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ABSTRACT More Electric Aircraft (MEA) and All Electric Aircraft (AEA) require advanced autonomous
electric Energy Management Systems (EMS) onboard the aircraft. The aircraft electric network can be
considered as an islanded microgrid, and as such some approaches typical of the microgrid management
can be used onboard the aircraft to design an effective EMS. In particular, distributed control with
consensus techniques represents a promising approach due to the advantages in terms of reliability,
computational simplicity and low-bandwidth requirement which are of great interest for implementation
onboard. A consensus-based solution to the problem of coordinating and balancing several Energy Storage
Systems (ESSs) coexisting in a generic aircraft architecture is proposed and analyzed. The proposed
algorithm selects the current setpoints for each ESS according to their state of charge while ensuring safety
of operations. Theoretical results and detailed simulations show the effectiveness of the proposed approach.

INDEX TERMS More electric aircraft, consensus, microgrid control, distributed control.

I. INTRODUCTION motivation has been overcome by the development of elec-
tronic power converters, which allows the design of simple,
cheap and efficient DC/DC converters. The development of
this technology enables rethinking the electric distribution
network as a DC network, with DC/DC converters as building
blocks. There are several reasons for preferring DC MG
to AC MG, e.g., most renewable sources produce DC
power, many loads (LED, consumer electronics) employ DC
power, classic Energy Storage Systems (ESS), like batteries
and super-capacitors are DC devices [2]. However, there
are still obstacles to the large-scale use of MG, often of
economical or regulatory type: replacing the currently used
AC infrastructure with DC MG has clearly a cost. However,
if the size of the MG is limited the benefits of the DC solution
are apparent. Indeed, from this point of view, islanded

Over the preceding two decades, extensive research has been
dedicated to the examination of electric microgrids (MG)
in the context of distributed electric energy management
and distribution [1]. Specifically, researchers have focused
their attention on the selection between direct current (DC)
microgrids and alternating current (AC) microgrids. It is
widely acknowledged that the majority of global electric
distribution networks operate on AC current and voltages.
The main reason for preferring AC to DC networks was
the development of transformers at the end of the XIX
century allowing simple step-up or step-down capabilities
when using AC voltage. However, after one century this
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operations, where the MG is disconnected from the main
network, have been addressed [3].
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One application domain where limited-size MG can be
employed is the transportation vehicles field. Each form of
transportation vehicle has its own peculiarity. Notably, in the
realm of terrestrial vehicles, critical considerations pertain to
infrastructural interfaces with ground traffic and the optimal
management of distributed loads [4]. Conversely, ships and
aircraft represent distinct domains where islanded operations
find particular relevance. For instance, ships necessitate the
provision of substantial power within spatial constraints [5].
The aviation sector demands high levels of reliability,
robustness, and effective load predictability capabilities [6].
This study is specifically centered on the formulation of
an energy distribution strategy for MG systems within the
aircraft domain.

A. THE ELECTRIC AIRCRAFT MG

In the context of aircraft electrification, an intermediate step
towards the design of the All-Electric Aircraft (AEA) is the
so-called More Electric Aircraft (MEA) [7], [8]. A pivotal
challenge within the field of MEA lies in the substitution
of hydraulic and pneumatic actuators with their electric
counterparts. This substitution is aimed at enhancing system
reliability, diminishing overall weights, and introducing novel
functionalities in load control. Evidently, the expanded
utilization of electric energy necessitates the implementation
of new automated Energy Management Systems (EMS)
onboard. The so-called “generic” architecture for the electric
network of the aircraft, is a two-busbars system [9], [10]
with a high voltage (HV) DC bus at 270V, a low voltage
(LV) DC bus at 28V and a DC/DC bidirectional converter
in between. The HV bus is energized by a starter-generator
followed by a rectifier. On the HV side all the “heavy” loads
are present (e.g., anti-icing, de-icing or electro-mechanic
actuators), while on the LV side batteries are located, and also
other ESS devices, like supercapacitors, are possible [11].
In conventional aircraft systems, typically one or two batter-
ies are employed, contingent upon the aircraft’s size. These
batteries function autonomously as starters for the engine or
the Auxiliary Power Unit (APU), as well as providing power
to essential loads in the event of engine failure [12]. Conse-
quently, for a significant portion of their operational lifespan,
batteries remain inactive. The implementation of automated
ESS facilitates a more substantial utilization of batteries,
for instance, during instances of overloads [9] or when
prioritized loads necessitate power supply [13]. In recent
developments, structural batteries [14] have emerged as
devices with the dual capacity to store electric energy
and provide structural support for mechanical loads. Their
application holds promise for mitigating the weight-to-power
density ratio of batteries, as these devices can serve as integral
structural components. This prospect is particularly intrigu-
ing within aerospace systems and has already found practical
implementation in unmanned aerial vehicles [15]. It is evident
that structural batteries delineate a paradigm of multiple,
distributed ESS, and their use necessitates the formulation
of precise control strategies, especially in scenarios where
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numerous ESS are concurrently deployed and their activities
must be meticulously coordinated within a microgrid frame-
work, as expounded upon in the subsequent section.

B. MG CONTROL STRATEGIES

As previously delineated, aircraft MG inherently function
as autonomous systems in islanded mode [16], [17]. Three
principal control paradigms are conceivable: centralized,
decentralized, and distributed. The centralized approach
is characterized by a singular, powerful controller that
performs the management operations of the whole network
by minimizing a suitable objective function. In the context
of aircraft MG, recent works, such as that outlined in [18],
contemplate various generators within the framework of
a Virtual Power Plant to establish a centralized control
center. In contrast, decentralized control adopts a hierarchical
structure, necessitating a robust communication network
to facilitate information exchange between the high and
low levels within the hierarchy. Centralized and, to a
lesser extent, decentralized solutions are prone to faults,
require high-bandwidth communications, and are subject to
privacy violation issues. The distributed control uses local
communication networks for communications only among
“adjacent” (in a suitable way) elements of the network.
Clearly, both the communication and the computation
burden are reduced in the distributed control. Many studies
have investigated the design of consensus-based algorithms
for the control of distributed MG [19], [20], [21]. For
instance, to reduce transmission losses, a distributed control
strategy under a directed communication network has been
investigated in [22], based on Multi-Agent Systems (MAS).
MAS with distributed optimization has been proposed in [23],
where a real-time EMS has been designed considering
demand and generation as constraints, with robustness to
time-varying communication topologies and uncertainties,
as in the case of devices addition and removal. The use
of consensus-based algorithms [24] is the natural approach
in distributed control, and real-time solutions with robust
optimization capabilities with respect to random power
requests have been proposed in [25]. Also, a decentralized
technique for considering both high-level EMS resulting
from optimization and low-level, real-time power sharing
has been considered [26], by simplifying the problem with a
purely distributed approach (with low computational burden).
Another possible solution was presented in [27] with a
supervisory level based on consensus-based algorithms,
resulting in a distributed optimal control approach. In [28],
Plug-and-Play decentralized local controllers for Distributed
Generation Units (DGU), considered as voltage generators
and communicating in real-time on a connected network with
consensus filters, were designed. Nevertheless, the work [27]
investigates policies based on power sharing rather than
current sharing. Furthermore, most of the state-of-the-art
works do not take into account the limited capacity of the
ESSs, thus neglecting the scenarios where one or more ESSs
could discharge completely (or, on the contrary, get fully
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FIGURE 1. Distribution-level microgrid for MEA: main generator feeds avionic loads and
multiple ESSs. Dashed blue lines indicate the communication network.

charged). Finally, also low-level control can be considered
within the general framework of consensus-based algorithms
for the optimization of MG performance. As an example,
in [29] a low-level sliding mode controller is considered
together with a consensus algorithm to keep the network
average voltage at a prescribed level. As in [29] the proposed
control strategy aims at reaching consensus among ESS and
assumes low-level control based on sliding mode approaches.
Currents supplied by each ESS are decided based on the State
of Charge (SoC) of each device.

C. MAIN CONTRIBUTION

A major contribution of this work is the development of
a SoC-aware consensus-based current sharing algorithm.
Unlike conventional consensus-based approaches that focus
solely on current sharing without considering the SoC
limitations of ESSs, our method dynamically adjusts the
current setpoints of each ESS based on its SoC. This allows
for a balanced discharge and recharge process across ESSs,
ensuring the longevity and safety of the storage units.
Specifically:

- Recharging phase (i.e., power absorption): when the
ESSs require recharging, a constant current recharge
strategy is employed. The proposed consensus algorithm
ensures SoC equalization by automatically adjusting the
charging current. ESSs with lower SoC are assigned
higher current setpoints, facilitating a quicker recharge,
while those with higher SoC receive lower setpoints to
maintain balance across the system.

- Discharging phase (i.e., power delivery): during power
delivery, the algorithm ensures that ESS units contribute
to load requirements proportionally to their SoC. ESSs
with a higher SoC are tasked with delivering more
current, while those with lower SoC deliver less.
This proportional current distribution not only ensures
efficient load management but also prevents over-
depletion of any single ESS, extending the lifespan of
the storage units and optimizing overall energy use.

- Safety Constraints: another significant innovation is the
integration of safety constraints into the control strategy.
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The proposed consensus-based algorithm ensures that
the SoC of each ESS is always kept within a predefined
safe operational range, which can vary depending on
the characteristics of each ESS. This safety feature
prevents overcharging or over-discharging, which is
crucial in aeronautical applications where reliability and
operational safety are paramount.
The proposed algorithm fundamentally differs from existing
consensus-based current sharing methods. Most previous
approaches assume ESS units can deliver or absorb unlimited
power without considering their SoC, leading to potential
safety risks or inefficiencies. In contrast, our method incor-
porates the SoC constraints of each ESS, ensuring that each
unit operates within safe limits while still contributing to the
overall system’s energy demands. This makes the proposed
method particularly suitable for applications where energy
storage systems have varying capacities and must operate
safely over extended periods, as in aeronautic microgrids.

D. OUTLINE

The rest of the paper is organized as follows. In Section II
some preliminaries and the problem formulation are pre-
sented. In Section III the consensus algorithm designed to
manage the ESSs of the aeronautic microgrid is presented and
detailed, while insight about parameters tuning is provided
in Section IV. Simulation results, showing the effectiveness
of the proposed algorithm are presented in Section V, with
conclusions given in Section VI.

Il. PRELIMINARIES AND PROBLEM FORMULATION

The MEA microgrid can be synthetically represented as
shown in Figure 1, where the aircraft generator feeds the main
bus with 270 VDC. On the main bus, aside from avionic loads,
several energy storage systems, such as auxiliary batteries,
supercapacitors, and fuel cells are installed. In order to
regulate the power flow to/from the ESSs, DC/DC converters
(such as buck, boost, buck-boost converters) are installed to
perform as a bridge between the main bus and the ESSs.
Each ESS is characterized by a time-varying state of charge,
which is indicated hereafter with ¢;(¢). Referring to Figure 1,
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in what follows we indicate with I, the generator current,
with [j544 the total current absorbed by the loads, while I, and
I, indicate the current entering the ith DC/DC converter from
the bus side and the ESS side, respectively. Currents /o, and
I;, are considered positive when flowing to the ESS, negative
otherwise. Regarding the SoC dynamics of each ESS, several
SoC estimation methods are available in the literature [30].
However, since the precise estimation of the SoC is not the
main focus of this work, here we adopt the classical Coloumb
counting method [31], that is the SoC of the ith ESS, indicated
with ¢;, is assumed evolve according to

. 1
git) = EIL,-(I)» ¢i(0) = ¢, (D

where 6 and ¢;o are the nominal capacity and the initial SoC
of the ith ESS, respectively.

Then, given the above microgrid architecture, the objective
is to design a distributed control law that allows the
orchestration of the charging and discharging processes of
each ESS according to their state of charge. Briefly, when
the main generator has enough available power to charge the
ESSs, each ESS is allowed to recharge absorbing an amount
of current that is inversely proportional to its state of charge.
On the contrary, when the ESSs are required to support
the generator feeding the connected loads, the prescribed
total amount of current required from the ESSs will be
autonomously divided among the ESSs according to their
state of charge, that is the ESSs with a higher state of charge
will provide higher current to the loads. Nevertheless, due to
the dislocated distribution of the ESSs onboard the aircraft,
a communication network among the ESSs is established to
allow the exchange of information among them. The problem
of coordinating and balancing several ESS within a microgrid
can be effectively addressed by leveraging the principles of
MAS. In this context, each ESS is considered an agent of the
MAS, which operates independently but can communicate
with other agents through a limited communication network.
This dislocated configuration, with restricted communication
paths, mirrors the decentralized nature of aeronautic grid
considered in this work. The process of transforming this
control challenge into a consensus problem relies on the
concept that all ESS units (agents) must achieve a common
objective, that is current sharing with SoC balancing, without
requiring direct communication with every other ESS in the
system. Instead, each agent shares information only with its
immediate neighbors in the communication network, which
can be constrained by physical or operational limitations.
Such communication network is represented by a connected
graph G = (V, &), where V = {l,...,n} indicates the
set of nodes and &€ = {l,...,q} is the set of edges
interconnecting the ESSs. In the case where the graph is not
strongly connected, the above objectives can still be achieved
through a distributed consensus algorithm that exploits the
existing communication network. Moreover, while achieving
such a consensus policy, in order to preserve the ESSs state
of health, it is required to keep the SoC of each ESS within
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a safety interval. Hence, the above reasoning and desired
behavior can be summarized in the following objectives.

Objective 1: The total current absorbed from or provided
by the ESSs must be shared among them proportionally to
their generation capacity (proportional current sharing), that
is

Vi,jeN 2)

wilp, = WjILj ,

where w; and wj refer to weighting factors associated with
the generation capacity of the ESSs with index i and ],
respectively.

Objective 2: The state of charge of each ESS must be
always constrained as

é‘i(t) € [é‘imin — &, gimax + 8] (3)

where Cimin and Cimax are the minimum and maximum
allowable values, respectively, for the state of charge of the
ith ESS, and ¢ is a small positive value representing an
acceptable tolerance.

The first objective requires the ESSs to charge and
discharge according to their generation capacity, i.e., ESSs
with higher generation capacity will have to absorb smaller
current during the charging process, while they will provide
more current during the discharging process. The generation
capacity can be in general deduced as a combination of
several factor, e.g., the ESS capacity or the ESS state of
charge or the ESS temperature. In this work, the SoC
only is considered to evaluate the generation capacity. The
satisfaction of Objective 1 will allow for equalization of the
ESS state of charge despite their initial different generation
capacity. The second objective, instead, will enforce a safe
range of operation of each ESS.

Considering n ESS devices, in what follows we indicate
with NV = {1,...,n}, M@) = {i € N: @) €
(imin> Cimax)} With m being its cardinality and P(r) =
NM\M(t). We denote with G; the set of nodes (i.e., the ESSs)
connected to the ith ESS by communication lines. Moreover,
let 7; ;= {tj0, ti,1, ti2, . . . } be a countable set with 0 < #;0 <
ti1 < tip < ---, which defines the set of strictly increasing
sequences of time instants for which ;i(tjx) = &imax Or
Ci(tig) = &Cimin With i € N, k € No. Moreover, we define
1, = [11-- I]T, 0, represents the n-dimensional zero
column vector, while 7, indicates the n x n identity matrix.
For any vector z € R”, E[z] = 1Tz/n is the average of the
entries of the vector z.

IIl. ESS CONSENSUS-BASED CONTROL

Given the distributed nature of the microgrid in Figure 1,
the control architecture is designed as a hierarchical structure
comprising two levels: a supervisory controller that sends
current references to the ESS indicating the amount of
current requested from or provided to the ESSs; and local
controllers, one for each ESS, that implement local control
laws guaranteeing that the current of each ESS is regulated
to the received current reference. Nevertheless, in order
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to reduce the computational burden for the supervisory
controller and reduce the exchange of information from
and to the supervisory controller, the current sharing policy
discussed in the previous section can be implemented as a
distributed algorithm among the ESSs. In the following, the
considered local control algorithm is briefly discussed and the
proposed consensus-based strategy is presented.

A. ESS LOCAL CONTROL

The role of the DC/DC converters in Figure 1 is to regulate
the current provided or absorbed by the corresponding ESS.
Each converter is regulated by a local controller to guarantee
that the corresponding current /;, reaches a desired reference
value, preferably in a given fixed time. In order to achieve this
goal, let us define for each converter the following auxiliary
variable

oi(t) = Ir,(t) — I, () + mi(t), ieN, )

where I, is the piecewise constant reference current for the
ith ESS, while the term n; represents a time-varying deviation
of the reference I, from the nominal value. Its definition will
be detailed in the next subsection.

In order to guarantee that, after a given transient time,
each converter successfully controls its output current to the
desired reference, control algorithms guaranteeing fixed-time
stability need to be enforced on oj(¢). In this work, the
fixed-time terminal sliding mode control presented in [32]
is employed to guarantee the existence of 7 > 0 so that
oi(t) = 0forallr > T,alli € N, irrespective of the initial
condition of each converter, that is

I,(t) = I, + ni(t), ieN. 3)

for all + > T. Hence, hereafter the dynamics of the
closed-loop system will be derived assuming the local
controller transient has expired and that (5) holds.

B. ESS CONSENSUS-BASED CONTROL

The consensus policy that allows sharing the available current
among the ESSs consists of assigning a nominal current
setpoint (iL,., provided by the supervisory control) to each
ESS, and then applying a variation through an additional term
(computed locally by each ESS) that enforces the consensus
among the ESSs. The deviation term of each setpoint is
hereafter indicated with 7;(¢). Specifically, let us define the
dynamics of n = [n1, m2, ..., r;n]T as

0(t)=—(bL()+aG(E))n(6) = (bLE)C(E)+aGEL() |
(6)

with 1(0) = no, where no € R", ¢ = [¢1, &2, ..., ], a and
b are positive constant scalars and I = [ZL] , iLz, e, iLn]T.
Moreover, L(-), C(-) and G(-) are R* ~— R"™" func-
tions with L being the time-varying Laplacian matrix,
C = diag[c11(21), 22(2), - .., cun(Cn)] with ¢;; =

£i(0) sign(lL,), and G := diag [g11(¢1), £22(02), - - -, gnn(En)],
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where g;i(-): R — R>o is a piecewise constant function
defined as

0 if 5 € Cimin Cimax).
gii(s) = I se (.gzmm Cimax) )

1 otherwise.
Denoting g;(s) = 1 — gii(s), the elements of the Laplacian

matrix L(¢) are instead defined as

26 D &) if i=j,
keG;
—8i(£)gj(¢) if i € Gj,

0 otherwise,

lij(¢) = (®)

as (9), shown at the bottom of the next page. Note that the
rationale behind the design of the time-varying Laplacian
matrix consists of setting the ith row and ith column of L to
the null vector when the ith ESS is either fully charged or
fully discharged. Nevertheless, when such even occurs, the
Laplacian defined in (9) still preserves the null sum of column
and row elements.

In the following, for the sake of simplicity, the dependence
of all the variables on their arguments will be omitted.
Recalling (6), for the ith element of 7, it holds that

n n
0= — > (bl +agynj — > _(blycj + agly;,  (10)
j=1 j=1
that is

n n
fi= —b Zli/nj - Z lijcl'ijj if ¢ € (imin, Simax)
T j=1 j=I

—a(ni(t) + I, otherwise,

Y

where the first case derives from the definition of G, while
the second case follows from the definition of L. Let us
provide some insight into the definition of (6). The dynamics
of n can be seen as those of a linear parameter-varying
system of the form 7 = A(¢)n + B(¢)I1(t), where matrices
A and B are specifically designed to obtain the desired
transient and steady-state behavior, as will be detailed in
Theorem 1. More precisely, with reference to (6), the part
of A(¢) and B(¢) that depend on L(¢) models the consensus
dynamics, while the part that related to G(¢) solely takes into
account the dynamics of the ith agent. In the following, the
main assumptions required for the proposed algorithm are
presented.

Assumption 1 (Quick Transient): The parameters a and b
are chosen large enough so that the transient dynamics of n;
can be neglected.

Assumption 2 (Initialization of n): The value of n(0) is
selected such that ]11—77(0) =0.

The first assumption suggests that system (1)-(6) have
the rwo-time-scale property [33, Chapter 11], where (6) is
referred to as the fast model while (1) is the slow model. This
is a reasonable assumption since the process of adapting the
current setpoint (i.e., the dynamics of 1) is much faster than
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the dynamics of the ESS state of charge (i.e., the dynamics
of ¢).

Regarding the second assumption, the most straight-
forward choice of the initial state of 7;(0) that satisfies
Assumption 2 is n(0) = 0,. As will be shown in Lemma 2,
the consequence of such choice of initial condition is that the
average value of the entries of 7 is preserved and identical to
zero when &; € (&imin, Cimax) for all i € N. Note that this is
not a strong assumption since the choice of 7(0) is left to the
designer.

Considering the scenario of n ESSs, the consensus-based
algorithm (6) with /;, as in (5), manages to orchestrate
the current onboard the aircraft as shown in the following
theorem. Hereafter, exploiting Assumption 1, we will say that
the ith ESS is in quasi-steady-state [33] when the transient of
n; has expired and only the dynamics of ¢; is left.

Theorem 1: Consider a network of n ESS nodes whose
SoC dynamics is defined as in (1). If Assumption 1 and 2
hold, then the consensus law (6) guarantees the following
properties:

1) When all the ESS nodes are in quasi-steady-state and
& € (Cimin, Cimax) for all i € N, then the proportional
current sharing policy is enforced with

I =EICIL1+ (1 —ei), VieN, (12)

and the total current absorbed by the ESSs converges to
the sum of reference currents, i.e.

ZIL,,(z) = ZE- (13)

ieN ieN
2) If the ith ESS reaches either its maximum or minimum
allowable SoC, then the corresponding current Iy, tends

to zero exponentially with time constant a.
3) When all the ESS nodes are in quasi-steady-state, then

ifieP,

iriem, Y

I, (1) =
I,(t) = E[CIL1+ (1 — i) I,

and the total current absorbed by the ESSs is

Zw)— Zc,,zL+Z(1—c,,>1L (15)

ieM
In the followmg, we present several lemmas that will

be instrumental in constructing the proof of Theorem 1.
Lemma 2 presents the behavior of the ESSs currents and
variables 7; when all the ESSs are either charging or
discharging. Lemma 3 characterizes the evolution of each
n; and I, when the ith ESS is fully charged or discharged.
Lemma 4 shows that the average value of 7 is preserved in

time while the average value of 1 converges towards a steady-
state value. Finally, Lemma 5 proves that the summation of
currents absorbed by the ESSs converges to a given value
depending on the consensus policy. For each lemma, it is
implicitly assumed that the assumptions of Theorem 1 hold.

Lemma 2: Assume that each ESS node is in quasi-steady-
state and £i(t) € (Limin, Cimax) for all i € N. Then

ni(t) = E[CIL] — ciill,, (16)

and

D Lw=>1 (17)

. ieN ieN
Proof: Since £i(t) € (Limin, Cimax) for all i € N, then
from (6) one has

0(t) = —bLn(t) — bLCI;, = —bL(n(t) + CI).  (18)

Consider the state variable translation z(z) = n(t) + C I.
Then the dynamics of z(¢) is

2(t) = —bLz(t). (19)

Since the digraph associated to the Laplacian L is
weight-balanced by construction, by [24, Theorem 7.4] z(¢)
reaches consensus, that is the quasi-steady-state of z(¢) is

z(t) = E[z(0)]1,. (20)
Therefore, reverting to the original variable n(t)

n(t) = E(O)I1, + E[CI.]1,—CIL, 2

and taking into account Assumption 2, (16) holds.
Furthermore, from (16)

> nit) =nEICIL] = > cilr, =0, (22)
ieN ieN

and from (5) we have

DIy =D I+ D mi). (23)
ieN ieN ieN
Finally, (17) trivially follows by plugging (22) into (23). O
Condition (17) indicates that, if the set of ESSs is in
quasi-steady-state and all the ESSs are either charging or
discharging, the total current provided or absorbed by the
ESSs will eventually converge to a fixed value given by the
summation of current references (selected by the supervisory
control). It must be noted that this result does depend neither
on ¢;, nor on any other parameter of the microgrid.
Remark 1: The consensus is actually performed on the 7
variable, as all the components of z converge to the same

g1(g+ - +gn —8182
. —8281 2@ +8+---
_gngl —énéz

164330

_glgn
+ gn) _é_’2§n (9)

gn (@ + - +2-1)

VOLUME 12, 2024



G. Canciello et al.: Consensus-Based Current Sharing Algorithm for Energy Storage Systems

IEEE Access

value. On the other hand, the variables n; reach a weighted
consensus based on the parameters c;;.

Let us now investigate the behavior of n; and I;, when one
or more ESSs are fully charged or discharged.

Lemma 3: Assume that each ESS node is in quasi-steady-
state and for the ith ESS it holds that {; ¢ ({imin, Cimax)- Then

ni(t) = —Ip,, (24)
and

I1,(t)=0. (25)

Proof: The proof trivially follows from the definition of

n; in (11). In fact, in the case of ¢; ¢ (&imin, {imax) from (11)
we have

ni(t) = —a(ly, + ni(1)), (26)

which yields
ni(t) = nitig)e” T (1 — e

for all ¢ > ¢; ;, with #; ; being the time instant when ¢; leaves
the set (&imin, {imax), thus proving (24) when the ith ESS
is in quasi-steady-state. Condition (25) is proved by simply
plugging (24) into (5). O

This lemma proves that, once the ith ESS is fully charged or
discharged, the corresponding n; tends to —I, to compensate
the nominal reference, thus controlling the ith ESS current to
zero in order to interrupt the charging or discharging process.

Remark 2: Note that, when charging the ESSs, the
proposed strategy implicitly implements the well-known
constant current (CC) and constant voltage (CV) charging
strategy [34]. In fact, with this strategy, the ESS is initially
charged with the CC mode and the ESS voltage (equivalently,
the SoC) gradually increases. When the ESS voltage reaches
the maximum charge voltage (equivalently, the maximum
SoC), the ESS changes its mode from the CC mode charge
to the CV mode charge. When setting a constant voltage,
the current injected into the ESS decreases exponentially as
stated in point 2) of Theorem 1.

In the following, we give a characterization of the average
values of 7 and 7.

Lemma 4: Consider dynamics (6), with g;;(-) defined
in (7). When the ESSs are in quasi-steady-state then

E[n(H)] =0, 27)

1 -
Eln(] = ~ Z (EICIL] — cul, } - —ZIL, (28)

ieM
Proof: Wlthout loss of generality, let us assume that
initially &; € (Limin» Cimax) for all i € A. Then, from
definition of n in (6) and that of G, it holds that

*a(t*li,k))

n=—bL(n—CIL). (29)

Thus, pre-multiplying on both sides by 1]1T we have
1 . . 1 -
1,7 =Bl =—b1,L(n=CLL)=0,  (30)
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where the last equality comes from the definition of the
Laplacian matrix in (9). Then E[7(¢)] = O for all ¢ € [0, #; 1),
where #; 1 1= infi>o{r: §i(t) ¢ (Cimin, Simax), i € N}

Furthermore, it is easy to derive from (16) that when the
transient of n has expired

1 - -
Eln(] =~ [Z (EICIL] - cﬁIL,.)]

ieN
= % (nE[CIL] — nE[CI.]) = 0. 31

If#; 1 = oo (i.e., ESSs are never fully charged or discharged),
then the proof is concluded, otherwise if there exists #;, | < 0o
such that £;(t;1) ¢ ({imin, Cimax), then from Lemma 3 n;
exponentially reaches —jL,»~ As a consequence, from (4) it
holds that I;,(r) = 0, thus guaranteeing that ¢; reaches a
steady state. This in turn implies that, following from (6),
after the transient of n; has expired, it holds that

1 _ _
El7] ;n;{ [-bL(7 + CI) — aG(n + 1))

%1; [-aG(n +1)]

- (Z gii(ni + IL,.)) -0, (32)
ieP

where the last equality comes from convergence of n; towards

—Ip, fori e P.

Regarding the convergence of the average value of 7,
combining together the case of i € M from (31) and the case
of i € P from (24), then the average value of 1 converges
according to (28) where the term in square brackets is not
zero unless M = N. O

Note that if M = @, then P = N/, therefore the average
value of 1(t) tends to the average value of the reference vector
11, with opposite sign.

In the following lemma, the steady-state value of I is
investigated.

Lemma 5: Consider dynamics (6), with g;i(-) defined
in (7). When the ESSs are in quasi-steady-state then

10 = (= G) [EICLIL] + Uy = O] (33)
fort e ltik, ti k+l] with ti , tix+1 € 7;, and

ZIL (1) = Zc,,IL - Z cil, + > I, (34)

ieM ieM
Proof The proof of this lemma is a direct consequence

(_)f the results of Lemma 2 and Lemma 3. In fact, due to I;, =
Ip, + n, it holds that

Ir.(t) =0, (35)
if the ith ESS is either fully charged or discharged, and
I,(t) = E[CIL] + (1 — ¢ip) I, (36)

otherwise. Then, from the definition of G and C, (33) directly
follows. Moreover, summing all the ESSs currents yields

DIy = (1 =g [EICIL]+ (1 — cilL,]
ieN ieM
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z [EICI.1+ (1 — ey, ]

ieM
m - - -
~ 7 Z ciily, — Z ciilp; + Z I, 37
ieN ieM ieM
O
Finally, the proof of Theorem 1 is presented in the

following.

Proof of Theorem 1: The proof for Theorem 1 is obtained
by combining the results obtained in Lemma 2, Lemma 3,
Lemma 4 and Lemma 5. In fact, statement 1) is easily proved
by combining the result in (16) with (5); statement 2) is
directly proved in Lemma 3; and statement 3) follows from
Lemma 5. 0

Note that, the actual consensus policy is enforced through
the definition of matrix C. In fact, from (33) it can be easily
noted that the value of I7,(t) becomes higher, in absolute
value, for either high value £;(0) and negative I, 1, (i.e., the case
when the ith ESS has high SoC and we want to discharge the
ESSs), or for small value of ¢;(0) and positive I 1, (.e., the case
when ith ESS has low SoC and we want to charge the ESSs).
This in turn implies that ESSs with high SoC will provide
more current in case of discharge and ESSs with low SoC will
absorb more current in case of charge. When the reference
current is chosen so that fLi = 7Lj = I*, then condition (14)
simplifies to

[ILl.(t)zo ] %fz:eP, 38)

I,(t) = (EIC1+1—ci) ] ifieM,

thus guaranteeing satisfaction of Objective 1 with w; =
(E[C]1+1— cii)_l. Note that, expressing the ESS SoC in
the interval [0, 1] guarantees that w; is always bounded.
Furthermore, it is possible to enforce different consensus
policies through different definitions of matrix C. For
instance, if one wants to consider a microgrid with ESSs
characterized by different power generation capabilities (e.g.,
depending not only on the SoC of the ESSs but also on
the health of each ESS), the consensus policy can be easily
modified by designing C so that it will reflect the desired
policy.

Finally, it is worth highlighting that, even in the case
where not all the ESSs need to be recharged, the proposed
algorithm ensures only the ESSs with SoC lower than
the maximum allowed value will be charged, while those
ESSs that are already fully charged will preserve their SoC.
This in turn implies that the consensus-based algorithm
presented in Theorem 1 intrinsically eliminates circulating
currents, increases efficiency, and reduces battery lifetime
degradation. Symmetrically, the same reasoning also holds
for the discharging scenario.

IV. REFERENCE AND PARAMETERS TUNING

A. REFERENCE GENERATION AND NODE RECONNECTION
The consensus policy presented in the previous subsections
relies on the communication graph described by the laplacian
matrix L in (9). According to the definition of L, when the
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FIGURE 2. Time evolution of /;,, 5; and {; when condition (43) is satisfied
(black lines) and when it is not satisfied (grey lines). When condition (43)
is not fulfilled the ESS is not discharged as required.

ith ESS reaches its maximum (or minimum) allowable state
of charge, the ith row and column of L are set to zero,
hence disconnecting the ith ESS from the communication
graph. When this occurs, the dynamics of n;(f) behave
according to the second line of (11), thus n;(t) — —ZL,- and
I;, — O to interrupt the charging (or discharging) process.
Nevertheless, the ESS current reaches zero exponentially
(with time constant a), which implies that the state of charge
for the i-th ESS will reach a steady state value slightly above
(below, respectively) the provided {max; ({min;, respectively).
See Figure 2 for a visual representation. When a new setpoint
is provided, it must be guaranteed that the dynamics of (11)
combined with those of (1) are so that the SoC of the i-th
ESS enters again the region ({min;, {max;). As it will be
shown shortly, this requirement is not automatically fulfilled
unless the new setpoint satisfies some given condition. As the
following reasoning symmetrically holds both for the charge
and discharge phases, only the case of ESS charging is
presented.

Let us indicate with ¢ ; the time instant when the state of
charge of the ith ESS reaches its corresponding {max; from
below. Considering the dynamics of 1 from (11) and the
definition of the of Iy, in (5) it holds that

I() = (nitig) + I, (i) e 50Vt € [tk 1),

(39)
where 7;; indicates the time instants when the current

reference for the ith ESS is updated after the instant #; ;. Then,
plugging (39) into (1) it holds that
1 - —a(t—t:
(1) = Gimax + — (i) +T1,60) (1 = e 70).
forallz € [, ?,', x). Hence, the state of charge of the ith ESS
will eventually converge to

~ 1 _
Citikoo) = Cimax + P (niti) + I, (i k)

I (tix)
= Cimax + 2K (40)
af
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When, att = ?i,k, a new current setpoint is provided, n; will
evolve according to (11) (second line) yielding

ni(t) = —Ip,Gig) — eIt ) — I Gig)), (41)

forall t > ?,-,k. Hence, keeping in mind that I, (¢) = iL,-(fi,k)+
ni(¢) for all t > # x, plugging I1,(t) in (1) yields

I, Gi) — I (ti ) + I, (ti k)
af

where {,-(?,-,koo) indicates the steady state value reached by
¢; assuming that no further changes in the current reference
occur. Therefore, in order for {,-(f,;koo) to enter again in the
region (&min;, {max;) the updated current reference must be
selected so that

I, Gig) < In(tig) — I, (tik)- 43)

Note that this is not a restrictive condition. In fact, for
instance, when the i-th ESS is fully charged, this condition
requires that the updated current reference, which is expected
to be negative, cannot be too small in terms of absolute value.
Figure 2 shows the evolution of Ij;, n; and ¢; both when
condition (43) is satisfied and when it is not satisfied. In the
first case, after the current reference setpoint is updated, ¢;
enters the region ({min;, {max;) and the ith ESS discharges as
required. In the second case, instead, the new current setpoint
does not satisfy (43) and the ¢; never decreases below {max;-
The overshoot of ¢; when reaching ¢;max can be reduced by
increasing the time constant a. Nevertheless, it can be noted
that condition (43) is required despite the value of a.

Let us now discuss the update of L when one of the ESS
nodes fully charges or discharges. The ith row and column
of Laplacian matrix (9), depending on the time-variant
parameter ¢;, are set to the null vector when the ¢ ¢
(&imin> Cimax), Which may cause disconnection of nodes of
the graph still belonging to the set M, actually interrupting
its consensus. This situation occurs when a graph is weakly
connected, and a node has a high degree of centrality.
On the contrary, no such difficulty occurs in the case of
a strongly connected graph. In fact, in this case, whatever
node disconnects, there will always be a path between any
two nodes, and consensus is always preserved. If the graph
is not strongly connected, we propose hereafter a strategy
to re-configuring it. In practice, the proposed algorithm
creates alternative paths between connected components of
the condensation graph. If a node V; reaches its maximum
or minimum allowable state of charge, then it is logically
disconnected from the graph, in the sense that its information
is not used anymore in the consensus-based algorithm (the
ith row and column of L are set to the null vector) but the
node still exchanges information with its neighbors. If V; is a
cut-vertex, it may form a no-longer-connected graph. Then,
in order to restore the consensus, we generate a condensation
graph G, with A — P(¢) vertices. Denote with N, the ith
element of the condensation graph and with v;; the kth
node belonging to the ith element of the condensation graph.
Next, we connect the elements of the condensation graph

Ci(;i,koo) = {imax + s (42)
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through a connected path, e.g. a simple path. For instance,
elements N; and /\/] are connected via the nodes v; ; and v;,
exploiting the logically disconnected node. Once the graph
has been reconnected appropriately, the L-matrix is updated.
The algorithm for re-configuring the graph is synthesized
below.

Algorithm 1 Reconfiguration of the Graph

1: Node V; logically disconnects from G
2: if V; is a cut vertex then

3 Ge=GM@)

4: Connect any pair of elements of G,
5: Update L
6: end if

B. PARAMETERS TUNING

The proposed algorithm presents several parameters that can
be tuned to obtain the desired performance. As discussed in
the previous subsection, with reference to (6), the parameter
a can be tuned to increase or decrease the convergence
speed of n; when ¢; leaves the region ({min;» $max;).- When
¢ € (Cmin;> Emax;), then the consensus convergence speed is
regulated by the parameter b, as evident from (19). The higher
the values of a and b, the faster the convergence of n; (and thus
of Ir,) will be.

Regarding matrix C from (6), let us consider the case when
I, = iLJ. =1} foralli,j € {1,2,...,n}. Then, equation (38)
provides insight into how to select parameters c;;. If one
chooses all the elements of the matrix C to be identical, i.e.,
cii=cforalli e {1,2,...,n}, then currents will be equally
distributed among the ESS nodes, that is I;, = iZ‘ for all
i € {1,2,...,n}. Otherwise, parameters c;; can be chosen
to represent the generation capacity of the ESS nodes.

V. SIMULATION RESULTS

The consensus algorithm presented in Section III has been
tested in simulation, in MATLAB Simulink/Simscape envi-
ronment, in order to assess its correctness and effectiveness.
The case of a microgrid with four different ESSs and resistive
loads has been considered both for the ESSs charging and
discharging scenarios. In both scenarios, it is assumed that
a higher level supervisor provides the references Iz, to each
ESS local controller and it is assumed that the same reference
value is sent to each ESS.

TABLE 1. Microgrid and consensus-based algorithm parameters.

VB Vi 0 ¢1 min, €2 min ¢1 max, $2 max
270V 28V 0.3 Ah

a b Ry, {3 min; G4 min (3 max; (4 max

2 80 20 Q2

The microgrid and consensus parameters are shown in
Table 1, where R; indicates the total resistance of the
connected loads, Vp is the main bus voltage, {imax and
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FIGURE 3. Communication network configuration considered in the
simulation scenario.
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FIGURE 4. Charge scenario. Upper plot: generator current while feeding
the loads. Lower plot: time evolution of ESS currents I,_’, (solid lines) and
E[l;] (dashed line).
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FIGURE 5. Charge scenario. Upper plot: time evolution ¢;. Lower plot:
time evolution of parameter ;.

70

Cimin represent the maximum and minimum allowable SoC,
respectively, of each ESS. These bounds have been chosen
identically for the first and second ESS and for the third and
fourth ESS, respectively. Finally, Vg represents the nominal
voltage of each ESS. The communication network considered
in both simulation scenarios is shown in Figure 3.
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FIGURE 6. Discharge scenario. Upper plot: generator current while
feeding the loads with the aid of the ESSs. Lower plot: time evolution of
ESS currents I,_’, (solid lines) and E[/;] (dashed line).
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FIGURE 7. Discharge scenario. Upper plot: time evolution {;. Lower plot:
time evolution of parameter ;.

A. CHARGING SCENARIO

In the first scenario, the reference I; sent by the high-level
supervisor is initially set to O for each ESS. Figure 4 and
Figure 5 show that the generator is initially feeding the loads
while, accordingly to (12), the ESSs currents are controlled
to zero and the SoC remain constant. At 20 s, the external
supervisor updates the reference I; to 10 A to allow the
ESS to be charged. As shown in Figure 4 and Figure 5, the
smaller the SoC of the ith ESS, the higher the corresponding
n; is, thus allowing the ESS with smaller SoC to absorb
more current than the others according to (5). Moreover,
as suggested by (13) and (14), the average currents Iy,
converge to steady-state values around the given reference so
that E[I;] = E[I.] = 10. At approximately the 37 s, the SoC
of the fourth ESS reaches ¢4max, hence the corresponding
n4 quickly decreases to —I, thus making /1, decrease to zero.
As a natural consequence, the generator current decreases
after the fourth ESS is fully charged and the average value of
I; decreases according to (15) (multiply both sides by 1/n).
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Next, as shown in Figure 5, the second, first and third ESS
reach full charge at 55 s, 59 s, 65 s, respectively, and the
corresponding 7; reach —/;, at the same moments.

B. DISCHARGING SCENARIO

The discharging scenario follows similar dynamics to the
charging scenario. The reference I; sent by the high-level
supervisor is initially set to O for each ESS, hence,
accordingly to (12) the ESSs currents are set to zero and the
SoC remain constant. At 20 s, the higher level supervisor
updates the reference I; to —10 A to let the ESS to feed
the loads. Symmetrically to the charging case, the consensus
algorithm coordinates the ESS so that the ESS with a higher
SoC provides more current to the grid. Then, as the second
ESS reaches its minimum allowable SoC, its discharge is
stopped, and the average value of I increases. The rest of
the simulation follows with similar behaviors shown for the
case of ESS charging.

VI. CONCLUSION

In this paper, a novel consensus-based algorithm for the
coordination of multiple ESSs in an aeronautic microgrid
is proposed. The presented algorithm automatically changes
the predefined current set point of each ESS based on
its inherent generation capacity. Considering the SoC as
the parameter defining the generation capacity for each
ESS, the algorithm assigns a higher current reference
to the ESSs characterized by lower SoC. On the other
hand, during discharge, a higher current is provided by
ESS with higher SoC. Simulation results have shown
the effectiveness of the proposed strategy. Future research
will move towards the investigation of resilience against
loss of communication among the ESSs, electrical failure
of one or multiple ESSs or variable generator current
limit.
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