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ABSTRACT Hybrid AC/DC microgrids are of special interest for energization due to their flexibility, low
infrastructure investments, reduced conversion losses, and reliability against failures on the utility grid.
In these systems, global economic dispatch needs communication between the AC and DC subgrids to
achieve a near-optimal solution since the incremental costs of all generators need to be equalized. Hence,
this paper proposes a distributed coordination between generators by means of a finite-time controller for the
microgrid’s interlinking converter, which ensures an economic operation while taking care of the microgrid
power utilization. The latter implies that a multi-objective control is performed by the interlinking converter,
which uses shared variables of incremental costs and average powers from distributed generators in AC
and DC sides. Also, an adaptive weighting method is proposed to adjust the control effort regarding the
average power utilization of a side microgrid. The controller’s performance is verified through simulations
and experimental setups. Results show that the proposed strategy is able to perform a trade-off between the
two control objectives while achieving a finite-time convergence even though communication delays exist.

INDEX TERMS Economic dispatch, distributed control, finite-time control, hybrid AC/DC microgrid,
multi-objective control.

I. INTRODUCTION
Traditional centralized electrical systems are integrating new
clusters of generation and loads, in which Distributed Gen-
erators (DGs) are located near the consumption. The lat-
ter gives rise to the proliferation of Microgrids (MGs),
which are autonomous and can operate either connected or
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disconnected from the utility grid [1]. A promising type
of MG is the hybrid AC/DC MG, see Fig. 1, which is
able to combine the advantages of both AC and DC MGs
while reducing the overall costs by re-utilizing most of the
existing AC infrastructure. The additional DC-side network
is used to interface DC-based DGs with Energy Storage
Systems (ESSs), reducing energy conversion steps in the
process [2], [3]. The operation of a hybrid MG is possi-
ble due to the Interlinking Converter (ILC), which allows

VOLUME 9, 2021 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 116183

https://orcid.org/0000-0002-4337-7866
https://orcid.org/0000-0003-1393-8412
https://orcid.org/0000-0003-4778-2719
https://orcid.org/0000-0002-0508-7198
https://orcid.org/0000-0003-1990-0191
https://orcid.org/0000-0003-3853-7703
https://orcid.org/0000-0002-1376-4531


M. Martinez-Gomez et al.: Multi-Objective Finite-Time Control for ILC on Hybrid AC/DC MGs

FIGURE 1. Generic hybrid AC/DC MG representation.

bidirectional energy transfer between AC and DC sides;
moreover, some authors have suggested the utilization of
clusters of ILCs to manage the energy transfer [4]–[6],
as depicted on Fig. 1.

Conventionally, the control of MGs adopts a hierarchical
structure of three levels [1], [7], [8], where the primary
control usually realizes a power-sharing by deviating the
converters’ control variables. The secondary control is in
charge of the voltage and frequency restorations (maintaining
the power-sharing), whereas the tertiary control adjusts the
power flow of the MG to achieve specific goals such as
the economic dispatch (some authors perform the economic
dispatch at the secondary control level [1], [9], [10]). In terms
of multi-objective control, most research efforts have been
mainly focused on developing optimization-based techniques
in MGs [11]; although one can find distributed algorithms
synchronizing voltage and reactive power simultaneously
according to a fixed trade-off parameter [6], [8].

Despite the advancements on the control area, the eco-
nomic dispatch control in hybrid AC/DC MGs has not been
fully solved and there still exist research gaps that need to be
explored to ensure the system’s reliable and proper operation.

A. PROBLEM STATEMENT
For the control of the hybrid AC/DC MG, the problem to
be solved consists of simultaneously ensuring an economic
power-sharing and a reliable operation for all the DGs. For
the economic dispatch coordination, both subgrids (AC and
DC) need to agree on the most cost-effective use of DGs. This
is done by means of the equal incremental cost (IC) princi-
ple [12]. However, this is not an easy task because the optimal
power distribution is not only economical; it also needs to
avoid the saturation of DGs, and consequently, of MGs. The
saturations originate because, occasionally, the IC variables
suffer variations, and the difference between the ICs of the
AC and DC MGs is significant. Common reasons for such
variations of ICs are the disconnection of DGs, the power-
sharing of ESSs based on the State of Charge (SoC) [7], and
the market price for energy in grid-connected operations [13].

B. MOTIVATION
In terms of the ILC’s control, the sole regulation of ICs
in situations where significant differences exist between the
subgrids may lead the ILC to leave an MG without energy

reserves, which are critical for dealing with generation-
demand balancing, especially during transient states. Thus,
if a saturated subgrid increases its load, it will need to obtain
power from the other subgrid through the ILC, which is a slow
process that might deteriorate the transient dynamics. To the
best to the author’s knowledge, this problem has not been
addressed in hybrid MG control, with the exception of [14],
where an attempt to avoid MG’s saturation is indirectly intro-
duced by means of a safety operation limit of 0.95 imposed in
the power boundaries of the ILC’s operation mode. Nonethe-
less, this method constantly reduces the power capacity of the
ILC; also, it requires a fixed topology, so it is not effective in
the plug & play operation of DGs.

C. LITERATURE REVIEW
First attempts in the control of ILCs mainly focus on decen-
tralized algorithms [3], [15], [16], where normalized droop
curves guide the power to be transferred by the ILC. With
decentralized control, global coordination of power or IC
can be achieved using only local measurements at the ILC.
However, these approaches require some knowledge of the
hybrid MG, e.g. specific topologies such as single bus, or that
all DGs in the same MG have known droop characteris-
tics. Regarding the economic dispatch, the literature shows
decentralized approaches for the ILC based on cost curves.
The works [12], [17], [18] inherit some mentioned disadvan-
tages related to decentralized power-sharing. Additionally,
these approaches cannot include a secondary control, i.e.
frequency and voltage restoration, since the droop deviations
are key components for the ILC measurements. Some works
such as [14], [19] include centralized control to carry out
the tertiary control (economic dispatch) in the hybrid MG.
Nonetheless, it is worth noting that centralized controllers
are susceptible to single-point-failure, reducing the system’s
reliability [1].

As an alternative to the previous control schemes,
researchers have studied distributed control strategies for
hybrid MGs [20]–[23]. References [20], [21] have success-
fully applied distributed protocols into the ILC’s control for
balancing the normalized power between AC and DC MGs.
However, economic dispatch was not considered by them.
In [22], a distributed secondary control for the economic dis-
patch is developed by means of auxiliary variables based on
DGs compensations; however, the implementation is strongly
dependent on cost-based droop curves and requires modifi-
cation of local controllers. In [23], a unified distributed IC
strategy for hybrid MGs is proposed, where IC variables are
part of a distributed secondary control and shared with the
ILC. However, the ILC’s communication scheme, stability,
and parameters design are not provided. Furthermore, none
of the previous works provides details about the fulfillment of
power constraints in the hybridMG, which is a major concern
for an optimal power system operation [1], [11].

Overall, available distributed control schemes are still
unattractive given the limited functionality that they bring
to the operation of the ILC at the cost of investing in
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communication lines. Also, there is a need for additional
compensations in the ILC controller to avoid over-stress sat-
uration of the subgrids.

D. CONTRIBUTIONS
Motivated by the above discussion, and based on a previous
work [24], the authors of this paper propose a control scheme
for the ILC that seeks for the global economic dispatch
in hybrid AC/DC MGs. Moreover, the proposed protocol
implements a trade-off between IC balancing (the cheapest
operation) and energy reserves storing (the safest transient
operation). The implementation involves a distributed aver-
age power observer and a consensus with dynamic weights.
Additionally, this work proposes the incorporation of finite-
time protocols, such as those used in [25] and [26], to assist
with decoupling between the control goals of the ILC, to deal
with small disturbances, and to accelerate the convergence of
communication protocols. The contributions of this work can
be summarized as follows:

• A finite-time communication-based control for the ILC
is proposed, which guarantees the economic dispatch
of a hybrid AC/DC MG. A Lyapunov candidate is then
derived, which models the hybridMG as a graph of error
signals and demonstrates the system’s convergence.

• A multi-objective formulation for the ILC is proposed.
An average power term is added to the ILC’s controller
to manage the saturation of MGs. A proof of conver-
gence is also developed, showing that the system can
simultaneously reach equilibrium in IC and average
power, provided a trade-off weighting gain.

• Experimental and simulation validations of the proposed
multi-objective finite-time controller for the ILC are
realized. They show the behavior of the ILC’s controller
under different conditions.

The rest of the paper is organized as follows. In Section II,
the preliminaries of graph theory, finite-time control and
economic dispatch are presented. In Section III, the design
of a distributed control for the ILC is presented along with
a Lyapunov convergence analysis. Section IV, explains the
design and proof of convergence of a multi-objective dis-
tributed control. In Section V, case studies are described with
the system and control parameters. In Section VI, the results
are presented and discussed, followed by the conclusions in
Section VIII.

II. PRELIMINARIES
In this section, some useful preliminaries required for the
controller designs of Section III and Section IV are provided.

A. GRAPH THEORY
The communication topology between DGs in a MG can be
represented by a multi-agent system through a graph [27].
The graph can be expressed as G(A) := (N ,E,A), where
N = {n1, n2, . . . , nN /N = |N |} represents the nodes (or
DGs), E = {(ni, nj) /E ∈ N 2

} denotes the communications

links and A = [aij]N×N is the adjacency matrix whose
elements aij ∀ i, j ⊆ N stand for connectivity weights. Also,
aij ≥ 0 ⇔ (ni, nj) ∈ E , which implies that nodes i and j can
communicate each other; otherwise, aij = 0. The set of neigh-
bors of the i-th node is given by N (i) = {nj / (ni, nj) ∈ E}
where j is the index of a communicated DG. For simplicity,
N and N (i) are ordered sets inside a MG, also Ni = |N (i)|.
It is defined L = D − A as the graph Laplacian matrix

with D = diag{d1, d2, . . . , dN } ∈ RN×N as the in-degree
matrix and di =

∑N
j=1 aij the weighted in-degree of node i.

The graph G(A) is called balanced if its Laplacian matrix L
meets 1TNL = 0, i.e. a bidirectional information flow between
DGs. A graph is said to have a spanning tree if there exists a
directed path from one node to any other in the graph [28].

B. FINITE-TIME PROTOCOL
For a multi-agent system with the dynamics ẋi = ui, with xi
the state of agent i, it is defined the state feedback ui as:

ui = −c
Ni∑
j=1

aij sign
(
xj − xi

) ∣∣xj − xi∣∣α . (1)

For convenience, it is denoted sig[ · ]α = sign(·)| · |α .
Provided c > 0 and α ∈ (0, 1), ∀i ∈ N (i), the protocol (1)
achieves (xj − xi) = 0 in a finite-time T given by:

T ≤
V (x0)1−α

c (1− α)
,

where V (x0) is a Lyapunov-Krasovskii candidate func-
tion [29]. The protocol (1) accelerates the convergence com-
pared with asymptotic protocols while incorporates a level of
disturbance rejection [30], [31].

C. ECONOMIC DISPATCH IN HYBRID AC/DC MG
The economic dispatch for hybrid MGs can be formulated as
an optimization problem of the form

min

{NHYB∑
i=1

Ci(Pi)

}
subject to, Ci(Pi) = aciP2i + bciPi + cci

Pmin
i ≤ Pi ≤ Pmax

i

PACD + P
DC
D −

∑
j∈NHYB

Pj = 0, (2)

where Ci(Pi) is a quadratic cost function for the i-th
generator with parameters aci, bci and cci. PACD and
PDCD are the demanded powers of the subgrids, and
NHYB = {NAC ∪ NDC}. Thus, the Lagrangian function is
constructed as

L
(
Pi, σ

+

i , σ
−

i , λ
)
=

NHYB∑
i=1

Ci(Pi)+
NHYB∑
i=1

σ+i (Pi − Pmax
i )

+

NHYB∑
i=1

σ−i (Pmin
i − Pi)+ λ

(
PACD + P

DC
D −

NHYB∑
i=1

Pi

)
. (3)
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From stationary condition, one has

∂

∂Pi
L
(
Pi, σ

+

i , σ
−

i , λ
)
= 0⇔ λ =

∂Ci (Pi)
∂Pi

+ σ+i − σ
−

i ,

(4)

where all the DGs must have the same IC (λ) to accomplish
the global economic dispatch (other optimality conditions can
be proved as in [10]).

Provided that each MG implements its own economic
dispatch optimization, a distributed control based on the
works [9], [10] can be assumed on each side. As a result,
the ICs are obtained as:

λACi = 2aciPi + bci + σ
+

i − σ
−

i ,

λDCj = 2acjPj + bcj + σ
+

j − σ
−

j , (5)

where the condition λACi = λDCj ∀ i ∈ NAC ∧ j ∈ NDC
must be held for the global economic dispatch. Therefore,
the goal of the ILC is to equalize the ICs of (5). From
this point, a distributed control strategy is designed for this
purpose.

III. DESIGN OF DISTRIBUTED CONTROL FOR THE
INTERLINKING CONVERTER
The power reference for the internal control loops of
the ILC can be calculated by directly comparing the
ICs of (5). Hence, concerning reliability and accuracy,
it is proposed a distributed scheme where the DGs send
their IC measurements to the ILC. Because the control
actions taken by the ILC affect the IC dynamics of the
AC and DC subgrids, the whole hybrid AC/DC MG can
be viewed and analyzed as a multi-agent system with a
graph GHYB.

A. COMMUNICATION NETWORK
For simplicity, the communication between MGs is imple-
mented only through the ILC, i.e. DGs of different subgrids
cannot communicate directly. The proposed communication
topology for the hybrid MG can be represented as a com-
bination of graphs, such as GHYB := GAC ∪ GDC ∪ GILC.
Each subgrid’s graph contains its communicated nodes (or
DGs), and can be expressed as G(AAC) or G(ADC). Also,
GILC := (N *,E ILC,AILC) with N *

⊂ (NAC ∪NDC ∪NILC)
represents the communication graph between the side MGs
and the ILC(s). Fig. 2 summarizes the communication
scheme considered by this work.

In this work, the communication scheme assumes only
one ILC (NILC = 1), but it can be extended to multiple
ILCs. The former gives {AILC} = {aILCAC i ∪ a

ILC
DC j ∪ a

ILC
ILC k / i ∈

NAC ∧ j ∈ NDC ∧ k ∈ NILC} where aILCAC , aILCDC and aILCILC are
vectors that represent the communication between the ILC
and theDGs in theAC andDC subgrids, andwith the system’s
ILCs, respectively.

This communication topology allows the subgraphs GAC
and GDC operate independently when the ILC (GILC) is

FIGURE 2. Cyber-physical system representing a hybrid AC/DC MG. The
ILC is an agent that solely receives information, and it can indirectly (by a
physical power transfer) connect the AC and DC graphs.

disconnected, or when one side stops communicating to the
ILC.

B. DISTRIBUTED CONTROL FOR ECONOMIC DISPATCH
Provided that each MG (AC or DC) can regulate and share
its DG’s IC, a PI controller for equalizing these ICs can be
constructed for the ILC as

P∗ILC = kPp (uILC)+ k
P
i

∫ t

0
(uILC)dτ, (6)

where P∗ILC is the power reference to be transferred between
MGs, uILC is the input error of IC, kPp and kPi are control
parameters. The reference P∗ILC is then used by the internal
control loops of the ILC (the control of the internal loops
can be performed following the procedure described in [15]
or [20]).

Given the communication matrix AILC, one can estimate
the control input for the ILC controller as

uILC = cP

NAC∑
i=1

NDC∑
j=1

sig
[
aILCACiλi − a

ILC
DCjλj

]β
, (7)

where cP > 0 and β ∈ (0, 1) are parameters for regulating
the convergence speed. Eq. (7) performs the error between
averaging IC measurements between AC and DC MGs. The
order of terms in (7) suggests a positive value for a power
transferring from the DC to AC MG; uILC is negative other-
wise.

A finite-time algorithm has been added in (7) based
on [26], [29] for a faster convergence and small disturbance
rejection.Moreover, the PI structure of (6) provide robustness
in the face of disturbances due to variation of parameters or
not modeled dynamics.

The proposed protocol in (7), (6) gives the following result.
Theorem 1: Consider the control protocol described in (7)

and (6) implemented by the ILC of a hybrid MG. Under
a balanced graph with a spanning tree in the AC and DC
sub-MGs, the IC synchronizes in finite-time tf ≤

V (0)1−p
M (1−p)

∀ M > 0 and 0 < p < 1.
Proof: It is assumed that N = NAC = NDC and

aILCAC = aILCDC for the sake of simplicity. This allows
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FIGURE 3. Proposed control scheme for the ILC.

the ICs to be paired, and the tracking error to be con-
structed as eλi = λACi − λDCi . Also, it is defined

ėλi = cP
∑N

j=1 aijsig
[
eλj − e

λ
i

]β
with

[aij]N×N '


0 aILCAC1a

ILC
AC2 . . . a

ILC
AC1a

ILC
ACN

aILCAC2a
ILC
AC1 0 aILCAC2a

ILC
ACN

...
. . .

...

aILCACNa
ILC
AC1 a

ILC
ACNa

ILC
AC2 . . . 0

 . (8)

Let V =
1
2e
λ(eλ)T be a Lyapunov candidate,

with eλ = (eλ1, . . . , e
λ
N ), then

V̇ = (eλ)T ėλ =
N∑

i,j=1

cPeλi aijsig
[
eλj − e

λ
i

]β
. (9)

From (Lemma 2 [26]), one has

V̇ ≤ −
1
2

 N∑
i,j=1

(cPaij)
2

1+β (eλj − e
λ
i )

2


1+β
2

. (10)

By defining Aλ = [(cPaij)(2/(1+β))], it results in

V̇ ≤ −
1
2

(
(eλ)TL(Aλ) eλ

) 1+β
2
. (11)

From (Lemma 3 [26]), one has

2(eλ)TL(Aλ) eλ ≥ 2 γ2
(
L(Aλ)

)
(eλ)T eλ > 0, (12)

with γ2(L(Aλ)) as the second eigenvalue of L(Aλ). Recall-
ing 2 V = (eλ)T eλ and replacing (12) into (11),
it gives

V̇ ≤ −
1
2

(
4γ2(L(Aλ))V

) 1+β
2

≤ −2βγ2(L(Aλ))
1+β
2 V

1+β
2

≤ −MV p, (13)

where M = 2βγ2(L(Aλ))(1+β)/2 and p = (1 + β)/2 are
positive constants as long as cP > 0 and β ∈ (0, 1).
Therefore, (13) satisfies (Lemma 1 [26]), i.e. V (t) reaches
zero at finite time tf .

C. PARAMETERS FOR THE PROPOSED IC CONTROLLER
Since the IC of each MG is received from several DGs
(for reliability purposes), the communication vectors of
the ILC need to apportion the information for a gener-
alized compatibility (any number of communicating DGs
per MG). Hence, the weights of the communication vec-
tor for the ILC respecting the AC MG are designed
as

aILCAC i =


1

N ILC
AC

, if i-th DG communicates

0, otherwise
(14)

where N ILC
AC is the number of active nodes in the

AC MG sending information to the ILC. The weights
for the communication vector aILCDC can be derived
analogically.

The PI controller of power in the ILC is tuned assuming a
unit plant, decoupled from the ILC’s inner current controller
and the subgrids’ IC consensus. The design control band-
width is selected as ωILC = min(ωAC

sec , ω
DC
sec ), where ω

AC
sec and

ωDC
sec are the secondary control bandwidths applied into the

AC and DC MGs, respectively.
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IV. DESIGN OF A MULTI-OBJECTIVE DISTRIBUTED
CONTROL STRATEGY FOR THE INTERLINKING
CONVERTER
Based on the previous formulation, an additional control goal
can be incorporated into (7) if the average power of each
MG is considered [24]. The idea behind this is to regu-
late a trade-off between an economic and safety operation.
Undoubtedly, imposing power constraints to the subgrids
can help to reserve energy in the dispatchable DGs. These
reserves are crucial for dealing with local transients [1]. Also,
saving in the generated average power of a MG may directly
reduce the lines’ utilization and increase the useful life of
assets. The estimation of a MG average power is feasible to
obtain by means of a distributed observer of power performed
in every DG [32]. This kind of observer can be construct as
follows:

P̄i = Pi +
∫ t
0

(∑
j∈Ni

aij sig
[
P̄j − P̄i

]αp) dτ, (15)

where P̄i is the average power estimation realized by the i-th
DG in a MG, Pi is the measured power of the local DG. The
coefficient 0 < αp < 1 regulates the convergence rate.

A. DISTRIBUTED MULTI-OBJECTIVE CONTROL FOR
ECONOMIC DISPATCH AND POWER REGULATION
The multi-objective control design of the ILC begins by
adding a compensation term uILC into the control input of
(6). This new term yields the difference between the average
power of AC and DC MGs informed by the DGs. Also,
because of the inherent trade-off between IC and average
power regulation, a weight is added to regulate the average
power balancing. The resulting controller is given by:

P∗ILC = kPp (uILC + u
′

ILC)+ k
P
i

∫ t

0
(uILC + u′ILC)dτ

u′ILC = c′P

NAC∑
i=1

NDC∑
j=1

sig
[
hAC aILCACiP̄i − hDC a

ILC
DCjP̄j

]β ′
, (16)

where c′P is a scaling coefficient, β ′ is a fractional exponent
for convergence, hAC and hDC are weights regulating the
trade-off in the control objective, and P̄i and P̄j are the average
power estimation of the i-th DG in the AC MG and the j-th
DG in the DC MG, respectively. For implementation, (16) is
simplified by β ′ = 1, giving a conventional asymptotic
protocol and avoiding unnecessary chattering. The proposed
control scheme is resumed in Fig. 3, whereGPc (s) represents a
PI controller transfer function with a logic to clamp the output
in case of a complete loss of communications. The use of (16)
by the ILC gives rise to the following result
Theorem 2: Consider the control protocol described

in (16) implemented by the ILC of a hybrid MG. Under a
balanced graph with a spanning tree in the AC and DC sub-
MGs, the IC synchronizes in a proportion given by the aver-
age power difference at a finite-time tf ≤

V (0)1−p
M (1−p) ∀ M > 0

and 0 < p < 1.

Proof: Based on Theorem 1, the tracking errors are
eλi = λACi − λ

DC
i and ePi = hACP̄i

AC
− hDCP̄i

DC. Let
V = Vλ + VP = 1/2 (eλ(eλ)T + eP(eP)T ) be a Lyapunov
candidate. For simplicity, it is assumed β = β ′; by following
the steps of Theorem 1 (Lemma 2 [26] and Lemma 3 [26]),
one can get

V̇ ≤ −
1
2

 N∑
i,j=1

(cPaij)
2

1+β (eλj − e
λ
i )

2


1+β
2

−
1
2

 N∑
i,j=1

(c′Paij)
2

1+β (ePj − e
P
i )

2


1+β
2

V̇ ≤ −2β
(
γ1(L(Aλ))

1+β
2 V

1+β
2

λ

+ γ2(L(AP))
1+β
2 V

1+β
2

P

)
V̇ ≤ −MV p, (17)

where AP = [(c′Paij)
(2/(1+β ′))], p = (1 + β)/2, M = 2βγ p

and γ =
(γ1(Lλ))2+(γ2(LP))2−

∣∣(γ1(Lλ))2−(γ2(LP))2∣∣
2
(
(γ1(Lλ))2+(γ2(LP))2

) 1
2

.

Coefficients p andM are positive⇔{cP, c′P} ∈ (0,∞) and
{β, β ′} ∈ (0, 1), which completes the proof.

B. PARAMETERS FOR THE PROPOSED MULTI-OBJECTIVE
CONTROLLER
The parameters of the PI controller are the same of Section III.
Regarding the weight used for the trade-off between con-
trol goals, values around [0,1] are recommended. Fine-
tuning can be conducted through off-line Pareto optimality
studies [1], [11]. However, since this control action is only
required when power is near the specified boundaries, h coef-
ficients can be calculated online with an adaptive formula
depending on the MG saturation. For this purpose, this work
proposes an activation function with an exponential shape
given by

h(P̄x) = k1h e
(
k2h P̄x

)
, (18)

where the sub-index x represents either the AC or DC MG.
The form of (18) is selected because it gives a smooth
and gradual increasing in the average power balance when
P̄x → 1. The parameters of (18) are selected such that
h(1.0) = 0.9, i.e. nearly 90% of the ILC capacity is employed
for average power balance when a MG is at maximum capac-
ity. This behavior is illustrated in Fig. 4.

V. CASE STUDIES
Performance evaluations of the proposed controllers aremade
through experimental tests and simulations. The experimental
tests were conducted in a laboratory environment with a small
hybrid MG testbed in order the validate the controllers in (1)
and (16). Subsequently, simulations were yielded to further
analyze the behavior of the ILC in face of communication
delays and changes in the trade-off policy. The simulation
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FIGURE 4. Weight function for average power regulation.

environment was necessary to allow the load impacts of
different simulations to occur at the same time-step — this
permits the waveforms to be overlapped and presented in
the same chart for detailed analysis. Also, the simulated MG
represents an extended version of the experimental testbed
MG,with extra DGs and loads. Three cases are explored, both
in the aforementioned experimental and simulated environ-
ments. These cases of study are the following:

1) CASE 1. LOAD CHANGING OPERATION
This is a base case for all the tests. The response of the ILC’s
controller is studied under controlled load impacts, first at the
DCMG and then at the ACMG. The impacts’ magnitude are
described in Table 1. Cases 2 and 3 subdue the hybrid MG to
the same load impacts than Case 1.

2) CASE 2. COMMUNICATION DELAYED OPERATION
The ILC’s controller is subject to constant time delays in all
its communication links. For the experimental tests, it is used
a constant delay τ of 400 [ms]. The values of delay τ used for
simulations are 125, 250 and 500 [ms]. Also, the DG1 of AC
MG loses communication in some point prior to the AC load
impacts.

3) CASE 3: MULTI-OBJECTIVE OPERATION
The behavior of the ILC’s controller is studied under different
values of hAC and hDC. For experimental tests, the adaptive
formula (18) is used. For the simulations, values of hAC and
hDC equals to 0, 0.2, 0.4, and the adaptive formula (18) are
used.

It is worth noting that an stability analysis of a hybrid
AC/DC MG that uses distributed controllers, like the pro-
posed ones in this work, is being studied andwill be published
in a separate work. Details about the simulated and experi-
mental settings are now provided.

A. SIMULATED MG
The simulations are performed in software PLECS. The
hybrid MG used for simulations is shown in Fig. 5; it incor-
porates 5 DGs and 3 loads per MG. The electrical parameters
of the system are based on the testbed hybridMG [33] and are
listed in Table 1. Control parameters are shown in Tables 2-3;
details about droop and secondary control gains used by the
DGs are given in the Appendix.

The economic function parameters in DC MG are 1/2 of
the ones shown in Table 2. The power constraints for the

FIGURE 5. Simulated hybrid MG structure. The ILC block represents the
AC/DC converter depicted in Fig.3.

TABLE 1. System parameters of hybrid MG.

TABLE 2. Economic function parameters in AC MG.

TABLE 3. Control parameters of the ILC.

converters are the following; Pmax
i = 1 [kW] ∀ i ∈ NHYB,

Qmax
i = 0.25 [kVAR] ∀ i ∈ NAC and Pmax

ILC = 5 [kW]. The
ILC has the communication vectors aILCAC = (1, 0, 0, 0, 1) and
aILCDC = (1, 0, 0, 1, 0).
For the tests, a load impact in the DC side is introduced

with the connection of Z6. Subsequently, a second and a third
load impacts take place on the AC MG; the AC load impacts
correspond to the connection and disconnection of Z1.

B. EXPERIMENTAL SETUP
The testbedMG topology used for experimental validations is
a reduced version of the one shown in Fig. 5, with the absence
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FIGURE 6. Components of experimental testbed hybrid AC/DC MG [33].

FIGURE 7. Detailed view of equipment and configuration of DG’s
emulators.

of Z3 and Z5. The generation is composed of DG1 and DG4
(renamed as DG2) in the AC side, and DG1, DG3 (renamed
as DG2) and DG4 (renamed as DG3) in the DC side. The
DGs are emulated through an industrial modular equipment
of the Triphase brand; it consist of multiple 15 [kVA] back-
to-back converters with a 16 [kHz] real-time embedded mea-
surement and control system [33]. The experimental AC and
DC MG distribution systems are built in separate racks as
shown in Fig. 6. Details inside the DG’s emulators are shown
in Fig. 7.

Control parameters for the DGs and power constraints are
the same used by simulations. The control parameters for
the ILC are the same than Table 3, excepting kPi = 0.78 and
β = 0.5. In terms of communication, the ILC has the vectors
aILCAC = (1, 1) and aILCDC = (1, 0, 1).

VI. RESULTS AND DISCUSSION
A. EXPERIMENTAL RESULTS
The results under load changes are presented in Fig. 8 and
Fig. 9. From Fig. 8, adequate operation under load impacts

FIGURE 8. MATLAB data logging of the experimental waveforms of hybrid
MG under controller in (16) and h-coefficient in (18). a) active powers in
AC MG, b) ICs in AC MG, c) powers in DC MG, d) ICs in DC MG.

FIGURE 9. MATLAB data logging of the experimental waveforms of the
ILC under controller in (16) and h-coefficient in (18), a) average
calculation of ICs in ILC, b) average calculation of average powers in ILC.

can be seen in the AC and DC side MGs. At t = 8 [s],
the ILC controller is activated, showing a smooth transient
in both sides; then, at t = 19 [s], the first load impact occurs
in the DCMG accompanied with another small transient. For
both cases, the system quickly stabilizes to seamless find its
economic operation point, within a 2 [s] time-span. For the
instant t = 30 [s], the effect of the load impact that occurred
on the AC side can be seen, with a more pronounced transient
than in the DC case. Finally, at t = 43 [s], a second load
impact is seen in the ACMG of equal magnitude but opposite
sign to the previous one. Both impact loads recover in about
three seconds, roughly doubling the settling-time of the DC
side’s load impact.

On the IC waveforms in Fig. 9, it can be seen that the ILC
quickly equates the ICs, within the described settling times of
the previous paragraph. Between t = 30 [s] and t = 43 [s], it
can be seen that the DCMG is near 80% of its capacity, so the
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FIGURE 10. Simulation results of the ILC under different time-delays,
a) average calculation of IC in AC MG, b) average calculation of average
power in AC MG.

FIGURE 11. Simulation results of the ILC under different h-coefficients,
a) average calculation of IC in AC and DC MGs, b) average calculation of
average power in AC and DC MGs.

IC balancing of the ILC is relaxed. After t = 43 [s], the IC
balancing recovers its fitness. The results show that the ILC
is capable of act near the IC consensus bandwidth of the
subgrids secondary control, ensuring an optimal operation of
the hybrid MG at almost all times (except during the short
transients).

B. SIMULATION RESULTS
1) COMMUNICATION DELAYED OPERATION
Fig. 10 shows how the ILC’s settling-time increases as the
transport delay do. An oscillatory response can be seen with
large delays due to the finite-time protocol; nevertheless,
this effect can be neglected by reducing the ILC’s control
bandwidth or increasing the β exponent— i.e. the finite-time
convergence speed can be reduced to avoid system instability.
In general, the ILC responds adequately to delays τ < τmax,
where τmax ≈ 785 [ms] by using (8) and the procedure
described in [28].

At t = 28 [s] the communication of DG1 in the AC MG is
lost, however, it does not affect the controller performance in
any form (provided there is another DG in the sameMG com-
municating). Therefore, given the ILC’s control bandwidth
and the weighting structure used for communication vectors,
a resilient behavior is seen, being able to operate under large
delays even if it loses some of its communication links.

2) MULTI-OBJECTIVE OPERATION
Fig. 11 presents the results under different h coefficients.
It can be seen that the choice of such coefficients gives rise
to variations on ICs and average power rating between MGs.
The higher the h coefficient, the greater the deviation of ICs
is. Also, it is shown that the regulation of ICs is very sensitive
to the hweight parameter; hence, this suggests that only small
values should be used and when it is strictly necessary. Evi-
dently, using the adaptive formula in (18) gives better results,
allowing the operation of one of the MGs to be safeguarded
above 80%,maintaining an appropriate trade-off between the
control objectives.

VII. CONCLUSION
This paper demonstrated through experimental tests and sim-
ulations the feasibility of a multi-objective control strat-
egy for the ILC in a hybrid AC/DC MG. The proposed
ILC’s controller relies only on shared measurements of IC
and average power to calculate the power reference to be
transferred between subgrids. It has been proven that the
proposed protocol is resilient against partial communication
failures and transport delays. Also, the protocol can ensure
a finite-time convergence of control goals, as demonstrated
in Theorems 1 and 2. In terms of the design, the weights for
the average power balancing showed to be highly sensitive,
encouraging caution in its tuning.

Overall, the multi-objective proposal may be applicable
in real MG implementations to avoid the operation outside
safety limits; in particular, preventing the saturation of one
MG while ensuring a fast and decoupled operation. Con-
versely to decentralized approaches for the ILC, the proposed
strategy allows the application of secondary control on theAC
and DC subgrids.

Limitations of the proposed method for controlling the
ILC are mainly related to communications; The tuning of
finite-time parameters in presence of large delays is limited.
Also, the complete loss of communications with one subgrid
clamps the ILC’s output to zero. Future research can be
conducted for developing a controller that copes with data
and communication losses. Furthermore, using the proposed
controllers for enlarged topologies such as meshed hybrid
AC/DC MGs with multiple subgrids and multiple ILCs are
open research lines to follow.

APPENDIX
CONTROL PARAMETERS OF DGs
Control used for the DGs in AC MG:

ωi = ω
∗
i − m

AC
i

(
ωAC
c

s+ ωAC
c

)
pi + δω1

i + δω
2
i
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˙δω1
i = cω(ω∗ − ωi)+ cω

NAC∑
j=1

aACij (δω1
j − δω

1
i )

˙δω2
i = cACλ

NAC∑
j=1

aACij (λj − λi)

Vi = V ∗i − n
AC
i

(
ωAC
c

s+ ωAC
c

)
qi + δVi

˙δV i = cACE (V̄ − Vi)+ cQk
Q
i

NAC∑
j=1

aACij

(
Qj
Qmax
j
−

Qi
Qmax
i

)

+ cQkQp

NAC∑
j=1

aACij

(
Q̇j
Qmax
j
−

Q̇i
Qmax
i

)
with ωAC

c = 6.28, mAC
= 2.8x10−3, cω = 0.15, cACλ = 0.14,

nAC = 1.4x10−2, cACE = 47.12, cQ = 12, kQp = 0.05,
kQi = 1.57.
Control used for the DGs in DC MG:

Ei = E∗i − m
DC
i

(
ωDC
c

s+ ωDC
c

)
pi + δEi

˙δE i = cDCE (Ē − Ei)+ cDCλ kλi

NDC∑
j=1

aDCij
(
λj − λi

)
+ cDCλ kλp

NDC∑
j=1

aDCij
(
λ̇j − λ̇i

)
with ωDC

c =18.85, m
DC
= 3.0x10−3, cDCE = 4.71 cDCλ = 400,

kλp = 0.28, kλi = 0.54.
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