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ABSTRACT A distributed control strategy is proposed to share unbalanced currents in three-phase three-
wire isolated AC Microgrids (MGs). It is based on a novel approach where, rather than analysing the MG
as a three-phase system, it is analysed as three single-phase subsystems. The proposal uses a modified
single-phase Q−E droop scheme where two additional secondary control actions are introduced per phase.
The first control action performs voltage regulation, while the second one achieves the sharing of negative
sequence current components between the 3-legs power converters located in the MG. These secondary
control actions are calculated online using a consensus-based distributed control scheme to share negative
sequence current components, voltage regulation, and regulating the imbalance at the converters’ output
voltage to meet the IEEE power quality standards. The proposed methodology has the following advantages
over other distributed control solutions, such as those based on the symmetrical components or those based on
the Conservative Power Theory: (i) it achieves sharing of unbalanced currents, inducing smaller imbalances
in the converters’ output voltages than those of other methods, and (ii) the sharing of the unbalanced currents
is simultaneously realised in both the sequence domain and the a-b-c domain. The latter is difficult to achieve
using other solutions, as will be demonstrated in this work. Extensive experimental validation of the proposed
distributed approach is provided using a laboratory-scale 3-wire MG.

INDEX TERMS Consensus algorithm, distributed control, microgrids, unbalanced currents sharing.

I. INTRODUCTION
An MG is inherently an unbalanced system where unbal-
anced loads produce negative sequence components in its
currents and voltages [1], and these can cause problems in
theMG. For example, negative sequence voltage components
produce oscillations in the torque of induction machines and
synchronous generators [2]. This, in turn, may reduce the
efficiency and useful life of these machines [3], [4]. Other
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effects of imbalance are localised heating in machines and
power converters and reduced loading capability of conven-
tional synchronous generators [4], [5]. Unbalanced currents
can create other issues. For example, if the voltages at the
output of the power converters in an AC MG are balanced,
then the currents contain both positive and negative sequence
components. In this case, the line current or the converter’s
output current could have a significantly higher peak in one
phase than the other phases at a particular operating point.
As a consequence, the total power output from that converter
could be limited below its rated value. This situation seriously
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deteriorate if the overcurrent protection of that converter is
activated, and thus, it is disconnected from the MG. To avoid
that, control schemes for sharing the negative sequence cur-
rent components among the power converters in MGs are
considered very important for MGs with a relatively high
level of load imbalance [6], [7].

The sharing of unbalanced currents is achieved by increas-
ing the voltage imbalance at the output of the power convert-
ers [6]–[8]. The maximum unbalanced voltage allowed in the
MG has to be regulated to avoid power quality issues as it
is defined by the IEEE standard 1547-2018 [9]. Therefore,
there is a trade-off between the sharing of unbalanced currents
among the power converters and the voltage quality of their
output voltages. The sharing of imbalance can be realised
using centralised [6]–[11] and distributed control approaches.
The former has been widely used to address imbalance issues,
whereas recently, there has been increasing interest in the
distributed approach because it has the following advan-
tages: it has improved reliability and flexibility, is scalability
and has plug-and-play operation, and has good tolerance to
failures in the communication links [12]–[14]. Distributed
control approaches have already been proposed for the
improvement of reactive-power sharing [15], [16], to achieve
simultaneously, voltage regulation and reactive-power shar-
ing [17]–[20], the management of congestion in the distribu-
tion lines [21], optimal dispatch [13], [21], and distributed
predictive controls in [22], [23] for frequency and voltage
regulation.

Regarding the problem of sharing unbalanced currents,
to the best of the authors’ knowledge, distributed controllers
have been proposed only in [24], [25] and [26]. These meth-
ods are based on the concept of the virtual impedance loop,
which means that negative and/or zero sequence impedances
are implemented to control the sharing of unbalanced cur-
rents between the power converters. In [24], a distributed
algorithm is proposed to achieve cooperative sharing of
the negative sequence currents and compensation of the
voltage imbalance between two power converters. Exper-
imental results validated the proposal. However, it is not
addressed in this publication any methodology to apply the
proposed control algorithm to MGs with more than two
converters.

A more generalised distributed control scheme for achiev-
ing reactive and imbalance power-sharing is proposed in [25].
A consensus strategy to adaptively regulate the magnitude of
both the positive and negative sequence virtual impedances is
proposed. Experimental results validate the proposal. How-
ever, the method proposed in [25] does not limit imbalance
in the voltages. This issue is addressed in [26], where a
distributed control scheme is proposed to improve the sharing
of imbalances in 4-wire MGs and, at the same time, regulate
the imbalance in the voltage at the output of the power con-
verters to meet the appropriate IEEE power quality standards.
Experimental results are provided.

The distributed approaches reported in [24], [25] and [26]
are based on the application of virtual impedance loops [27];

thus, they need to identify positive, negative and/or zero
sequence current components. In [24], [25], this is per-
formed using symmetrical component theory (SCT). How-
ever, algorithms to implement SCT are strongly affected by
noise, harmonic distortion, variations in the sampling time,
etc. [28], [29], affecting its performance [30]. This drawback
is overcome in [26], where a current transform based on
the Conservative Power Theory (CPT) [8] is used. How-
ever, the implementation of the CPT algorithm represents
a relatively high computational burden for the control plat-
form [31]. Therefore, more advanced capable controllers are
required, increasing the cost of this solution.

In [24]–[26], the sharing of imbalance is achieved, control-
ling the magnitude of the negative sequence current supplied
by the converters, but not its negative sequence phase angle.
Therefore, when consensus is achieved, and all the convert-
ers are supplying the same magnitude of negative sequence
currents to the load, it does not mean that in the a-b-c domain
the magnitude of the current in phase ‘‘a’’ of one converter
is similar or equal to the current supplied on phase ‘‘a’’ of
another converter (the same happens in phases ‘‘b’’ and ‘‘c’’).
This difference is produced because regulation of only the
magnitude of the negative sequence phasor in each converter,
but without considering the phase angle in the regulation,
is not sufficient to obtain the same current in each phase of the
natural a-b-c frame. Therefore, methods reported in [24]–[26]
can achieve good performance in sharing the magnitude of
the negative sequence domain but not in the a-b-c domain,
i.e., the magnitude of |ia| supplied to the unbalanced load
by the ith converter could be very different to that supplied
by the hth converter. This issue is discussed in more depth in
section III-A.

To avoid these drawbacks, in this paper, a new approach is
proposed where a 3-phase, 3-wire system is analysed from a
single-phase point of view: instead of implementing a single
three-phaseQ−E droop controller in the control system of the
3-leg power converters, three single-phase Q− E controllers
are proposed. Each of them is augmented by two additional
control actions, which are generated in the secondary control
level of the MG (by a novel consensus algorithm) to achieve
voltage regulation and the sharing of unbalanced currents.
The main characteristics of the proposal are (i) simplicity,
since it does not require a high computational capability,
and (ii) robustness since it avoids the use of sequence compo-
nent identification algorithms. The contributions of this work
are:
• To the best of the authors’ knowledge, this is the first
paper to propose, demonstrate and validate that the
sharing of negative sequence current components in
3-leg converters placed in a three-phase 3-wire isolated
AC MGs can be advantageously controlled by using a
single-phase approach. A mathematical framework of
the proposed single-phase approach is provided, and it
is demonstrated that the control algorithm is equivalent
to regulating the negative sequence component of the
current without requiring any sequence decomposition
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algorithm. Extensive simulation and experimental work
are provided to validate the proposal.

• The proposed distributed control scheme achieves the
sharing of unbalanced currents in both the sequence
domain and the a-b-c domain. This is difficult to achieve
for the methods reported in [24]–[26] as will be shown
in section III-A, where these methods are compared with
the one proposed here. To the best of the authors’ knowl-
edge, this is the first paper, which achieves the aim of
sharing imbalance in the a-b-c and sequence component
domains simultaneously.

• The proposed distributed control approach achieves the
sharing of unbalanced current producing smaller imbal-
ances in the converters’ output voltages than themethods
based on the virtual impedance loop [24]–[26]. (See
section III-A)

The rest of this paper is organised as follows: in section II,
the proposed consensus algorithm and its implementation are
discussed. Section III presents the simulation results, and
section IV provides extensive experimental work performed
to validate the proposal. Finally, section V presents the con-
clusions of this work.

II. PROPOSED SINGLE-PHASE Q-E DROOP CONTROLLER
Assuming that the ith 3-leg droop-controlled power converter
shown in FIGURE. 1, is part of a three-phase three-wire
isolated AC MG. E∗iabc can be calculated using the P−ω and
Q−E droop controllers shown by (1) and (2), wheremi and ni
are the frequency and voltage droop coefficients, and ωn and
En are, respectively, the nominal frequency and voltage of the
MG [7], [11]. Also, the relationship between the frequencyωi
and the angle θi in that power converter is shown in (3).

ω∗i = ωn − miPi (1)

E∗i = En − niQi (2)

θi =

∫
(ωn − miPi) dt = (ωn − miPi) · t + ϕi (3)

FIGURE 1. Typical 3-leg Droop-controlled power converter.

If the control system of the converter is working correctly,
it can be assumed that Eiabc ≈ E∗iabc. In this case, the fre-
quency of the voltage across the capacitor (Eiabc) will be ωi
and its magnitude will be Ei [see (1) and (2) respectively].
Using (1)-(3), and assuming that Eiabc ≈ E∗iabc, Eiabc can

be calculated as shown in (4), where Re{}, represents the
real part of the function and j corresponds to the imaginary
part. Based on (4), the phasor representation of Eiabc can be
calculated, as shown in (5). Based on (4)-(5), the following
can be concluded: if the standard droop controllers (1)-(2)
are used for controlling the ith power converter, balanced
voltages are synthesised in its output (Eiabc). However, as was
discussed at the introductory part of this paper, the sharing of
unbalanced currents among the power converters is achieved
by producing small imbalances in their output voltages, i.e., in
Eiabc (see FIGURE. 1).

Eiabc =

EiaEib
Eic

=
 Re

{
Ei · ejϕi · ejωit

}
Re
{
Ei · ej(ϕi−2π/3) · ejωit

}
Re
{
Ei · ej(ϕi+2π/3) · ejωit

}
 (4)

|Eia| 6 Eia|Eib| 6 Eib
|Eic| 6 Eic

 =
 Ei · ejϕi

Ei · ej(ϕi−2π/3)

Ei · ej(ϕi+2π/3)

 (5)

All previously published distributed control schemes
dealing with the problem of unbalanced-current shar-
ing [24]–[26], utilises the virtual impedance loop method,
usually requiring sequence component decomposition of the
output currents. As aforementioned, this methodology reg-
ulates the magnitude of the negative sequence components
without ensuring the sharing of imbalances in the natural
a-b-c coordinates.

In this paper, voltage imbalances are created using a dif-
ferent approach. Therefore, it is proposed and shown in this
work, that it is simple and effective to induce imbalances
in Eiabc (thus to achieve the unbalanced-current sharing) by
analysing the system as three single-phase subsystems, thus,
avoiding the use of (for instance) the SCT or the CPT. To do
that, the single-phase Q − E droop control given by (6) is
proposed. In it, βi is a control action to achieve voltage reg-
ulation and the control actions βia, βib and βic are defined to
achieve the sharing of unbalanced currents among the power
converters in the MG. These control actions are calculated
online using the proposed single-phase consensus algorithm,
which will be introduced in section II-B. In (6), Qia, Qib
and Qic correspond respectively to the single-phase reactive
powers in phases a, b and c. To achieve the active power-
sharing, the standard three-phase P − ω droop control given
by (1) is used. The latter means that voltages E∗ia, E

∗
ib, E

∗
ic have

the same frequency. Summarising, in this paper, it is proposed
to modify the magnitude of E∗ia, E

∗
ib, E

∗
ic (see FIGURE. 1) by

using (6), whereas their frequency is given by (1), meaning
that the frequency is the same for all the outputs. Single-phase
P − ω droop controllers are not proposed in this work since
their implementation produce different frequencies in the
voltages E∗ia, E

∗
ib, E

∗
ic as is discussed in [10]. In this reference,

a centralised approach to achieving power-sharing per phase
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is proposed. In its implementation, each phase produces dif-
ferent frequencies on the phase voltages during the transient
response, which is adequate for some loads, for instance,
heating, illumination and individual households. However,
different frequencies could be a severe drawback if the micro-
grid is feeding three-phase loads such as motors [10].

E∗ia = En − niQia + βi + βia
E∗ib = En − niQib + βi + βib
E∗ic = En − niQic + βi + βic (6)

A. RELATIONSHIP BETWEEN PROPOSED SINGLE-PHASE
Q-E DROOP CONTROLLER AND POSITIVE AND NEGATIVE
SEQUENCE COMPONENTS
It is assumed that the ith converter showed in FIGURE. 1
is working with the proposed single-phase Q − E droop
controller shown in (6) and with three-phase P − ω droop
controller given by (1). Based on that, the phasor represen-
tation of voltages Eia, Eib and Eic depicted in (5) is changed
to that shown in (7), at the bottom of the page, (assuming
that Eiabc ≈ E∗iabc, see FIGURE. 1). From (7) it can be
concluded that the magnitude of Eiabc can be regulated, at the
phase level, through the control actions βi, βia, βib, βic, and
therefore, the sharing of unbalanced currents among power
converters can be achieved using these degrees of freedom.

The phasor system depicted in (7) can be analysed using
the SCT. This analysis establishes the relationship between
the control actions of the proposed single-phase Q−E droop
controller (βi, βia, βib, βic) and both the positive and negative
sequence components ofEiabc. According to the SCT, phasors
|Eia| 6 Eia, |Eib| 6 Eib and |Eic| 6 Eic (7) are related to the
positive, negative and zero sequence phasors ofEiabc, through
(8), as shown at the bottom of the page. (Where � = e

2π
3 j).

Evaluating (7) in (8), the magnitude of both positive and
negative sequence phasors (

∣∣E+i ∣∣ and ∣∣E−i ∣∣) can be calcu-
lated as a function of the control actions of the proposed
single-phase Q − E droop controller (βi, βia, βib, βic).
These relationships are shown in (9) and (10), as shown
at the bottom of the page, respectively. The zero sequence
is not considered in this work since a 3-wire system is
studied. Therefore, if zero sequence components are present
in the voltages of (8) this component could be eliminated

from the voltages before the modulation stages to avoid
over-modulation issues.

From (9) it is concluded that the magnitude of the positive
sequence voltage

∣∣E+i ∣∣ of Eiabc (see FIGURE. 1) depends on
the control actions βi, βia, βib, βic given by the proposed
single-phase controller shown in (6). It is worth remem-
bering that the control action βi is used to achieve volt-
age regulation, while the control actions βia, βib, βic share
unbalanced currents among the power converters. To avoid
any coupling between the control action βi (voltage regula-
tion) and βia, βib, βic (unbalanced current sharing), the pro-
posed consensus algorithm associated with them are designed
with different dynamic (see section II-B). In this paper,
the voltage regulation consensus controller is designed for a
faster response than those associated with unbalanced-current
sharing. From (10) it is concluded that the magnitude of the
negative sequence component

∣∣E−i ∣∣ of the voltage Eiabc is a
function of the proposed control actions βia, βib, βic. This
means that voltage regulation performed by the proposed
single-phase controller (6) (by controlling βi) does not affect
the control of the negative sequence component

∣∣E−i ∣∣.
The proposed single-phase Q− E droop scheme can con-

trol the magnitude of both positive and negative sequence
components of the voltage at the output of the converters,
through the proposed control actions βi, βia, βib, βic. The
magnitude of the positive sequence component

∣∣E+i ∣∣ of Eiabc
can be controlled mainly through βi, while the magnitude
of the negative sequence component

∣∣E−i ∣∣ can be controlled
through the control terms βia, βib, βic (6) and (10).
All the control terms defined by the proposed single-phase

Q − E droop controller (6) are calculated by the proposed
consensus algorithms introduced in the next section.

B. PROPOSED CONSENSUS ALGORITHM FOR THE
SHARING OF IMBALANCE AND VOLTAGE REGULATION
As aforementioned, the sharing of unbalanced currents
among power converters is achieved by inducing imbalance
in the voltages at the output of the converters. This has been
typically performed in the literature using virtual impedance
loops. In this paper, a new approach is proposed to induce
small unbalanced voltages at the output of the converters
and therefore, to achieve the sharing of unbalanced currents.

 |Eia| 6 Eia|Eib| 6 Eib
|Eic| 6 Eic

 =
 (En − niQia + βi + βia) · e

jϕi

(En − niQib + βi + βib) · e
j(ϕi−2π/3)

(En − niQic + βi + βic) · e
j(ϕi+2π/3)

 (7)


∣∣E0

i

∣∣ 6 E0
i∣∣E+i ∣∣ 6 E+i∣∣E−i ∣∣ 6 E−i
 = 1

3

 1 1 1
1 � �2

1 �2 �

 ·
 |Eia| 6 Eia|Eib| 6 Eib
|Eic| 6 Eic

 (8)

∣∣E+i ∣∣2 = 1
9
[3(En + βi)− ni · (Qia + Qib + Qic)+ βia + βib + βic]2 (9)∣∣E−i ∣∣2 = 1

9

[
ni ·

(
−Qia +

1
2
Qib ++

1
2
Qic

)
+ βia −

1
2
βib −

1
2
βic

]2
+

1
12

[
ni · (−Qib + Qic)+ βib − βic

]2 (10)
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This can be achieved based on the proposed single-phase
Q− E droop controller shown in (6), and the proposed
controller based on the consensus algorithm shown in (11).
In (11), three single-phase consensus algorithms (one per
phase) are proposed to control the magnitude of the negative
sequence voltage

∣∣E−i ∣∣ at the output of the ith power converter.
Each consensus algorithm depicted in (11) is in charge of
controlling one of the three parameters (βia, βib, βic) defined
by the proposed single-phase Q − E droop controllers (6).
It is worth remembering that the magnitude of the nega-
tive sequence voltage at the output of the ith converter can
be controlled through βia, βib, βic as was demonstrated in
section II-A (10). Therefore, if power converters in the MG
are controlled with the proposed single-phase Q − E droop
scheme, and the single-phase consensus algorithms shown
in (11) are used to calculate their corresponding control
actions βia, βib, βic: the sharing of unbalanced currents can
be realised.

In (11), PVURi corresponds to the Phase Voltage Unbal-
ance Rate index [8] in the ith power converter, which is given
by (12), and PVUR∗i is defined as the maximum unbalanced
voltage that the ith converter can tolerate. In (11) and (13),
N = {1, . . . ,N }withN the number of power converters. (See
section II-D)

kui β̇ia = −α
umax

(
0,PVURi − PVUR∗i

)
−

∑
h∈N(i)

aih (|Iia| − |Iha|)

kui β̇ib = −α
umax(0,PVURi − PVUR∗i )

−

∑
h∈N(i)

aih (|Iib| − |Ihb|) (11)

kui β̇ic = −α
umax(0,PVURi − PVUR∗i )

−

∑
h∈N(i)

aih (|Iic| − |Ihc|)

PVURi =
max

(
|E ia|−Ē, |E ib| − Ē, |E ic| − Ē

)
Ē

Ē =
(
|E ia| + |E ib| + |E ic|

)
/3 (12)

It should be highlighted that the proposed single-phase
consensus algorithms shown in (11) have two control terms;
the first term on the right-hand-side is designed for main-
taining the PVURi within the values allowed by IEEE
Std 1547-2018 [9]. The second term, in each of the pro-
posed single-phase controllers shown in (11), are consid-
ered to weight respectively, the values of |Iia|, |Iib| and |Iic|
(magnitude of phase-currents in the ith converter), with the
values of |Iha|, |Ihb| and |Ihc| (magnitude of phase-currents
in the hth converter), belonging to the other nodes (h 6=
i, h = 1, . . . ,N , with N being the number of converters
in the MG). This ensures that the unbalanced currents are
being shared among the power converters in the same pro-
portion (per phase). If this current-sharing is achieved at
the expense of increasing the PVURi in some converters,
exceeding their maximum allowed PVUR∗i , then the first
terms on the right-hand side of the proposed controllers (11)

are automatically activated. Therefore, there is a trade-off
between unbalanced current-sharing and fulfilling the PVUR
requirements. In (11), kui is a positive control gain, which
modifies the transient behaviour of the controller, terms aih
represent the entries of the adjacency matrix (communication
network) [17], [18] (described in section II-D), |Iia|, |Iib|
and |Iic| correspond to the phase-current magnitude in phase
‘‘a’’, ‘‘b’’ and ‘‘c’’ respectively associated to the ith power
converter.

Equation (13) shows the proposed consensus algorithm to
regulate the voltage at the output of the power converters.
The first term is designed to regulate the average voltage at
the output of each converter to nominal values. The second
term is introduced to achieve that βi converges to a unique
value for all power converters, i.e. in steady-state, all the
proposed single-phase Q− E droop controllers are modified
by the same factor βi. The parameter kE modifies the transient
behaviour of the controller, En is the nominal voltage of
the MG and |Eia|, |Eib| and |Eic| correspond to the voltage
magnitude in phase ‘‘a’’, ‘‘b’’ and ‘‘c’’ in the ith converter.
As discussed in section III-A, to avoid any coupling between
βi and the control actions βia, βib, βic when the voltage
regulation is performed, (11) and (13) are set to have different
dynamic, this is made through kui and kE respectively.

kE β̇i = −
[(

1
3
(|Eia| + |Eib| + |Eic|)

)
− En

]
−

∑
h∈N(i)
h6=i

aih(βi − βh) (13)

It is worth remembering that transient response of controllers
(11) and (13) can be adjusted by modifying the gains kui
and kE , respectively. In this regard, these gains were tuned
using the heuristic approach reported in [21], where a first
approximation of the gains was obtained using the root locus
method. Then, several simulations were carried out for differ-
ent operating points to fine-tune the gains. Other methods for
tuning the parameters of consensus algorithms are discussed
in references [32]–[34].

C. IMPLEMENTATION OF THE PROPOSED
CONTROL SCHEME
FIGURE 2 shows the implementation of the proposed control
scheme to achieve the sharing of unbalanced currents (neg-
ative sequence current components) and voltage regulation
in three-phase three-wire isolated MGs. In this figure, three
control layers are considered. In the first layer, output voltage
and current control are performed. In this layer, each of the
converters calculates their three-phase active power (Pi), and
the single-phase reactive powersQia,Qib andQic. In addition,
the magnitude of the currents at its output (|Iia|, |Iib| and |Iic|)
are calculated. The second layer corresponds to the standard
three-phase P − ω droop controller (1) and the proposed
single-phase Q−E droop controller shown in (6). It is worth
remembering that this layer enables the sharing of unbal-
anced currents among power converters (through the control
actions βia, βib, βic), and the voltage regulation through
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FIGURE 2. Proposed distributed control architecture for imbalance sharing and voltage regulation.

the control action βi. These control actions are calculated
for each power converter in the MG, in layer three, by the
proposed consensus algorithms given by (11) and (13). The
proposed single-phase consensus algorithms shown in (11)
calculates the parameters βia, βib, βic for each power con-
verter, to achieve the sharing of unbalanced currents among
them, and at the same time, it ensures that the voltage reg-
ulations for imbalance are met for each converter [through
the first terms on the right-hand side of the controllers shown
in (11)]. On the other hand, the proposed consensus algorithm
depicted in (13) calculates the parameter βi for each power
converter and, therefore, the voltage regulation is achieved.
It should be highlighted that the actions βia, βib, βic and βi
of the proposed single-phase droop controller are modified
online in the third control layer. Note that in FIGURE 2
(layer 1); an active damping loop is used (after the block
labelled ‘‘PR Current Controller’’) for stability purposes.

FIGURE 3 shows how three-phase active power (Pi) is
calculated by using the standard calculation in the αβ ref-
erence frame. In this work, a self-tuning notch filter is used
for eliminating the double frequency (of the fundamental
frequency) oscillations in Pi. These oscillations are produced
because the system is unbalanced.

FIGURE 4 shows the proposed scheme to calculate the
single-phase reactive powers at the output of the ith power
converter. In this figure, the computation of the reactive power
in phase ‘‘a’’ is shown. From FIGURE 4, it is concluded
that fictitious αβ reference frames need to be defined using a

FIGURE 3. Computation of the three-phase active power in the i th power
converter.

FIGURE 4. Computation of the single-phase reactive power in phase ‘‘a’’
of the i th power converter.

quadrature signal generator (or QSG) [10]. In these fictitious
reference frames, α components correspond to the original
signals in phase ‘‘a’’, i.e. Eia and Iia; while the β compo-
nents are generated using QSGs. Then, the reactive power is
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calculated using the standard definition for that power in the
αβ reference frame, and the result is divided by three. Finally,
a self-tuning notch filter is used for eliminating the double
frequency (of the fundamental frequency) oscillations in Qia.
The procedure for calculating Qib and Qic is similar to that
depicted in FIGURE 4.

Finally, FIGURE 5 shows the procedure used in this paper
to calculate the magnitude of the phase-currents at the output
of the converters.

FIGURE 5. Computation of the magnitude of the current in phase ‘‘a’’ of
the i th power converter.

Note that the proposal needs a communication network to
interchange the variables βh, |Iha| , |Ihb| , |Ihc|, between the
converters of the MG. This network is detailed in the next
section.

D. COMMUNICATION STRUCTURE
FIGURE 6 shows the three-wire MG used in this work
to experimentally validate the proposed distributed control
scheme. Each three-leg power converter is implemented with
the control scheme shown in FIGURE 2. Moreover, the com-
munication network considered in this work is as follows: the
bidirectional network used is modelled as an undirected graph
G = (N, ξ,A) among the converters N = {1, . . . ,N }, where
ξ is the set of communication links and A is the non-negative
N × N weighted adjacency matrix. The elements of A are
aih = ahi ≥ 0, with aih > 0 if and only if {i, h} ∈ ξ [17].

FIGURE 6. Microgrid and communication network considered in this
work for the experimental validation.

Let xi ∈ R denote the value of a quantity of interest at bus i;
in this specific context, xi achieves consensus if [x i (t) −
xh (t)] → 0 as t → ∞. Consensus can be achieved via the
algorithm depicted in (14) [17], [18].

ẋi = −
∑

h∈N(i)
aij(xi − xh) (14)

According to (14), the quantities of interest are βia, βib,
βic and βi defined by the proposed single-phase Q − E
droop controller shown in (6) and the consensus of them are
achieved with the proposed consensus algorithms (based on
(14)) given in (11) and (13). In this work, it is assumed that
the communication network allows a bidirectional exchange
of information, and it is ideal, i.e., without delays. Therefore,
the adjacency matrix A of the system studied in this work is
shown in (15). Notice that in FIGURE 6, the communication
topology used in this work is depicted.

A =

 a11 = 0 a12 = 1 a13 = 1
a21 = 1 a22 = 0 a23 = 1
a31 = 1 a32 = 1 a33 = 0

 (15)

III. SIMULATION RESULTS
In this section, the proposed distributed controller and those
reported in [24]–[26] are compared. The proposed controller
is also verified for the following scenarios: (i) performance
considering a reactive load, and (ii) the effects of commu-
nication time delays in the communication network. These
cases were not experimentally evaluated because of some
experimental issues, e.g. the lack of relatively large reac-
tive loads and the difficulty of implementing communication
delays in the experimental rig. However, the performance of
the proposed controller is experimentally validated for a wide
range of scenarios, as shown in section IV.

The MG shown in FIGURE 6 is implemented using
PLECS R© software with the parameters depicted in TABLE 1
(corresponding to the MG utilised in the lab for the exper-
imental work discussed in the next section). Each one of
the power converters of FIGURE 6 is controlled using the
proposed distributed control scheme shown in FIGURE 2.
Moreover, the communication network used is characterised
by the adjacency matrix A given by (15). Note that during
these tests, it is considered that the switches sw1 − sw4
depicted in FIGURE 6 are opened. The simulation tests per-
formed in this section are shown as follows.

A. COMPARISON WITH PREVIOUS WORKS
As discussed previously, to the authors’ best knowledge, dis-
tributed control schemes have been proposed for improving
the imbalance sharing among power converters placed in
isolated AC MGs only in [24], [25] and [26]. The control
schemes reported in those references are based on the concept
of virtual impedance. In [24], [25], symmetrical component
theory is used to identify both the positive and the negative
sequence components of currents. By contrast, in [26], this is
achieved by using CPT theory. In this section, we compare
the performance of the proposed distributed controller and
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TABLE 1. System parameters used for both the simulation and the
experimental work. (1: converter 1, 2: converter 2, 3: converter 3).

those reported in [25] and [26]. Reference [24] is not studied
because it is based on the same approach of reference [25].

Two steps are considered for comparison purposes: step 1
(0s ≤ t < 15s), where the distributed controllers are disabled
and, step 2 (15s ≤ t < 30s) where they are enabled at 15s.

FIGURE 7 shows the results obtained from the compara-
tive analysis. As observed in FIGURE 7(d)-(f), the three dis-
tributed controllers achieve the sharing of negative sequence
current components among the converters. The sharing of
unbalanced currents is achieving by inducing small imbal-
ances in the voltage at the output of the converters. In this
sense, FIGURE 7 (g)-(i), shows for each of the control
schemes, the PVUR index of the voltage at the output of each
converter required to achieve the unbalanced current shar-
ing. By comparing the results shown in FIGURE 7 (g)-(h)
with that reported in FIGURE 7(i), it is concluded that the
proposed control scheme generates lower PVURs than those
achieved by the controllers reported in [25] and [26]. This
result demonstrates that the proposed controller achieves the
sharing of unbalanced currents, producing smaller imbal-
ances in the converters’ output voltages than the other meth-
ods. This result is an advantage of the proposed single-phase
approach over the approaches reported in [25] and [26].
Finally, from FIGURE 7(a)-(c) it can be seen that the sharing
of positive sequence current components is not affected when
the imbalance sharing schemes are working.

One advantage of the proposed distributed controller over
those reported in [25] and [26] seen in FIGURE 7, is that even

though it is defined in the a-b-c reference frame, it allows
the sharing of negative sequence current components among
the power converters, as was demonstrated in FIGURE 7(f).
An interesting test is to evaluate the performance of the
distributed controllers [25] and [26] in the opposite scenario,
i.e., analyse their performance in the a-b-c reference frame.
This comparison is shown in FIGURE 8, where the results
of FIGURE 7 (in terms of currents) are depicted in the
natural a-b-c reference frame (the controllers are activated at
15s). From this figure, it can be concluded that the phase-
currents are not effectively shared by the control schemes pro-
posed in [25] and [26]. However, the proposed single-phase
approach achieves an effective current sharing by phase (i.e.
phase ‘‘a’’ to phase ‘‘c’’) in the power converters. This result
is interesting since it shows that imbalance sharing methods
defined in the sequence components domain (such as [25]
and [26]), where only the magnitude of the negative sequence
is controlled do not ensure a proper phase-current sharing
in the a-b-c reference frame. This is because this approach
aims to achieve a consensus of only the magnitudes of the
negative sequence components of currents without consider-
ing their negative sequence phase angles. Therefore, when
these phasors are transformed to the a-b-c natural coordi-
nates, they produce unequal phase-currents, as demonstrated
in FIGURE 8 (in the results associated with references [25]
and [26]). On the other hand, in the proposed distributed
control scheme (11), imbalance sharing at the phase level is
achieved, since the algorithm directly regulates themagnitude
of the currents in the a-b-c natural reference frame.

In summary, from this comparison work, it is concluded
that the proposed distributed control scheme achieves a supe-
rior sharing of unbalanced current (producing smaller imbal-
ances in the converters’ output voltages) compared to the
methods reported in [25] and [26]. Moreover, the proposed
control achieves sharing of unbalanced currents in both the
sequence domain and the a-b-c domain. This is not achieved
by [25] and [26] since for the cases studied in this work;
they share unbalanced current only in the sequence domain
and considering only the magnitude of the negative sequence
current phasor.

B. LOAD CONSUMING BOTH ACTIVE AND
REACTIVE POWERS
In this case, the performance of the proposed distributed
control scheme is evaluated, considering the unbalanced load
shown in FIGURE 6. Three steps are considered: (i) step 1
(0s ≤ t < 20s), where the proposed control scheme is not
working (layer 3 of FIGURE 2 is disabled), (ii) step 2 (20s≤
t < 40s) where the proposed consensus algorithm [see (13)]
is activated to regulate the voltage at the converters’ output at
120VRMS; (iii) step 3 (40s ≤ t < 70s) where the proposed
consensus algorithm [see (11)] is activated to achieve the
sharing of unbalanced currents among the power converters.

FIGURE 9 shows the performance of the proposed control
scheme in terms of voltage regulation. From this figure,
it is concluded that in step 2, the RMS voltage at the
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FIGURE 7. Comparison between the proposed distributed control scheme and those reported in references [25] and [26], (a)-(c) magnitude of
the positive sequence current components at the converters’ output for the three methods compared, (d)-(f) magnitude of the negative
sequence current components at the converters’ output for the three methods compared, (g)-(i) PVUR index of the voltage at the converters’
output for the three methods compared.

FIGURE 8. Comparison between the proposed distributed control scheme and those reported in references [25] and [26], (a)-(c) magnitude of the
current in phase ‘‘a’’ at the converters’ output for the three methods compared, (d)-(f) magnitude of the current in phase ‘‘b’’ at the converters’
output for the three methods compared, (g)-(i) magnitude of the current in phase ‘‘c’’ at the converters’ output for the three methods compared.

converters’ output is effectively regulated to 120VRMS.
Moreover, from t = 40s, and onwards, these voltages have
some deviations due to the proposed consensus algorithm

(11) is enabled to achieve the sharing of unbalanced currents,
as shown in step 3 of FIGURE 10. In this figure, during step
1 and 2 [before the activation of (11)], the line currents are
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FIGURE 9. Average of the RMS voltage in the three phases of each power
converter.

FIGURE 10. RMS values of currents at the converters’ output.

unequally shared among the power converters due to their
different line impedances (see FIGURE 6). This is corrected
by the proposed control scheme, as shown in step 3 of
FIGURE 10.

Finally, FIGURE 11(a) shows that the sharing of three-
phase active powers is not affected by the proposed control
scheme and that the sharing of the three-phase reactive power
is improved when the proposed consensus algorithm of (11)
is enabled [see step 3 shown in FIGURE 11(b)]. Note in
FIGURE 11 that both active and reactive powers in step 2 are
increased in comparison with step 1. This is because the
consensus algorithm of (13) to perform voltage regulation is
enabled at t = 20s, producing a power increase.

C. EFFECTS OF TIME DELAY ISSUES
To analyse the performance of the proposed consensus algo-
rithms, [see (11) and (13)], against communication delays,
a communication time-delay τ is introduced, as shown in
(16) and (17) respectively. The performance of the con-
trollers is analysed for three cases: a) small time-delays

FIGURE 11. Three-phase active and three-phase reactive powers inject by
converters to the unbalanced load.

(τ = 0.05s), b) medium time-delays (τ = 0.5s) and c) large
time-delays (τ = 1s).

kui β̇ia = −α
umax

(
0,PVURi − PVUR∗i

)
−

∑
h∈N(i)

aih (|Iia| − |Iha(t − τ )|)

kui β̇ib = −α
umax(0,PVURi − PVUR∗i )

−

∑
h∈N(i)

aih (|Iib| − |Ihb(t − τ )|) (16)

kui β̇ic = −α
umax(0,PVURi − PVUR∗i )

−

∑
h∈N(i)

aih (|Iic| − |Ihc(t − τ )|)

kE β̇i = −
[(

1
3
(|Eia| + |Eib| + |Eic|)

)
− En

]
−

∑
h∈N(i)
h6=i

aih(βi − βh(t − τ )) (17)

In this test, the consensus algorithms of (16) and
(17) are simultaneously enabled at t = 40s, to achieve
unbalanced-current sharing and voltage regulation, respec-
tively. FIGURE 12, shows the corresponding responses for
the RMS line current values at the converters’ output in
phases a, b and c; before and after the activation of the pro-
posed controllers (at t= 40s). From this figure, it is concluded
that consensus of these variables is achieved for all the cases
considered, i.e., τ = 0.05s (see FIGURE 12(a), (d) and (g)),
τ = 0.5s and τ = 1s. Note that, for the case of large
time-delays [see FIGURE 12(c), (f) and (i)], the RMS cur-
rents have some oscillations before the consensus is achieved.
The same behaviour is depicted for the RMS voltages (at
the converter outputs) as shown in FIGURE 13. From this
test, an excellent performance of the consensus algorithms
(11) and (13) is concluded, in terms of time delays.

IV. EXPERIMENTAL VALIDATION
The MG showed in FIGURE 6. is emulated using the exper-
imental rig depicted in FIGURE 14. Two Triphase [8] are
used as 3-leg converters. Converters 1 and 2 are Triphase
PM15F120 units (both operating as a 5kW converter), and
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FIGURE 12. RMS values of currents at the converters’ output considering
communication delays: a) With small time-delays τ = 0.05s, b) With
medium time-delays τ = 0.5s, c) With large time-delays τ = 1s.

converter 3 is a Triphase PM5F60 (5kW) unit. The unbal-
anced load is implemented using resistors. In this work,
the connection/disconnection of loads and generating units
is realised using mechanical switches which typically pro-
duce some bouncing during connection/disconnection. The
proposed distributed control scheme is implemented in the
real-time target computers controlling each 3-leg power con-
verter shown in FIGURE 14. The inner control loops are
based on self-tuning voltage and current PR controllers [31].
The parameters of the experimental system and control loops
are given in TABLE 1.

FIGURE 15 shows the unbalanced currents measured in
the unbalanced load of the experimental MG. Because the
three power converters are connected to this common load
through different line inductances, the negative sequence
current components injected by them into the load will be
different. In this situation, and considering that the three
converters have the same power rating, it is desirable that all
of them inject the same amount of unbalanced currents into
the system, to prevent an overload of one or more of them.
In this sense, an equal distribution of unbalanced currents
among the power converters is achieved by the proposed
control scheme.

The experimental validation of the proposed control
scheme is performed using three scenarios. Note that during
this validation, it is considered that switches sw1 − sw3 are
closed. (See FIGURE 6).

A. TEST SCENARIO 1: PERFORMANCE OF THE PROPOSED
CONTROL SCHEME
In this scenario, the performance of the proposed dis-
tributed scheme to achieve voltage regulation and the shar-
ing of unbalanced currents among the power converters

FIGURE 13. Average of the RMS voltage in the three phases of each
power converter a) With small time-delays τ = 0.05s, b) With medium
time-delays τ = 0.5s, c) With large time-delays τ = 1s.

FIGURE 14. Three-phase 3-wire isolated AC MG prototype implemented
in the laboratory.

of the experimental MG is evaluated. The converters are
connected to the unbalanced load through different lines
impedances (see FIGURE 6). In this case, in the absence of
some imbalance-sharing controller, the unbalanced currents
injected are not equal: which could overload a particular
converter. This situation is depicted in FIGURE 16 (step 2),
where the line currents at the output of the converters are
shown when the proposed imbalance-sharing controller is
disabled. Indeed, in step 2 of FIGURE16, currents injected by
the converters to the load in phase ‘‘a’’ are similar. However,
in phase ‘‘b’’, converter 1 injects more current than that
supplied by the other power converters. Finally, in phase
‘‘c’’, converters 2 and 3 inject more current to the load than
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FIGURE 15. Currents in unbalanced load measured in the experimental
rig of FIGURE 14. (5 A/div).

converter 1. In this situation (considering that the power con-
verters have the same power rating), all of them should supply
the same amount of current per phase to the unbalanced load,
to prevent phase-current overloading of some converter. This
is effectively achieved by the proposal as is depicted in step 3
of FIGURE 16.

FIGURE 16. (Step 2) Currents injected by the power converters to the
unbalanced load when the proposed control scheme is not working,
(step 3) currents injected by the power converters to the unbalanced load
when the proposed control scheme is working. (5 A/div).

The full test scenario discussed in this section has four
steps: step 1, where the proposed control scheme is not work-
ing; step 2, where only the third control layer is activated,
to achieve voltage regulation (i.e. βi). In this step, the voltage
is regulated to 120V RMS. In step 3, the proposed distributed
control strategy for unbalanced-current sharing is activated
(see βia, βib, βic in FIGURE 2). Finally, in step 4, when
the distributed controllers are working, an additional resis-
tance is connected to the load (by closing switch ‘‘sw4’’ in

FIGURE 17. Average of the RMS voltage in the three phases of each
power converter—MATLAB data logging of the experimental waveforms.

FIGURE 6), increasing the level of imbalance in the system.
Note that PVUR∗i = 3% is used for all the experimental
tests. This meets IEEE standard 1547-2018 [9] that establish
a maximum of 5% of voltage imbalances.

FIGURE 16 shows the current injected by the converters
to the unbalanced load (see FIGURE 6) before (step 2) and
after (step 3) the activation of the proposed control scheme for
unbalanced-current sharing. From this figure, it is concluded
that the proposed control scheme works very effectively.

In FIGURE 17, the voltage regulation is shown for the four
steps studied. Before the activation of the proposed voltage
regulation controller, the voltages at the output of the convert-
ers were close to 110V RMS. In step 2 and onwards (when
the voltage regulation is enabled), voltages are regulated to
120V RMS, showing excellent performance of the proposed
control scheme (13).

FIGURE 18 shows the PVUR of the voltage at the out-
put of the converters and at the PCC during the four steps
considered. In steps 3-4 (where the control scheme for the
sharing of imbalance is working), the PVURs are increased
a little in comparison with steps 1-2. This is because the
sharing of unbalanced currents is achieved by introducing

FIGURE 18. (a) PVUR of the voltage at the output of the converters,
(b) PVUR of the voltage in the common load—MATLAB data logging of the
experimental waveforms.
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small imbalances in the voltage at the output of the converters,
as discussed in [6], [7]. The same trend is followed by the
PVUR at the PCC (see FIGURE 18(b)). In this experimental
test, the control actions to limit the PVUR were not activated
because the PVURs do not exceed 3% during the whole test.

Finally, FIGURE 19 shows both three-phase active and
reactive powers at the output of the converters as well as the
electrical frequencies. From FIGURE 19(a) it is concluded
that the sharing of active power among the converters is
not affected when the proposed control scheme is working
(see steps 2-4 in FIGURE 19). The reactive power at the
converters’ output is small since the load is resistive. From
FIGURE 19(c) it can be appreciated that the frequency at the
output of the converters is close to the nominal value (50Hz)
during the four steps studied in this experimental test.

FIGURE 19. (a) Active power at the output of the converters, (b) Reactive
powers at the output of the converters, (c) Frequency at the output of the
converters—MATLAB data logging of the experimental waveforms.

B. TEST SCENARIO 2: PLUG & PLAY OPERATION
This test shows the performance of the proposed distributed
control architecture when converter 2 is disconnected and
reconnected to the MG. In this experimental test, 6 steps are
evaluated: step 1, where the proposed control scheme is dis-
abled; step 2, where (13) is enabled to regulate the voltage at
the output of the power converters at 120VRMS. In step 3, the
distributed control systems (11) for unbalanced-current shar-
ing are enabled (providing βia, βib, βic for each converter).
Note that in this step, the first terms on the right-hand side
of (11) are not activated, and therefore, PVUR limit control
is not performed. At the beginning of step 4, converter 2
is disconnected from the MG. In step 5, the PVUR limit
controllers are then enabled [activating, respectively, the first
terms on the right-hand side of (11)]. Finally, at the beginning
of step 6, converter 2 is reconnected to the MG.

FIGURE 20 shows the current-magnitude at the output of
the converters during the six steps. From step 3 and onwards,
the sharing of unbalanced-currents among the converters is

FIGURE 20. Magnitude of the phase-currents at the output of the
converters in the 6 steps studied—MATLAB data logging of the
experimental waveforms.

FIGURE 21. Average of the RMS voltage in the three phases of each
power converter—MATLAB data logging of the experimental waveforms.

achieved effectively by the proposed control scheme. In par-
ticular, its robustness is demonstrated at the beginning of
step 4 and at the end of step 5, where converter 2 is discon-
nected and reconnected to the MG, respectively. In these crit-
ical situations, the sharing of unbalanced-currents performs
well after a small transient. The same behaviour is achieved
by the proposed distributed controller for voltage regulation,
as shown in FIGURE 21. From FIGURE 20 and FIGURE 21,
it is concluded that both the sharing of unbalanced-currents
and the voltage regulation are achieved effectively by the
proposed control scheme. Moreover, there is virtually no
coupling between the proposed consensus controllers [(11)
and (13)]. This is an important result since as was discussed
in section II-A, the unbalanced-current control method (man-
aged by βia, βib, βic) could interfere with the proposed voltage
regulation controller, as is depicted by (9). This was over-
come in this paper by setting (11) and (13) with different
dynamic (by adjusting kui and kEi , respectively) as shown in
TABLE 1. Therefore, it is demonstrated that the proposed
consensus-based distributed algorithms (11) and (13) can
achieve respectively, voltage regulation and the sharing of
negative sequence current components, with virtually no cou-
pling between them.
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FIGURE 22. PVURs at the output of the converters in the six steps
studied—MATLAB data logging of the experimental waveforms.

FIGURE 22 shows the PVUR at the output of each power
converter in the six steps studied. This figure shows that
in step 4 (when converter 2 is disconnected), the PVUR in
converter 1 is 3.85%, i.e., over 3% (the maximum PVUR
considered in this work). In step 5, the control terms to PVUR
regulation are enabled [the first terms on the right-hand side
of (11)], with a PVUR∗i = 3%, therefore, the PVUR in
converter 1 is now effectively limited at 3%.

Finally, in FIGURE 23, the active powers injected by
the converters into the MG, during this test are shown.
As depicted in the figure, the proposed control scheme does
not affect the injection of active power from the power con-
verters to the MG.

FIGURE 23. Active power at the output of the converters in the 6 steps
studied —MATLAB data logging of the experimental waveforms.

C. TEST SCENARIO 3: COMMUNICATION LINK FAILURE
In this test, the performance of the proposed control scheme
for a communication fail in converter 2 is evaluated (see
FIGURE 6 and FIGURE 14). Five steps are considered in
this experimental test: in step 1, the proposed control scheme
is disabled; in step 2, the control actions to regulate the
voltage at the output of the power converters at 120V RMS
are enabled. In step 3, the distributed control systems for
unbalanced-current sharing are enabled. At the beginning of
step 4 (and onwards), a communication failure between con-
verter 1 and converter 2 is produced, setting the parameters of
the adjacency matrix a12 and a21 equal to zero (see (15) and
FIGURE 6). Finally, at the beginning of step 5, an additional

FIGURE 24. Active power at the output of the converters—MATLAB data
logging of the experimental waveforms.

FIGURE 25. (a)-(b) Positive and negative sequence components of current
at the output of power converters, (c) the average of the RMS voltage in
the three phases of each power converter.

unbalanced load is connected, by closing the switch ‘‘sw4’’
shown in FIGURE 6.

FIGURE 24 shows the active power inject by the con-
verters to the MG. From this figure, it is concluded that
the converters continue sharing active power despite the
communication failure between converter 1 and converter 2.
The same occurs with the positive and negative sequence
components of the current at the output of converters [see
FIGURE 25(a)-(b)], and with the voltage at their outputs
[see FIGURE 25(c)]. A significant result from FIGURE 24
and FIGURE 25 is the fact that the proposed methodol-
ogy for sharing unbalanced-currents and voltage regulation
operates well even when a communication failure is pro-
duced. It should be highlighted that FIGURE 25(a)-(b) were
obtained by applying the SCT to the experimental waveforms.
From these figures, it can be concluded that the proposed
single-phase approach for unbalanced-current sharing (11),
effectively achieves the sharing of negative sequence current
components among the power converters. In other words,
it is demonstrated that the proposed single-phase approach
is an effective way of controlling negative sequence compo-
nents without the need for implementing sequence separation

VOLUME 8, 2020 164895



C. Burgos-Mellado et al.: Single-Phase Consensus-Based Control

algorithms, and thus, avoiding all the drawbacks associated
with them. (Noise, harmonic distortion, variations in the sam-
pling time magnitude, etc. [28])

V. CONCLUSION
A consensus-based distributed control scheme for the shar-
ing of unbalanced-currents and voltage regulation in isolated
3-wire AC MGs have been proposed in this work. The pro-
posed consensus algorithm achieves the sharing of negative
sequence current components among the power converters
without the need to implement the SCT or the CPT (some of
the typical solution for dealing with this problem). Moreover,
the proposed distributed scheme does not interfere with the
sharing of active power between the power converters, evi-
dencing its decoupled performance.

The main advantages of the proposal over other reported
distributed controllers for imbalance sharing [24]–[26] are:
(i) the proposed control scheme achieves the sharing of unbal-
anced currents producing smaller imbalances in the con-
verters’ output voltages compared with other methods, and
(ii) the proposal achieves sharing of unbalanced currents in
both the sequence domain and the a-b-c domain. The latter is
difficult to realise using previously reported methods, as was
demonstrated in section III-A.

From the experimental validation, the following conclu-
sions are derived:

(i) The performance of the proposed method can react
effectively to load changes. When a load change is imposed
(see section IV-A), both the correct sharing of unbalanced
currents and correct voltage regulation are maintained.

(ii) The plug and play capability of the proposal
was demonstrated in the experimental test depicted in
section IV-B. During this test, the disconnection and subse-
quent reconnection of converter 2 is emulated with the exper-
imental MG of FIGURE 14. During this critical scenario,
it is appreciated that the proposed control scheme maintains
proper voltage regulation and sharing of unbalanced-current,
validating the effectiveness of the proposal.

(iii) The performance of the distributed control scheme
in the presence of communication failures was evaluated in
Section IV-C by emulating communication failure between
converter 1 and converter 2 (FIGURE 14). From this experi-
mental test, it is concluded that the control objectives continue
to be achieved even in this extreme situation.

As future work, the extension of the proposed distributed
control scheme to 4-wire AC MGs will be addressed. The
application of the proposed control methodology for shar-
ing of distorted currents produced by nonlinear loads will
also be studied and reported in a future publication. Finally,
the extension of the proposal to a multi-microgrid systemwill
be studied further.
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