+ < (G) S (G +6) < - <

An(G) <

@n
lg\’(G + 6)

If A5 (G is a multiple eigenvalue such that Ar(G) = Ay (G + ), the
result of adding an edge does not improve algebraic connectivity. Given that

the trace (1) = Zz | (G = 2|E, it follows that
N
D (MG +0 = 2,(G)) =2 (22)

=1

which implies that 0 < Ay(G + ¢) — A, (G) < 2. Additionally, we
deduce that given a graph with IN vertices, the magnitude of A, fori € N
tends to increase as | E | increases.

Theorem 3. Let G be a graph with N vertices. Let G — ¢ be an
angmented graph obtained by removing an edge e between two vertices in G
such that removal of an edge does not disconnect the graph. Then eigenvalues
of G and G — e are intertwined as follows [38]:

0=24(GC—=e <A4(G) S A(GC—e <A(G) < <
(23)
(G = S An(G)
We can also deduce that:
N
2 (@) =G =) =2 (24)

1

.
Il

This implies that 0 < Ay(G) — Ay(G — €) < 2 and that given a
graph with N vertices, the magnitude of A; for i € N fends to increase
as | E| increases.

According to Equation (4), the proposed Lyapunov function

7 (x) reaches to origin in a finite time, less than the settling time
a _o'//mx)min/{Ln }AZ Ly
2min {23+ 2]|o

of exponential term (exp(—

max

76 < 1V (6(0)) exp (—%) 25)

In [39], the settling time is defined as “zhe time required for the
response curve to reach and stay within a range of certain percentage (usnally
5% or 2%) of the final value’. For exponentially stable systems, the
settling time maps to 47" and 57, respectively [40], where 7" is:

T = mlnz{ zz} + || ||Umax (26)
(1 - O'max)mlni{]ﬁ'z'}lz ([‘)

Equation (26) shows elements of the communication graph
that are affecting settling time convergence, that is (1) algebraic
connectivity of the graph, and (2) event generator parameter
0 ,ux- TO minimise 7', a bi-layer optimisation approach is pro-
posed via:

1. Online topology assignment algorithm, which decides opti-
mal communication graph based on highest algebraic con-
nectivity.

2. Distributed tuning of controlling agents by adjusting optimal
value for 0, in Equation (26).

The proposed two-level optimisation approach results in

a minimum time event-triggered consensus, which drastically

improves the transient response of microgrid in different opera-

tional scenarios, such as disconnection of DGs, or contingencies
in transmission lines. The following sections describe details of
each level of optimisation.

4.2 | Level 1 online topology optimisation
algorithm

Whena new DG is ready to operate, it should first negotiate
with servers of the utility company to receive updated com-
munication topology. This requires that the DG controller first
obtains the geographical location of DG in the microgrid based
on global positioning system (GPS) data, then communicate
a new topology. After establishing communication to form a
new topology, DG can be connected to a microgrid using cit-
cuit breakers. Here, the following cost function is proposed for
the tertiary control layer to decide the optimal communication

graph:

N N
min J; = ? Z Z Tij @7)
i=1 j=1



ALAVI ET AL.

| 7

ALGORITHM 1 Communication Topology Optimisation Algorithm

Inputs: (Current Topology G(V, £)), (GPS data of new DG)
Output: Calculated Topology
Initialisation:

1: Jist < Generate all regular graphs with the maximum nodal degree of 4,,,,.

2: length <= Number of graphs in /ist

3 Ay < Compute the adjacency matrix of the current topology G (initial
value = 0)

4: L, < Compute the Laplacian matrix of the current topology G based
on Amrmt/

5: A7 « Maximum algebraic connectivity of graphs in /s (initial value = 4,
of first item in /ist)

6: 737e < Index of the item with highest algebraic connectivity in /Z (initial

“value = 0)

7: de/q}%; < Value of average delay for the graph in the list with a minimum
average delayZLoop: Finding graph with highest algebraic connectivity in list

8: for /=0 to length do

9: A, < Compute the adjacency matrix of the graph /

10: L, < Compute the Laplacian matrix of the graph 7 based on 4

new

11: A, < Compute algebraic connectivity of the graph Zst[/] based on L,

. Z/\=1 2/\=1 Tij

12: delay,,, < Find the average delay of the graph edges: ————
< - - number of links

13:if (A, > A5™) then

14 if (delay,, < delay/}yy) then

ag

15: A7 = 2,

16: Z/lé””’\' «— 7

17: delay g < delay
18: end if

19:  endif

20:end for 7opology Adjustment:
legww — list Uﬂ.g’”"]

22:return G

new

where |€] is the cardinality of graph edge set £, and 7;; is the
maximum measured delay on a specific communication edge.
According to presented consensus stability requirements (i.e.
being a connected graph and exposing a stable gain matrix), the
topology assignment algorithm must fulfil the following con-
straints during switching between updated graphs:

* There must be a spanning tree in the communication graph
after plugging a DG;

* DGs must be plugged sequentially to satisfy the uniform
boundedness of switching time intervals (i.e. one DG at any
time interval).

* Non-zero elements of the adjacency matrix .4 must be
bounded by positive constants at each interval.

Implementation details of the proposed topology assignment
for tertiary layer control are provided in Algorithm 1. It searches
through all feasible topologies with the maximum nodal degree

of d,,,.. and finds an optimal solution.

4.3 | Level 2 consensus controller tuning

In the second level of optimisation, the objective is to find the
optimal value for 7,,,,. to minimise convergence time defined in
Equation (26), and to provide a feasible event-triggered condi-
tion in Equation (3). Up to this level, a cost-effective communi-
cation graph is selected, and only controllers need to be tuned
for parameter g;. According to Theorem 3.1,0 < 0; < 1, and it
directly affects event generation rate, which is limited by the acti-
vation time of the medium access control (MAC) layer. Hence,
by knowing the maximum allowed value for 0, no further opti-
misation of individual o, is required, because they are equal due
to accessing the same medium via the same MAC layer. Thus, it

is assumed that all controllers share the same 0; = 0 Fea-

max:*
sibility of event triggering condition is related to inter-event
time, which is lower bounded by access rate of the communica-
tion channel. In this regard, we propose a new variable, events
per second £, which affects o (i.e. maximum node-
to-node communication delay) and p (i.e. model-related design

parameter):

max
masxc> T ii

P

- >
mnax max
Ep X T

o (28)

where £, can simply be equal to maximum transferable
packets per second for the communication link, assuming the
event’s data fits the size of one packet. This abstraction for
event-packet relation separates the design of the control sys-
tem from the speed of communication link, which is commonly
defined in bits per second (bps). For example, for a 1 kbps chan-
nel with a maximum transmission unit (MTU) size of 100 bits,
10 events can be transmitted per second, forcing a data size of
100 bits for each event. Therefore, in this example, /2, = 10.
Equations (28) and (20), form a second-level optimisation prob-
lem to find the optimal value for 7 ,,,,.. In the following section,
the dynamics of the DC microgrid are modelled according to
the proposed event-based control strategy.

The objective of the minimisation process is to find a solution
that provides a faster convergence time. It might not be able to
find the global solution as there might be several local minimum
answers due to the reason that this is a mixed-integer optimi-
sation problem defined both in secondary and tertiary layers of
microgrid control. However, based on fact that the bi-layer opti-
misation algorithm finds graph topology with the lowest alge-
braic connectivity by having only two neighbour connections, it
results in an acceptable optimised solution. Moreover, the scal-
ability requirements of microgrids require a non-exponential
computation complexity for any type of optimisation problem,
which our proposed algorithm complies with.

5 | SECONDARY CONTROL LAYER
CONSENSUS

In this section, the mathematical model of the secondary
control layer for the DC microgrid is developed. First, voltage
correction terms for control objectives, voltage regulation, and
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DC-DC

Battery Voae | converter

a)

FIGURE 2

microgrid: (a) converter circuit; (b) internal controller. Due to the increased

DC-DC converter model for interfacing batteries to

computational complexity of the simulated model to run in real-time on
dSPACE SCALEXIO experimental setup, using an equivalent switching model
for DC-DC converter was not possible in this work

SoC balancing, are introduced, along with related SoC dynamics
for batteries. An average consensus protocol for bus voltage reg-
ulation is developed, followed by cooperative control for SoC
balancing, where a small-signal stability analysis is described.

5.1 | Modified droop control for battery
systems

DC-DC converters operate at a high pulse width modulation
(PWM) switching frequency, with at least one switching interval
delay (i.e. 7)) in the current control (CC) mode. In Figure 2,
a diagram of converter interfacing batteries to the DC micro-
grid is shown. As noticed, bus voltage regulation is designed as
an outer-loop between the output voltage of battery 1/:3/ , and
local bus voltage »;. The transfer function for the internal loop

is given by }[Z.L’“/ .

H-ﬁ ol G‘L‘

.V[/ - o , [_]_Z"o/ — o 29
g Temern @
7
Hence, the closed-loop transfer function of local bus voltage
of DC microgrid is given by:

I =Ha1 " (30)

A first-order model is used for battery per-unit energy level
charging and discharging:

$oC; = ——L 31)

where £ is the battery charge capacity of the ESS, #; is the
bus voltage, and 7 is the converter current. It is assumed that
converter loss is negligible.

In the secondary control layer, voltage reference (#/*/) for
DC-DC converter is set by modified droop control with two
correction terms for each bus controller for battery systems, as

follows:
ref drp . )
v = v — i+ 60+ 60 (32)
where 82 is SoC balancing correction term, and 627 is the bus

voltage regulating correction term.

The average consensus protocol of each battery local bus
voltage through graph G is:

@:pﬁu/ > a5 —5)dr (33)

JEN;

where 7; is local bus voltage estimation. Thus, {7,} are exchanged
in the communication network between battery controllers
for the local bus voltage average consensus protocol. Global
dynamics of distributed average consensus protocol can be
given as:

v=v-Lv (34)

which can be realised using the event-based consensus protocol
defined in Theorem 3.1.

Applying Laplace transform yields the following transfer
function matrix for the average consensus protocol [3]:

v 5

G e —_= —
ave A% (J' I]j\* + L)

(35

where V and V are the Laplace transforms of » and », respec-
tively.

For a balanced communication graph with a spanning tree,
steady-state gain of average consensus protocol is given by aver-
aging matrix:

lim G, = h . 36
5_1?’(1) avg _Q!W cre [oQ]lj = N ( )
Final value theorem shows that for a vector of step inputs, ele-
ments of X(#) converge to the global average of steady-state val-
S5
ues v*:

lim v(z) = lim G
=00 s—=0

lim sv = OV¥ =v¥ (37)

ave =00

To maintain the average local bus voltage of the battery at
rated value 2,,,,
troller is utilised. Local bus voltage correction term in (32) is

then computed as:

a conventional proportional-integral (PI) con-

v
1i

vy, = Hy(v,, —5,), H; = £, + (38)

where /; is PI controller, /é% and E}Z are proportional and inte-
gral PI gains, respectively. This PI controller regulates the aver-
age value of local bus voltages of DC-DC converter output of
the battery to rated microgrid voltage. Hence, bus voltage offset
from primary droop control is compensated.

Another consensus control balances the SoC level among
batteries. Data of {$oC;} are exchanged between neighbouring
ESSs. Cotrection term 502 in (5) is defined as:

b _ b b — SoC
81, = G! Y ay(SuC; — $uC3), G = ke (39)
JEN;
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where é}go.c is the control gain of SoC cooperative balanc-
ing control.

5.2 | Small signal stability analysis

Output currents of ES converters are derived from multiplying
bus voltages with bus admittance mattix, constructed based on
line and load impedance values:

I=YV (40)

Total SoC level dynamics can be summarised in vector form
based on (31):

/78
E =MV, M:dmg{—E’;T} 1)
. k)

Based on Equations (32), (38), (39), and (41), the total multi-
variable form of closed-loop secondary and primary control sys-
tem dynamics can be described as follows:

-1
V= ((HVcl)‘1 +(G°LM +1,,)Y + HGmg) (42)

(H+In)v,,) 43)
whete G, is the transfer function of voltage average consen-
sus protocol, v, is the nominal voltage, Y,,, is the admittance

2
matrix, and /p; is an IV X [V identity mattix.

T r
V= [V 1] gy = ding {7}
H = diag {H}, H'" = diag { 1"} 9

G = diag {Gf’}

To analyse the stability of the dynamics in (42), it is assumed
that the reference voltage is given as:

Upg
Vg = <_ ) 11\' (45)

S

where 1y € RVX! is the vector with all the elements equal
to one. Using the final value theorem of Laplace transform,
steady-state values of total microgrid dynamics are derived. By
defining the steady-state total bus voltage vector, v, the final
value is:

-1
v o= ]irr(l) <Jr(H"cl)_1 + I(GbLM + r,,,p)Y + xHGmg>
- (40)

((IH + IIN)V,,%,)

Distributed Controllers

loT-Based
Controller

Real-Time Simul

FIGURE 3
proposed multilayer microgtid control system, consisting of real-time

Developed testbed for experimental analysis and validation of

simulators and distributed ToT-based control units

TABLE 1
system for DC microgrids with state-of-the-art

Comparison of the proposed communication-centric control

Event- Minimum time Robust to Topology

Control strategy based convergence time delays optimisation
Zhang [22] No Yes Yes No
Baranwal [41] No No Yes No
Mathew [42] No No Yes No
Trip [43] No Yes No Yes
Rahman [44] Yes No No Yes
This work Yes Yes Yes Yes
Based on the work in [6], it can be shown that:

The final steady state valne = (v*) = v, (47

6 | EXPERIMENTAL RESULTS:
ANALYSIS AND DISCUSSION

A feasibility case study for DC microgrid, based on IEEE 5
Bus reference, has been appropriately selected for performance
evaluation of consensus-based controller, and P&P topology
switching algorithm. Values of interest for a consensus problem
in the microgrid are (1) average bus voltage, and (2) average
SoC level of ESSs (per-unit). The developed experimental setup
is shown in Figure 3. It consists of dSPACE SCALEXIO
real-time simulator for HIL simulation of DC microgrid,
dSPACE MicroLabBox for real-time simulation of communi-
cation links using TrueTime network modelling framework,
and developed multi-agent embedded controllers based on
Arduino boards with corresponding signal conditioning inter-
face circuits. Controllers that support WiFi communication
protocol, have also been connected to the real-time microgrid
simulator, dSSPACE SCALEXIO. Moreover, the proposed strat-
egy has been developed using digital signal processing (DSP)
instructions of ARM Cortex-M0+, and model-based imple-
mentation and measurements have been carried out using MAT-
LAB/Simulink and publish/subscribe communication model,
respectively.

Multiple subscribers can listen for a predetermined topic, and
also multiple publishers can publish new data on certain topics.
In Table 1, the proposed controller has also been compared with
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- DC-DC Converter
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\
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FIGURE 4

DG g ol DG DG
Bus 1/~ Bus 3 Bus 1 Bus 3
DG
> Bus 2 o
DG . / DG DG . ./ DG
Bus 4 Bus 5 Bus4 Bus 5

IEEE 5 bus configuration and topology optimisation results during operation of developed DC microgrid

TABLE 2  Parameters of microgrid case study and controller TABLE 3 Communication delay between controllers for both scenarios
Ry, 10 Q IeIX;C 5000 Iela)l, 500 Communication Scenario A Scenario B
= link (ms) (ms)

Ly 7 uk r 0.2533 £ 10
o; 05 O 30 kWh Load,y 550y Busl-Bus3 S0 100

Bus 2 - Bus 3 150 250

Bus 2 - Bus 4 80 180

Bus 3 - Bus 4 120 220

Bus 3 - Bus 5 60 160
previously reported works based on: (1) event transmission, (2) Bus 4 Bus 5 140 240
convergence time, (3) robustness to time delays, and (4) topol-
ogy optimisation.

6.2 | Microgrid operation analysis

6.1 | DC microgrid configuration

Figure 4 presents the DC microgrid structure employed in
the deployed case study. The microgrid includes one storage
on each bus. The nominal operating voltage of the microgrid
is 380 V5%, as most industrial microgrids use this nominal
DC voltage, especially data centers [45]. 30 kWh (78.947 Ah)
batteries are installed at all buses as ESSs of the microgrid.
Constant power loads are assumed in the experiment. Thus,
there is an internal controller to assure constant power is
absorbed from the microgtid. Values for constant power loads
are 150 W for buses 1 to 3, and 50 W for buses 4 and 5,
leading to the total power consumption of 550 W. The initial
energy level of storage systems is 50% of their capacity. Other
parameters used in the experimental analysis, such as controller
gains, are shown in Table 2. DG dynamics are abstracted by
the corresponding ESS that buffers generated energy. With
this assumption, the proposed distributed controller becomes
agnostic to the size and dynamics of installed DGs on buses.
As reference in the experimental setup, DGs have a nominal
rating of 100 W, which supplies 500 W to the microgrid in
total.

The experiment has been conducted for 80 s to show the
dynamic response of the whole system in a short time frame
in two scenarios. In the first scenario, Scenario A, load on
all buses switches from 0% to 100% in steps of 20% every
20 s. The average communication delay between distributed
controllers is 100 ms. In the second scenario, Scenario B, there
are time-varying loads installed on buses, and the average
communication delay between controllers is 200 ms. Commu-
nication graph also switches from graph according to Figure 4
every 20 s. Communication delay between agents is a random
Gaussian process. In Table 3, the value for communication
delay in both simulation scenarios are provided.

Figures 5 and 10 show bus voltages are stabilised with less
than 2% deviation, and consensus controllers are further con-
verged in each step, along with the average consensus value
shown in Figures 6and 11 for both scenarios. It can be seen that
voltage is stabilised around nominal 380 V of microgrid, and
destabilising effect of addition or removal of DGs is mitigated.
A balanced per-unit energy level is also achieved, as shown in
Figures 7 and 8 for scenario A and Figures 12 and 13 for
scenario B in each step. When DG is in a disconnected state,
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FIGURE 5  Scenario A, step by step incremental loads with 100 ms

average time delay: Voltage profiles of buses during the experiment
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FIGURE 6  Scenatio A, step by step incremental loads with 100 ms

average time delay: Consensus voltage profile of DG controllers during the
experiment

consensus voltage is reset to the nominal voltage of the micro-
grid. However, after DG addition into the microgrid, the corre-
sponding controller cooperatively works with other controllers
to reach the average value of consensus voltage. Figures 9 and
14 show injected power of ESSs on each bus in Watts for both
scenarios, which supplies power in the DC microgrid. Results

Energy Level of Batteries
T T T

T
Battery 5

‘
|~ Battery 1

Battery 2 —— Battery 3 —— Battery 4

Energy Level Wh

09 L 1 L Il | 1 1 L
0 10 20 30 40 50 60 70 80
Seconds
FIGURE 7  Scenatio A, step by step incremental loads with 100 ms

average time delay: Energy level profile of storage systems during the
experiment. All DGs include battery storage to compensate for the DGs
supply deficit in the microgrid
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FIGURE 8  Scenario A, step by step incremental loads with 100 ms

average time delay: Energy level per-unit consensus profile during the
experiment
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FIGURE 9  Scenario A, step by step incremental loads with 100 ms

average time delay: Injected power profile of buses during the experiment

confirm that consensus is achieved during the operation of dis-
tributed controllers with event-based delayed communication.

When DG is in the disconnected state, consensus voltage is
reset to the nominal voltage of the microgrid; however, after
DG is added into the microgrid, the cortesponding ESS con-
troller cooperatively works with other controllers to reach an
average voltage consensus value.

Bus Voltages
380.4 T

T T T T T
‘—Voltage Bus 1 Voltage Bus 2 —— Voltage Bus 3 —— Voltage Bus 4 —— Voltage Bus 5‘

302 S F—

380 - S / | S S S —

379.8

2 T I I ==
S 3796 — i
> S ]
— 1
3794 S— 1
3792 b
g o -
. : s . . . . s
0 10 20 30 40 50 60 70 80
Seconds
FIGURE 10  Scenatio B, time-varying loads with 200 ms average time

delay: Voltage profiles of buses during the experiment
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FIGURE 11  Scenario B, time-varying loads with 200 ms average time
delay: Consensus voltage profile of DG controllers during the experiment
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FIGURE 12  Scenario B, time-varying loads with 200 ms average time
delay: Energy level profile of storage systems during the experiment
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FIGURE 13  Scenario B, time-varying loads with 200 ms average time
delay: Energy level per-unit consensus profile during the experiment
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delay: Injected power profile of buses during the experiment

6.3 | Proposal for topology assignment
realisation: Beamforming networks for
microgrids

In this section, after analysing experimental results, a tech-
nique for the effective realisation of the topology assignment
algorithm is briefly introduced, which has the potential to be
deployed further in a microgrid with distributed controllers.
This concept is based on directional communication links and
beamforming techniques, developed for next-generation wire-
less and telecommunication infrastructures. Directional links
can be summarised as a group of communication technologies,
operating based on directional antennas and feeding subsys-
tems. There are many advantages associated with the utilisation
of such radio links over omnidirectional systems, including (1)
lower interference with other nodes, (2) improved spatial reuse
and spectrum efficiency, (3) longer transmission range allowing
DGs far from each other to communicate, and (4) lower power
requirement and consumption, due to the inverse proportion of
minimum transmission power to antenna gains.

In this regard, beamforming methods, as an effective
approach to introduce an extra layer of control over transmis-
sion and propagation of signals, can be further employed to
generate distinct radio beams with significant gains, to accom-
modate desired directional transmission in wireless sensor net-
works (WSNs), and to realise proposed topology assignment
algorithm [46, 47]. This would result in transmission being
only carried out in desired directions, which could significantly
reduce contention and traffic in the channel. Once the deci-
sion is made on network topology, the beamforming-aided sys-
tem updates the communication core in the microgrid among
DG controllers.

The recently proposed IEEE 802.11ac wireless local area
network (WLAN) standard has adopted beamforming tech-
nology for the implementation of directional radio links. This
can be further integrated as part of practical system design
and performance evaluation of studied DC microgrid. In the
following, three different beamforming methods are discussed
and compated in terms of transmission gain. In particular, the
gain parameter is chosen for comparison, as it has a direct
effect on link capacity. Increased capacity obtained by direc-
tional links reduces transmission delay to a great extent. Dif-
ferent types of beamforming methods can be briefly described
as [48]:

* Switched-beam systems: A fixed and pre-defined set of weights
are applied to different antenna elements, to generate a uni-
form set of radio beams in terms of magnitude and phase
values, to have control over electrical properties at each ele-
ment of the array, and to further conduct electronic beam
steering for the realisation of directional transmission. More-
over, when both transmitter (Tx) and receiver (Rx) are aware
of the direction of transmission towatds each other, transmis-
sion gain can be modelled by G; = G, X G, = K?, where G,
and G, are directional gains of Tx and Rx, respectively, and K
is the number of elements at either end of the radio link [49].
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* Adaptive array systems: Unlike the previous case, they adapt
their weights to maximise the resulting signal-to-noise ratio
(SNR), which helps to cope with multipath phenomena by
adaptively changing radiation patterns. Although this comes
at expense of added cost and complexity. Transmission gain

2
can also be expressed as G, = (2\/]_<) = 4K [48].

* MIMO links: A multiple-input multiple-output (MIMO) link
utilises digital adaptive arrays at both ends of the radio link,
to provide spatial multiplexing and diversity, to increase the
capacity of the link, and to further generate multiple inde-
pendent data streams. Besides, produced gain provides an
increase in Shannon link capacity C, which is given by Equa-
tion [48]:

C, = K.C = Kigg,(1+ p) (48)
(o is the average SNR at any receiver antenna).

Hence, deployment of beamforming technology for event
transmission will: (1) reduce transmission delay, as radio link
is only established when the event is generated; (2) establish a
deterministic communication behavior (rather than a stochas-
tic one) that significantly increases the reliability of NCS; (3)
increase stability region of an event-triggered control strategy
that is typically prone to event transmission delay.

7 | CONCLUSION

This work has proposed a multilayer cooperative event-based
control for DC microgrids, which is resilient to communica-
tion delays, and further supports P&P addition or removal of
DGs. It has been shown that convergence time is reduced
using the bi-layer optimisation approach. Average consensus
is achieved among distributed controllers using the developed
event-based protocol, considering non-uniform delays. More-
over, a practical case study using the HIL simulation testbed
has validated the performance of the proposed controller for
voltage stabilisation, as well as balanced power-sharing in DC
microgrids. Besides, the feasibility of beamforming technology
and its potential for future integration in IoT-centric aspects of
microgrids have been discussed.

Experimental results confirmed that microgrid could be sta-
bilised although communication network has large delays and
data are transmitted in an event-based approach. Moreover, the
proposed topology assignment algorithm was able to maintain
connectivity of distributed controllers in event of addition or
removal of DGs from the microgrid. This is very important as
it forms the basis for the P&P operation of the microgrid due
to the intermittent nature of RES.

For fututre extension of this work, artificial intelligence (AI)-
driven control systems can be employed to improve the effi-
ciency of the proposed bi-layer topology assignment frame-
work, along with its coordination with the real-time secondary
control model. Graph optimisation problems can also be solved
using machine learning methods. Furthermore, it is recom-

mended to use a switching model for a bi-directional DC-DC
converter, which provides more realistic results compared to the
simplified average model.
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NOMENCLATURE

L;; Elements of the Laplacian matrix for communication
graph.
A,  ith eigenvalue of the Laplacian mattix.

o Maximum & value of distributed event generators.

max

7;; Constant delay of the communication link between
node 7 and /.

sl

f Maximum delay of communication links between any

nodes.

£, Maximum allowed number of events per second for
a communication link.

v,”  Set-point voltage of the DC-DC converter.

v,; Nominal voltage of the microgrid.

Virtual droop resistance in the primary layer.
7;  Output current of the DC-DC converter.
Ap  Maximum acceptable deviation of the voltage.

H;  PI controller for 8.
/é_’[l Integrator gain of H,.
kg Proportional gain of /.
k;;.c Gain of SoC cooperative balancing controller.

P, Maximum power of the converter.
Vmin  Minimum acceptable microgrid voltage.
7.  Switching period of the DC-DC converter.
[{f”’ DC-DC converter internal loop transfer function.
P[l.ﬂ’/ DC-DC converter closed-loop transfer function.
Capacity of energy storage system 7.

"/ Voltage set-point for the DC-DC converter.
6V, &) Communication graph with nodes V and edges £.
Number of nodes in the communication graph.
Weight of the edge between two nodes in £.
Adjacency matrix of graph G.
In-degree value of node 7in G.
In-degree matrix of graph G.
Consensus voltage vector of the nodes.
Identity matrix.
dr”  SoC balancing correction term.

7

) . .
o) v;  Bus voltage regulating correction term.

7}=‘ =1 O );\S 2
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