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and Mehrdad Kazerani, Senior Member, IEEE

Abstract—Secondary control strategies in hybrid ac/dc-
microgrids have been conventionally designed independently for
each side of the microgrid, neglecting the interaction between
the ac and dc sides due to the power transferred through the
interlinking converter. This has a negative effect on the power-
sharing and dynamic response of the system. In this paper, a
novel distributed secondary control strategy for hybrid ac/dc-
microgrids is presented which coordinates the control actions of
the ac and dc sides. The proposed control scheme simultaneously
regulates ac-voltage magnitude and frequency, as well as the
dc-voltage magnitude, by including the interlinking converters
in the control strategy via a distributed consensus approach.
This improves the power-sharing accuracy and secondary con-
trol restoration of the variables in both ac and dc sides of
the microgrid. Moreover, the proposed methodology avoids the
circulating currents which are typically produced in systems
with multiple interlinking converters. Several simulation and
experimental tests, such as load impacts and plug-and-play
capability, are presented to validate the performance of the
proposed control strategy using a 24 kW hybrid ac/dc-microgrid
laboratory prototype.

Index Terms—Microgrids, Hybrid ac/dc Microgrid, Secondary
Control, Distributed Control, Interlinking Converter.

I. INTRODUCTION

IN RECENT years, the increasing global concerns regarding
energy sustainability and environmental protection have

accelerated the development of more environmentally-friendly
and more efficient technologies in the energy field. Among
the most important of such technologies are renewable energy
sources (RESs) integrated as distributed generators (DGs), as
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well as those related to energy storage systems (ESSs). When
multiple DGs and ESSs are connected to a common electrical
system, the concept of microgrid (MG) is introduced [1]–
[4]. Considering the advantages of MGs (see [3]–[5]), much
research effort has been devoted in recent years to developing
control strategies for both ac and dc-MGs.

For the most part, ac-MGs and dc-MGs have been studied
separately [4]–[9]. Recently, the study of hybrid ac/dc-MGs
has attracted attention, as hybrid MGs allow for simplified
integration of both ac and dc generation and load, as well
as energy storage elements into one electrical system [10]–
[12]. In a hybrid ac/dc-MG, an ac-MG and a dc-MG are
interconnected through interlinking converters (ICs), as shown
in Fig. 1. Most importantly, hybrid ac/dc-MGs allow for fewer
ac/dc conversions [13], leading to a reduction of power losses
and an improvement in power quality. As an example, the
number of diode-rectifiers in dc-loads, such as laptops and led
lighting, is reduced when such devices are directly connected
to the dc-MG [14].

Our focus in this paper is on secondary control, which is the
middle layer of the standard hierarchical control architecture
for MGs [3], [15]. The goal of the secondary control system
is typically to restore the frequency (in an ac-MG) and the
average MG voltage (in an ac- or dc-MG) to their nominal
values, while maintaining power-sharing between units. Both
centralized and distributed secondary control methods have
been extensively studied for ac and dc-MGs, respectively
[16]–[19]. A centralized MG control strategy is susceptible
to single-point failure, and becomes increasingly complex to
implement as the number of DGs in the MG increases; dis-
tributed MG controls overcome these architectural problems.
Issues such as communication delays and data losses, which
arise in distributed MG control, have also been addressed [20],
[21]. However, unified distributed controllers for hybrid ac/dc-
MGs have not yet been proposed or studied in the literature.

In [22], the use of normalized droop curves on both sides
of the IC is proposed to generate the active power reference
for the IC, in order to accomplish active power-sharing on
both sides of the MG. However, secondary control is not
considered in this strategy. In [23], the authors propose a
decentralized control scheme for reliable autonomous oper-
ation in a hybrid three-port ac/dc/ds (distributed storage) MG.
In this case, a fully decentralized control methodology is
considered, which is performed in three stages: a local power-
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Fig. 1. General topology of a hybrid ac/dc-MG. If the main breaker is closed it is a ‘grid-tied’ MG, otherwise it is an ‘islanded’ MG.

sharing in each MG, a global power-sharing throughout MG,
and power-sharing among ds systems. However, this strategy
generates circulating currents among the ICs, which reduces
the available current capability of the ICs.

Multiple ICs are considered in [24] based on the variable
normalization discussed in [22]. To avoid circulating currents,
the authors of [24] propose superimposing an ac component
over the voltages on the dc-side of the ICs, to avoid circulating
currents and achieve power-sharing between the ICs. This
strategy however is complex to implement, and could require
additional hardware, and secondary control systems are not
discussed in [24].

In [25], the authors utilize the normalized droop curves
discussed in [22], applying a secondary control system to
restore the dc-voltage and frequency to the nominal values.
Secondary control is implemented independently for each side,
neglecting the coupling between the two sides of the hybrid
MG caused by the power transferred through the IC. This
has a negative impact on power-sharing on both sides, and
on dynamic performance of the overall system. The time
constants of the secondary controllers of the two sides have
to be similar, as otherwise the power transferred through the
IC may oscillate affecting the power-sharing.

In summary, there is relatively little literature on secondary
control of hybrid ac-dc MGs, no comprehensive distributed
control solutions are available, and no solutions are currently
available which coordinate multiple ICs to prevent circulating
currents. In this paper, a global Distributed Secondary Control
(DSC) strategy, based on cooperative consensus (see [26])
for hybrid ac/dc-MGs is proposed. Power exchange between
the ac and dc sides of the MG is realized by ICs, and is
directly managed as part of our control strategy. To the best
of the authors’ knowledge, the implementation of distributed
secondary control strategies for hybrid ac/dc-MGs with mul-
tiple ICs has not been reported in the literature. Since we
propose a distributed control strategy, a central controller is
not required and the information is shared among neighbouring
DGs only. Therefore, the communication layer is simplified (in
comparison to a centralized communication network) and the
plug-and-play capability of the hybrid MG is also improved.

The main contributions of the work presented in this paper
can be summarized as follows:

• A coordinated DSC strategy for hybrid ac/dc-MGs is pro-

posed, which treats the hybrid MG as one electrical entity
and not as three independent systems (i.e., ac, dc, and IC).

• The proposed strategy achieves seamless restoration of the
variables modified by the primary control at both sides of the
hybrid MG. The dynamic coupling between the ac and dc
sides due to the power transferred by the IC is not neglected,
and the power-sharing capability of the DGs is not affected.

• The active powers transferred through the ICs are considered
in the consensus functions and algorithms proposed in this
work, which avoids circulating currents and achieves an
accurate power-sharing between the ICs.

• The strategy achieves plug-and-play capability and robust-
ness of the hybrid ac/dc-MG; power-sharing is achieved
even if ICs (or DGs) are connected or disconnected.

• The viability and effectiveness of the proposed control
strategies have been validated using a 24kW hybrid ac/dc-
MG prototype. A simulation study is also considered for
including several scenarios which cannot be validated using
the lab prototype, including scenarios with multiple ICs.

• An analytical model of the closed-loop system for the hybrid
ac/dc-MG with the proposed consensus-based secondary
control strategy is developed, which permits small-signal
stability analysis and parameter tuning.
The rest of the paper is organized as follows. The distributed

secondary control algorithms we propose for hybrid ac/dc-
MGs are presented in Section II. The experimental results
are given and extensively discussed in Section III. Simula-
tion study and results are presented in Section IV. Finally,
Section V provides some concluding comments.

II. PROPOSED DISTRIBUTED SECONDARY CONTROL

A successful secondary control system should restore the
secondary variables to their nominal values, and should im-
prove (or, at least, not degrade) power-sharing between the
DGs. In the DSC proposed in this paper, each DG will achieve
real power-sharing with all other DGs of the hybrid MG, i.e.,
ac- and dc-DGs, and each ac-DGs will approximately achieve
reactive power-sharing with all other ac-DGs.

We use the standard power-voltage (P/V ) droop controller
[27] as the primary control system in the dc-MG, and the
standard (P/f ) and (Q/V ) droop controllers [28] as the
primary control systems in the ac-MG. As the frequency is
a global variable in the ac-MG, accurate active power-sharing
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Fig. 2. Proposed distributed secondary control for: (a) ac-MG (ac-DSC), (b) IC (ic-DSC), (c) dc-MG (dc-DSC).

is achieved in the ac-MG. On the other hand, the amplitude
of the voltages is a local variable. Thus, it is not possible to
achieve both accurate power-sharing and voltage restoration
simultaneously for each DG on either side of MG [16].

We consider a hybrid ac-dc MG consisting of ac-DGs,
dc-DGs, and ICs, and we label the sets of these devices
as Nac = {1, . . . , n}, Ndc = {n + 1, . . . , n + m}, and
Nic = {n + m + 1, . . . , n + m + g}, respectively. A global
secondary control strategy for hybrid ac/dc MGs should restore
the secondary variables on both sides of the MG, and more-
over, should ensure power-sharing between all ac-DGs and dc-
DGs. To achieve the latter objective, the power flowing through
the IC must be adjusted. We will introduce several distributed
control mechanisms for achieving these goals. These control
laws will use peer-to-peer communication between dc-DGs,
ac-DGs, and ICs. To encode the communication topology, we
let A denote the adjacency matrix of a communication network
between the ac-DGs, dc-DGs, and ICs (see, e.g., [16]). The
elements of A are 0 or 1, and aij = aji = 1 means that units
i and j can communicate with one another.

The time response of the proposed distributed secondary
control strategy is strongly related to the density of matrix A.
Moreover, the time response is slow when A is sparse, i.e., if
most of the elements of A are zero, while the time response
is fast if the density of A is high (most of the elements of
A are equal to 1). Therefore, unlike the case of centralized
or decentralized secondary control strategies, in this case the
time response also depends on the size and topology of the
communication network.

In the following sections, we explain how DSC strategies
are applied to ac-DGs, to dc-DGs, and to ICs.

A. DSC applied to the ac-MG (ac-DSC)

The secondary control loop for ac-DGs aims to restore the
frequency ωi and the amplitude Ei of the ac-voltage to their

nominal values ω∗ and E∗, while maintaining satisfactory
power-sharing. In our DSC, the communicated variables in
the ac-MG are the active and reactive powers Pi and Qi in
p.u., which are given by

Pi := Pac−i/Smax−i, i ∈ Nac,

Qi := Qac−i/Smax−i, i ∈ Nac,
(1)

where Pac−i (Qac−i) is the instantaneous real (reactive) power
generated by the ith ac-DG, and Smax−i is the rated apparent
power of the ith ac-DG. For the ac-MG, the secondary
variables are the frequency (ωi) and the amplitude (Ei) of the
voltages, while the consensus variables are the active power
in p.u. (Pi) and the reactive power in p.u. (Qi).

The ac-DSC for active power-sharing and frequency restora-
tion is

ωi = ω∗ +Mac−iPac−i + ψi (2a)

σiψ̇i = − (ωi − ω∗) + ψac−i + ψdc−i (2b)

ψac−i = −
∑

j∈Nac

aij (Pac−i − Pac−j) (2c)

ψdc−i = −
∑

j∈Ndc

aij (Pac−i − Pdc−j) (2d)

for i ∈ Nac, where Pdc−j is the instantaneous power generated
by dc-DG j ∈ Ndc.

The ac-DSC for reactive power-sharing and voltage restora-
tion is

Ei = E∗ +Nac−i ·Qac−i + χi (3a)

%iχ̇i = −βi (Ei − E∗)− bi
∑

j∈Nac

aij (Qi −Qj) (3b)

for i ∈ Nac. The gains Mac−i, Nac−i < 0 are the primary
droop gains, and σi, %i > 0 are time constants. The gains
βi, bi > 0 can be tuned to produce a compromise between
voltage regulation accuracy and reactive power-sharing accu-
racy. A block diagram of the proposed distributed secondary
control strategy for the ac-DGs is shown in Fig. 2(a). Although
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relatively similar control strategies have been studied before
(see [29]), the key difference is that we extend the active power
consensus of ac-DGs to dc-DGs (and later, to ICs). This is
reflected in the term ψdc−i [see (2d)], which illustrates the
interaction between ac-DGs and dc-DGs, and in next sections.

B. DSC applied to the dc-MG (dc-DSC)

The secondary control loop for dc-DGs aims to restore the
dc voltages Vi to their nominal value V ∗ while maintaining
satisfactory power-sharing. The variable shared by the dc-DGs
is the power Pi in p.u. generated by the ith dc-DG, given by

Pi := Pdc−i/Pmax−i, i ∈ Ndc, (4)

for Pdc−i is the instantaneous power generated by the ith dc-
DG and Pmax−i is the rated power of the ith dc-DG. For the
dc-MG, the secondary variable is the dc-voltage Vi, while the
consensus variable is the p.u. power Pi. Our proposed dc-DSC
for power-sharing and voltage restoration is

Vi = V ∗ +Mdc−i · Pdc−i + ϕi (5a)
ρiϕ̇i = −γi (Vi − V ∗) + ϕdc−i + ϕac−i (5b)

ϕdc−i = −ci
∑

j∈Ndc

aij (Pdc−i − Pdc−j) (5c)

ϕac−i = −ci
∑

j∈Nac

aij (Pdc−i − Pac−j) (5d)

where i ∈ Ndc, Mdc−i < 0 is the primary control gain, and
ρi > 0 is a time constant. The gains γi and ci can be tuned to
produce a trade-off between voltage regulation accuracy and
power-sharing accuracy. A block diagram of the proposed dc-
DSC is shown in Fig. 2(c).

C. DSC for MGs with a single interlinking converter (ic-DSC)

The novel consensus-based DSC strategy for the ICs that we
propose is slightly different than those used for ac-DGs and
dc-DGs. The IC has to regulate the power transfer between
the two sides of the MG. This has to be realized seamlessly,
and without affecting the power-sharing among the DGs. To
achieve this, the IC sends its own status (1: ON, 0: OFF) to the
DGs in order to enable the power-consensus between the two
sides of the MG, while the IC receives the power in p.u. being
generated by the ac-DGs (Pac) and by the dc-DGs (Pdc). The
power reference P ∗IC−k for the single IC (k = n+m+ 1) is
updated as1

τkṖ
∗
IC−k = −

∑
i∈Nac

∑
j∈Ndc

aikajk (Pac−i − Pdc−j) (6)

where τk > 0 is a time constant. Note that the DGs commu-
nicating with the IC enter into the control law (6). A block
diagram of the proposed ic-DSC is shown in Fig. 2(b).

From (6), note that the power reference for the IC will be
adjusted to ensure power-sharing among DGs in both sides of
the hybrid ac/dc-MG. Additionally, if the IC is out of service,
it is possible to split the proposed control system into two

1The sign convention is that P ∗
IC−k > 0 if power flows from the dc-MG

to the ac-MG.

Fig. 3. Example topology of a hybrid ac/dc-MG with the adjacency matrix.

separate controllers (ac-DSC and dc-DSC), and change the
global power-sharing to a sub-MG power-sharing. In this way,
voltage/frequency regulation in each sub-MG can be achieved
despite the temporary absence of the IC. Moreover, all the
secondary control tasks are maintained within each MG, and
the advantages of distributed controllers over the centralized
ones are also maintained. However, if the lone IC in a hybrid
ac/dc-MG fails, it will be impossible to transfer power from
the ac side to dc side or vice-versa. Hence, the use of multiple
ICs in hybrid ac/dc-MGs is highly recommended, as discussed
in the next subsection.

Regarding the communication in (6), the proposed strategy
works properly if at least one ac-DG and one dc-DG are
communicating with the IC. This is illustrated using the
hybrid MG topology shown in Fig. 3. Red dotted lines show
the communication links between units. In this example, the
hybrid ac/dc-MG is composed of 3 ac-DGs, 3 dc-DGs and 1
IC. The IC communicates with 2 DGs on each side of the MG.
The adjacency matrix A here models a connected bidirectional
communication network.

D. DSC for MGs with multiple interlinking converters
As mentioned before, by considering multiple ICs in the

hybrid ac/dc-MG, it is possible to improve its reliability due to
the existence of multiple paths for transferring power between
sub-MGs. However, the existence of multiple ICs increases
the complexity of the MG control and —depending on the
control strategy utilized— can generate circulating currents
among the ICs. These circulating currents must be eliminated
to avoid overloading of converters or line congestion [24].

Thus, based on the single IC controller proposed in (6), an
additional term to achieve a power consensus among multiple
ICs is considered. The variable shared by the ICs is the power
Pi in p.u. being transferred through the ith IC.

Pi := PIC−i/Pmax−i, i ∈ Nic, (7)

where PIC−i is the instantaneous power through the ith IC and
Pmax−i is its rated power. The ic-DSC proposed in this work
for the kth IC, considering g ICs in the MG, is given by

Ṗ ∗IC−k = −µk

∑
i∈Nac

∑
j∈Ndc

aikajk (Pac−i − Pdc−j)

− ϑk
∑

h∈Nic

ahk (Pk − Ph) ,

(8)

where µk and ϑk are positive gains for adjusting the transient
response and the accuracy of power-sharing. The proposed ic-
DSC contributes to both power-sharing among DGs on the
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two sides of the hybrid ac/dc-MG and power-sharing among
ICs. Additionally, if any IC is out of service, the others can
be used for transferring power between the two sub-MGs.

The ratio of power-sharing among ICs can also be controlled
by adjusting the second term on the right side of (8). Never-
theless, to control this ratio, it is necessary to have a general
knowledge of the hybrid ac/dc-MG and to perform additional
studies (e.g., optimal power flow) which are typically utilized
at the hierarchical tertiary control level. The tertiary control
level is outside the scope of this paper.

E. Closed-loop Model of Hybrid AC/DC Microgrid

An analytical model of the closed-loop system considering
the proposed controllers is now developed for the purposes of
small-signal stability analysis. The model for the experimental
hybrid ac/dc-MG utilized in Section III, which is composed of
Nac ac-DGs,Ndc dc-DGs and 1 IC, is defined by the equations
(2), (3), (5), (6), (9)-(12), and is illustrated in Fig. 4.

The power flows in the dc-MG are described by

pdc−ij(V ) = yijVi(Vi − Vj) (9a)

pdc−i(V ) = pdc−Di +
∑

j∈Ndc

pdc−ij(V ) + siPIC (9b)

where pdc−ij(V ) is the power flow in the dc-line from bus i to
bus j, yij the line conductance, and Vi and Vj the dc-voltages
at buses i and j, respectively. The active power supplied by the
ith dc-DG (pdc−i) is given by (9b), where pdc−Di corresponds
to the power required by the load connected to bus i.

The active power flows in the ac-MG are characterized by

pac−ij(θ,E) =
RijE

2
i −RijΘij +XijΩij

R2
ij +X2

ij

(10a)

pac−i = pac−Di +
∑

j∈Nac

pac−ij(θ,E)− siPIC (10b)

θ̇i = ωi (10c)
Θij := EiEj cos(θi − θj) (10d)
Ωij := EiEj sin(θi − θj) (10e)

where pac−ij(θ,E) is the active power flow in the line from
bus i to bus j, Rij and Xij are the line parameters, and Θij and
Ωij are defined in (10d) and (10e), respectively. Finally, Ei,
θi and ωi are the ac-voltage amplitude, angle and frequency at
ac bus i. The active power supplied by the ith ac-DG (pac−i)
is given by (10b), where pac−Di corresponds to the active
power required by the load connected to bus i, respectively.
The active power contribution of the IC is reflected in (9b)
and (10b) by the inclusion of the variable si, which is 1 if the
IC is connected to bus i and 0 otherwise.

The reactive power flows in the ac-MG are as given by

qij(θ,E) =
XijE

2
i −XijΘij −RijΩij

R2
ij +X2

ij

(11a)

qi = qDi +
∑

j∈Nac

qij(θ,E) (11b)

where qij(θ,E) is the reactive power flow in the line from
bus i to bus j and the remaining variables were previously
explained. The reactive power supplied by the ith ac-DG (qi)

Fig. 4. Closed-loop system of the hybrid ac/dc-MG.

is given by (11b), where qDi corresponds to the reactive power
required by the load connected to bus i.

Finally, the low-pass-filters measurement typically utilized
in primary (droop) control loop are considered, with a cut-off
frequency of ωc

Ṗdc−i = −ωc(Pdc−i − pdc−i) (12a)

Ṗac−i = −ωc(Pac−i − pac−i) (12b)

Q̇i = −ωc(Qi − qi). (12c)

The closed-loop model consists of the proposed distributed
controllers (2), (3), (5), (6) and the microgrid model (9)-
(12). Note that higher-bandwidth dynamics, such as inner cur-
rent/voltage control loops, have been neglected in this model,
as they are not relevant on the time-scale of secondary control.
The obtained closed-loop model for the hybrid MG will be
used for a small-signal stability analysis in Section III-C, to
derive the stable limits for gains of proposed controllers and
verify their tuning.

III. EXPERIMENTAL RESULTS

A. Experimental Setup

In order to experimentally validate the proposed control
strategies, a 24kW hybrid ac/dc-MG laboratory prototype
has been implemented in the MG lab at the University of
Chile. The experimental rig is composed of five Triphase R©

power-electronic converters, which are utilized to emulate
DGs in the ac-MG (ac-DGs) and in the dc-MG (dc-DGs), as
well as the IC, and programmable ac-loads. The converters
are communicating via optical fibre links and the control
algorithms are implemented using control platforms based on
Real-time Linux. The MG experimental setup is shown in
Fig. 5. The topology utilized in this work is shown in Fig. 6
and its parameters are given in Table I and Table II, while the
parameters of the controllers are given in Table III.

The inner (voltage and current) control loops implemented
in each DG and IC were defined depending on the nature of the
converter (ac or dc). Specifically, the inner and PR controllers
suggested by Triphase R© were tuned considering a bandwidth
high enough to avoid coupling with the other control loops and
to manage the transient changes in the frequency. However,
since the main focus is the secondary control, the inner control
level is considered out of the scope of this work.
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Fig. 5. Experimental System based on five Triphase power converters with
nominal powers between 5kW to 30kW (each one). They are configured to
emulate the topology of Fig. 6.

TABLE I
EXPERIMENTAL AC/DC-MG, GENERAL PARAMETERS.

Description dc ac IC
# of DGs 6 3 1
Nominal Voltage (V) 150 110∗ -
Frequency (Hz) - 50 -
Nominal Power (kW/unit) 2.5 3.0 3.0
Switching frequency (kHz) 16
Communication rate (Hz) 100
∗ Phase-to-neutral RMS voltage

TABLE II
EXPERIMENTAL AC/DC-MG, PARAMETERS OF THE LINES.

Line Ω Line Ω Line Ω
R12 0.67 R34 0.50 Z12 0.10 + j0.79
R13 0.78 R35 0.94 Z13 0.10 + j0.79
R24 0.50 R46 0.47 Z23 0.10 + j0.79

TABLE III
PARAMETER OF THE CONTROLLERS.

Param. dc-DGs Param. ac-DGs
γi 12.0 (1/s) 1/σi 50.0 (s)
ci 50.0 (V/s) βi 12.0 (1/s)
Mdc−i -3E-3 (V/W) bi 500.0 (V/s)
ωc 12.566 (rad/s) Mac−i -2.1E-3 (rad/sW)
Param. IC Nac−i -1.8E-3 (V/VAr)
1/τi 50.0 (1/W) ωc 12.566 (rad/s)

The communication network of the hybrid ac/dc-MG is
shown in Fig. 6. The white numbered circles (i.e., “bus dc-
j” and “bus ac-i”) are showing the location where the DG
loads are connected. The adjacency matrix (A) describing the
communication network is given by (13a). In this matrix, ele-
ment aij = 1 if DGi is communicating with DGj ; otherwise,
aij = 0. Rows (and columns) 1 to 6 show the communication
links of the dc-MG, while rows (and columns) 7 to 9 show
the communication links of the ac-MG. Communication links
of the IC are shown in row (and column) 10. The matrix
A is composed of nine submatrices, as shown in (13b). For
example; submatrix [dc]6×6 depicts the communication links
within the dc-MG, while submatrices [dc-ac]6×3 and [dc-
ic]6×1 represent the communication links between dc-MG and
ac-MG, and between dc-MG and IC, respectively.

ac-DG1 ac-DG2 ac-DG3

dc-DG1

dc-DG2

dc-DG3

dc-DG4

dc-DG5

dc-DG6

Fig. 6. Studied topology of the hybrid ac/dc-MG, including the communica-
tion channels between the DGs.

If all other controller parameters are equal (most impor-
tantly, the time constants), then more communication between
DGs (i.e., a denser matrix A) leads to a faster response. In
our tests, we assume the communication links available in the
system are fixed, and the time responses of the secondary loops
were adjusted to a common value of 2-3 seconds by tuning
the gains σi, %i and ρi.

A =



0 1 1 0 0 0 0 0 0 0
1 0 1 1 0 0 1 0 0 1
1 1 0 1 1 1 0 0 0 0
0 1 1 0 1 1 0 1 0 1
0 0 1 1 0 0 0 0 0 0
0 0 1 1 0 0 0 0 1 1
0 1 0 0 0 0 0 1 0 1
0 0 0 1 0 0 1 0 1 1
0 0 0 0 0 1 0 1 0 0
0 1 0 1 0 1 1 1 0 0


(13a)

=

 [dc]6×6 [dc-ac]6×3 [dc-ic]6×1

[ac-dc]3×6 [ac]3×3 [ac-ic]3×1

[ic-dc]1×6 [ic-ac]1×3 [ic]1×1

 (13b)

The following approach was used for tuning the gains of
the controllers. Firstly, all the controllers were considered
active, and full-load conditions were assumed. Secondly, the
root locus method using the closed-loop model derived in
Section II-E was applied to the aforementioned operating con-
dition. The following parameters were sequentially tuned: (i)
the parameters related to the local voltages (βi, γi) considering
the other parameters are zero, (ii) the parameters associated
with the active power consensus (σi, ci, τi) considering (βi, γi)
as defined in (i), and (iii) the parameters corresponding to the
reactive power consensus (bi) considering parameters obtained
in (i) and (ii). Thirdly, several simulation scenarios were
carried out to fine-tune the gains, changing the operating
points to different loading conditions in order to analyze
the bidirectionality of the power in the IC, and the results
were satisfactory. If a more refined tuning of the controllers
is required, meta-heuristic optimization techniques can be
considered; however, this is out of the scope of this work.
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Fig. 7. Power in the hybrid ac/dc-MG for Test 1. (a) Total power (active and reactive). (b) Active power generated by ac-DGs (Pac−i, i = 1, 2, 3) and
dc-DGs (Pdc−j , j = 1, . . . , 6), in p.u. (c) Active power through the IC (PIC). (d) Reactive power generated by ac-DGs (Qi, i = 1, 2, 3), in p.u.

B. Experimental Tests

The experimental results obtained with the experimental rig
described above are now presented. For all tests, all the control
layers of the MG (i.e., inner, primary and secondary control
loops) are active.

1) Test 1 - Load Impact: In this test, load changes are
applied to both sides of the hybrid ac/dc-MG in order to
validate (i) the proposed DSC, (ii) power-sharing among all
DGs and (iii) bidirectional power flow through the IC. For this
test, the initial load of the 9 DGs is summarized in Table IV.
The total load of the hybrid ac/dc-MG is 15.3kW (9.6kW on
dc-side and 5.7kW on ac-side) and 1.9kVAr, i.e., 63.75% of
the nominal active power (24.0kW) and 21.1% of the nominal
reactive power (9.0kVAr). The results are shown in Fig. 7(a).

TABLE IV
EXPERIMENTAL AC/DC-MG, LOAD CONDITIONS OF TEST 1.

Load kW Load kW Load kV A
R1 2.05 R4 2.05 Z1 0.0 + j0.8
R2 0.00 R5 2.05 Z2 2.4 + j0.0
R3 1.37 R6 2.05 Z3 3.3 + j1.1

The power on the dc-side is 64.0% of the nominal power
of this side (15.0kW); meanwhile, the active power on the
ac-side corresponds to 63.3% of 9.0kW.

Because the secondary control loop is enabled, both ac-DGs
and dc-DGs share almost perfectly the per unit (p.u.) power
generated. The p.u. active powers of the nine DGs are shown
in Fig. 7(b). As it is well known, the sharing of active power
in the dc-side is compromised by the voltage regulation [see
(5b)]. However, for t < 30s, the power-sharing of each dc-DG
is still very good, with values between 0.646p.u. (dc-DG5) and
0.615p.u. (dc-DG2) and a total average (dc-side) of 0.628p.u.
On the ac-side, the sharing of active power is almost perfect
[see (2b)] with a value of about 0.624p.u. in each DG.

The power transferred through the IC is shown in Fig. 7(c).
For t < 30 the active power (in p.u.) on each side of the MG

is almost identical (64.0% dc and 63.3% ac). Therefore, the
power transferred by the IC is negligible [see Fig. 7(c)]. The
reactive power-sharing on the ac-side is shown in Fig. 7(d).
In this case, there is a compromise between voltage regulation
and reactive power-sharing [see (3b)]. The maximum reactive
power corresponds to that of ac-DG1 (for the whole test);
meanwhile, ac-DG2 and ac-DG3 have almost equal values of
normalized reactive power-sharing.

Secondary variables of the hybrid ac/dc-MG are shown in
Fig. 8. It is concluded that the three secondary variables, i.e.,
the dc-voltage [see Fig. 8(a)], the ac-voltage [see Fig. 8.(b)]
and the frequency [see Fig. 8.(c)] are maintained within the
tolerance bands shown in black dashed line (allowable range
for the voltages is Vnom±5% and for the frequency is fnom±
2%). For t < 30s the lowest dc output voltage corresponds to
dc-DG5 and the highest corresponds to dc-DG2 (no load is
connected to the output of dc-DG2).

At t = 30s a load change is applied on both the ac-side and
the dc-side. The load at node 2 on the dc-side is increased to
2.05kW, while the load at node 3 on the ac-side is decreased
to 1.8 + j0.0kVA. In this case, the p.u. load on the dc-side is
higher than that on the ac-side. This is reflected in the power
flow of the IC, as shown in Fig. 7(c). For 30s < t < 60s,
the active power transferred through the IC is P ∗IC = 1.5kW
(the reactive power-sharing does not change). At t = 60s, the
initial loading condition is resumed, i.e., P ∗IC ≈ 0kW.

At t = 90s, a new load change is applied on both ac and
dc sides. The load at node 5 (dc-side) is step-decreased to
0.00kW, while the load at node 1 (ac-side) is step-increased
to 1.7 + j0.8kVA. Now, the percentage of ac-load is higher
than that on the dc-side [see Fig. 7.(c)]. Therefore, for 90s <
t < 120s, P ∗IC = −1.5kW and the reactive power-sharing on
the ac-side does not change [see Fig. 7(d)].

It is important to notice that, for 90s < t < 120s, the
dc-DG5 [green line in Fig. 7(b)] is not participating in the
power-sharing. In this time period, the load R5 is disconnected
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Fig. 8. Variables of the secondary control on the hybrid ac/dc-MG for Test 1.
(a) Voltages on the dc-DGs (Vj , j = 1, . . . , 6). (b) Phase-to-neutral RMS
voltages on the ac-DGs (Vi, i = 1, 2, 3). (c) Frequency of the voltages on
the ac-DGs (fi, i = 1, 2, 3).

from node 5 on the dc-MG (see Fig. 6). Therefore, a high
voltage is obtained at the dc-DG5 output, when (5a)-(5b) are
applied. Hence, it is not possible for this DG to participate
in the power-sharing without surpassing the dc-voltage upper
limit [see Fig. 8(a)]. This problem can be solved using the
tertiary control system by, for instance, changing the value of
V ∗ for all or some of the dc-DGs [see (5a)-(5b)]. However,
tertiary control system is outside the scope of this work.

Finally, at t = 120s the loads are step-changed back to
the initial condition until the end of the test (t = 150s), i.e.,
P ∗IC ≈ 0kW, and all DGs participate in power-sharing.

2) Test 2 - Loss of Unit: In this test, the DGs on both sides
of the hybrid MG and the IC are disconnected and then re-
connected to test the plug-and-play capability of the proposed
strategy. For this test, the load condition is summarized in
Table V and it is not changed during the test. The total load
of the hybrid ac/dc-MG is 16.5kW (9.6kW on dc-side and
6.9kW on ac-side) and 1.9kVAr, which represents 68.8% of
the nominal active power (24.0kW) and 21.1% of the nominal
reactive power (9.0kVAr), as shown in Fig. 9(a). The power
on the dc-side corresponds to 64.0% of the nominal power of
this side (15.0kW), while the active power on the ac-side is
76.7% of the nominal power of this side (9.0kW).

At t = 0s, both ac-DGs and dc-DGs are perfectly sharing
the load power [see Fig. 9(b)]. Because the p.u. load on the
ac-side is larger than that on the dc-side, the power flow in the
IC is negative (P ∗IC ≈ −0.8kW), as shown in Fig. 9(c). The

TABLE V
EXPERIMENTAL AC/DC-MG, LOAD CONDITIONS OF TEST 2.

Load kW Load kW Load kV A
R1 2.05 R4 2.05 Z1 2.2 + j1.1
R2 0.00 R5 2.05 Z2 2.4 + j0.0
R3 1.37 R6 2.05 Z3 2.3 + j0.8

reactive power-sharing on the ac-side is shown in Fig. 9(d).
On the other hand, secondary variables of the hybrid ac/dc-
MG are shown in Fig. 10. The three secondary variables, i.e.,
dc-voltage [Fig. 10(a)], ac-voltage [Fig. 10(b)] and frequency
[Fig. 10(c)] are all maintained within the accepted limits.

At t = 20s, dc-DG5 fails and it is disconnected from
both the MG and the communication network, and its power
and voltage are reduced to zero (see green line in Fig. 9(b)
and Fig. 10(a), respectively) and the other dc-DGs and ac-
DGs maintain power-sharing and restoration of the secondary
variables, as shown in Fig. 9(b), Fig. 9(d) and Fig. 10. Due to
the absence of dc-DG5, the power transferred from the dc-side
to the ac-side is reduced, as shown in Fig. 9(c).

At t = 40s, ac-DG3 fails and it is disconnected from
both the MG and the communication network, and its power,
voltage and frequency are all reduced to zero (see red line
in Fig. 9(b) and yellow line in Fig. 10(b) and Fig. 10(c),
respectively) and the remaining dc-DGs and ac-DGs maintain
power-sharing and restoration of the secondary variables, as
shown in Fig. 9(b), Fig. 9(d) and Fig. 10. Now, the absence
of ac-DG3 produces an increase in the power transferred from
the dc-side to the ac-side, as shown in Fig. 9(c).

At t = 60s, the IC fails and it is disconnected from both
the MG and the communication network, and its power is
reduced to zero [see Fig. 9(c)]. This splits the hybrid MG
into two independent systems; therefore, the power-sharing is
now performed only among the units in the same sub-MG, as
shown in Fig. 9(b). Because the p.u. load on the ac-side is
higher than that on the dc-side, the p.u. powers generated by
the ac-DGs are larger than those generated by the dc-DGs. On
the other hand, the secondary variables are maintained whitin
the operational limits all the time (see Fig. 10).

Finally, the failed units are reconnected to resume normal
operation. The IC is reconnected at t = 80s, while dc-DG5

is reconnected at t = 100s and ac-DG3 at t = 120s. The
MG continues operating as expected after each re-connection,
maintaining both power-sharing and regulation of the sec-
ondary variables.

In summary, the experimental results demonstrate the ad-
vantages of the proposed method, which are:

• Active power consensus is achieved among the ac-DGs
and dc-DGs when a load impact is applied on either side
of the hybrid ac/dc-MG (see Fig. 7.b) and when a DG is
connected/disconnected (see Fig. 9.b).

• The secondary control variables, i.e., average dc- and
ac-voltages, and frequency, are restored to their nominal
values in steady-state under all the analyzed cases (see
Fig. 8 and Fig. 10).

• The IC participates actively in the proposed secondary
control strategy, transferring power from the dc-side to
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Fig. 9. Power on the hybrid ac/dc-MG for Test 2. (a) Total power (active and reactive). (b) Active power generated by ac-DGs (Pac−i, i = 1, 2, 3) and
dc-DGs (Pdc−j , j = 1, . . . , 6), in p.u. (c) Active power through the IC (PIC). (d) Reactive power generated by ac-DGs (Qi, i = 1, 2, 3), in p.u.

Fig. 10. Variables of the secondary control on the hybrid ac/dc-MG for
Test 2. (a) Voltages on the dc-DGs (Vj , j = 1, . . . , 6). (b) Phase-to-neutral
RMS voltages on the ac-DGs (Vi, i = 1, 2, 3). (c) Frequency of the voltages
on the ac-DGs (fi, i = 1, 2, 3).

the ac-side (or vice versa) according to the loading of
the sub-MGs.

• The DGs can be easily connected to or disconnected
from the MG as well as the distributed secondary control
system, demonstrating the plug-and-play capability of the
proposed strategy (see Test 2 results).

C. Small-Signal Stability Analysis

To assess small-signal stability of the system under the
proposed control strategy, eigenvalue analysis was performed
on the closed-loop system model presented in Section II-E.
Fig. 11 shows the eigenvalues obtained for the linearized
closed-loop system at the operating point determined by the
loading conditions in Table IV. The inset rectangle presents
the zoom-in view of the slowest dominant eigenvalues. The
arrows indicate the direction of movement of the eigenvalues
as various controller gains are increased, as indicated in the
legend. Note that, for reader’s clarity, short trajectories are
not shown since the effect of the parameters modified over
the eigenvalue in that case is negligible. The control objectives
analyzed are: (i) ac-voltage regulation [βi in (3b)]; (ii) reactive
power consensus [bi in (3b)]; (iii) active power consensus
[1/σi in (2b), ci in (5b) and 1/τi in (6)]; and (iv) dc-voltage
regulation [γi in (5b)].

From Fig. 11, it can be noted that the system is stable for
the nominal values of the gains shown in Table III. On the
other hand, the analysis of the eigenvalues trajectories permits
to obtain critical values of the gains and state limits for the
controller gains, in order to maintain the operation of the
control system in the stable region. Moreover, by analyzing
the participation factors [30], it is possible to conclude that
the slowest eigenvalue λ = −0.168 is strongly related to the
state variable PIC. The group of eigenvalues shown in the
rectangle are mostly related to the variable ϕi [see (5b)]; thus
the dc-voltages (Vdc) present a slow dynamic in comparison
to the secondary variables on the ac-MG (ω and Vac). Further
analysis can be realized by analyzing the participation factors.

A theoretical stability analysis is considered outside the
scope of this work; nevertheless, the linearized system analysis
performed in this section gives an adequate understanding of
the hybrid ac/dc-MG’s dynamic behaviour.



IEEE TRANSACTIONS ON POWER ELECTRONICS 10

-50

-40

-30

-20

-10

0

10

20

30

40

50

-60 -50 -40 -30 -20 -10 0
-60

60

-70
Real axis

Im
ag

in
ar

y 
ax

is

Eigenvalues

-15 -10 -5 0
-0.1

0

0.1

Fig. 11. Eigenvalues trajectory when increasing control system gains.

IV. SIMULATION RESULTS

In this Section, results of two simulation tests are presented.
The first one (Section IV-A) compares the performance of
the proposed strategy against those achieved by the control
strategies presented in [22] and [25]. The second simulation
test (Section IV-B) is utilized to analyze the performance of
the proposed strategy considering a hybrid ac/dc-MG with
multiple ICs. This could not be experimentally implemented in
the lab, because a single IC was available in the Triphase MG.

A. Comparison test

As mentioned before, the performance of the proposed
control strategy is compared to the performances obtained with
strategies proposed in [22] and [25]. Load impacts and plug-
and-play capabilities are studied using simulation work. For
further details about the parameters and the topology of the
simulated MG see Subsection III-A.

The results obtained using the control strategy presented
in [22] are depicted in the left column of Fig. 12, while the
results obtained with the strategy presented in [25] are shown
in the central column of Fig. 12. The results obtained with
the strategy proposed in this paper are illustrated in the right
column of Fig. 12.

For simulation purposes, using strategies proposed in [22]
and [25], each ac- and dc-DG is controlled using the strategies
presented in Section II-A and Section II-B, respectively. How-
ever, for [22] secondary control is not applied. Additionally,
for [22] and [25] the elements of the adjacency matrix given
in (13a) are all zero since neither [22] nor [25] consider power
consensus. On the other hand, the adjacency matrix used in
the proposed strategy is shown in (13a).

To check the effects produced by the connection and discon-
nection of the IC, we disconnect it from the MG in two periods
of time, 35s < t < 75s and 115s < t < 155s. Additionally,
there are three load power scenarios in this test:
• Pdc < Pac : 15s < t < 55s
• Pdc > Pac : 95s < t < 135s
• Pdc ≈ Pac : for the rest of the time

Firstly, when the IC is controlled using the strategy pre-
sented in [22], the power-sharing is not achieved between
DGs located on different sides of the hybrid ac/dc-MG, even
when the IC is connected [see Fig. 12(a)], and the secondary
variables are not restored [see Fig. 12(c) and (14)]. Therefore,
the power transferred through the IC [see Fig. 12(b)] is not
utilized to achieve sharing of the per unit power on both sides.

Secondly, when the IC is controlled using the strategy
proposed on [25], power-sharing is not achieved among
DGs located on different sides of the hybrid ac/dc-MG [see
Fig. 12(d)] although the secondary variables are restored to
their nominal values [see Fig. 12(f)]. Furthermore, after the
secondary variables are restored to their nominal values, the
power transferred through the IC [see Fig. 12(e)] is negligible
(the difference between the normalized values tends to be zero
due to the secondary controllers).

Finally, if the IC is controlled using the strategy proposed
in this work, it is capable of achieving good power-sharing
among the ac- and dc-DGs [see Fig. 12(g)] while the IC
is connected. If the IC is disconnected, the power-sharing is
achieved within each sub-MG, dividing the controller into two
independent sub-controllers. The IC and the proposed control
system make it possible to achieve power-sharing between
the ac-side and the dc-side, as shown in Fig. 12(h), while
the secondary variables are well regulated [see Fig. 12(i)].
Although the normalized average voltage on the dc-side (see
black dashed lines in the bottom row of Fig. 12) is not
equal to the nominal value, the voltages are maintained within
the operation limits due to the compromise between power
consensus and voltage regulation.

The normalized frequencies (fpu) and voltages (Vpu) shown
in the bottom row of Fig. 12 are calculated using:

fpu=
f − 1

2
(fmax + fmin)

1
2
(fmax − fmin)

, Vpu=
V − 1

2
(Vmax + Vmin)

1
2
(Vmax − Vmin)

. (14)

A summary of the comparison tests for strategies proposed
in [22], [25] and the proposed strategy (P. S.) is shown in
Table VI. By using [22], it is not possible to address the same
control tasks that can be addressed by the proposed strategy.
This is evident since [22] only equalizes the normalized dc-
voltage and frequency at two ports of the IC without any
secondary control strategy. Therefore, the IC only cares about
its local variables and the power-sharing solely depends on
the droop controls applied, which is a drawback when MGs
have a large number of buses. By using [25], the secondary
control is applied restoring the secondary variables. However,
the power consensus between ac- and dc-DGs is not achieved
since the IC only equalizes its local normalized variables. In
contrast, the proposed strategy restores secondary variables
while achieving power consensus between ac- and dc-DGs.
This power consensus is reached as long the IC is working,
i.e., as long as the path for transferring energy exists.

B. Operation with multiple ICs

In this subsection, the performance of the proposed control
methodology is evaluated when three ICs and six DGs, on
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Fig. 12. Simulation test results for the comparison of the proposed strategy against the ones reported in [22] and [25]. Top row: Active power in p.u. generated
by ac- and dc-DGs. Middle row: Active power transferred by the IC. Bottom row: Normalized dc-voltage (in red) and normalized frequency (in blue) on both
sides of the IC, the black dashed lines show the normalized average dc-voltage in the dc-MG.

TABLE VI
COMPARISON TEST SUMMARY.

[22] [25] P. S.
Power-consensus, IC working 7 7 3
Frequency restoration 7 3 3
dc-voltage restoration 7 3 3

each side of the hybrid ac/dc-MG, are considered. The studied
topology is shown in Fig. 13(a).

Two scenarios are analyzed. Firstly, the operation of the
proposed controller presented in Section II-C is evaluated
(central column in Fig. 13), i.e., power-consensus among ICs
is not considered in this test. Secondly, the proposed control
methodology presented in Section II-D (including power-
consensus among ICs), is simulated with the results being
shown in the right column of Fig. 13.

For t < 10s, the ICs are not connected to the hybrid
ac/dc-MG, i.e., the ac-side is not connected to the dc-side
and the power-sharing among DGs on both sides of the MG
is not active. Note that for t < 60s, the load power on the
ac-side is higher than the load power on the dc-side [see
Fig. 13(b)&(e)]. At t = 10s, IC1 is connected and active
power is transferred from the dc-side to ac-side initiating
power-consensus between the ac- and dc-DGs. In this case,
the control system performance is similar for both scenarios,
considering that a single IC is connected.

At t = 20s, IC2 is connected. The power-consensus among
ac- and dc-DGs is maintained but the power-consensus be-
tween IC1 and IC2 is not achieved in the first scenario, but it
is achieved in the second one (see Fig. 13(c)&(f). At t = 30s,
IC3 is activated and the same results in terms of power-sharing
among the ICs are obtained. The power-consensus among ICs
in the first scenario is not achieved because, when the IC is

connected, the power-consensus among DGs on both sides has
already been achieved. Therefore PIC

∗ is not modified for IC1

(see (6)).
Then, IC1, IC2 and IC3 are disconnected at t = 40s, t =

50s and t = 60s, respectively. In both scenarios the power-
consensus among DGs is maintained and the power-sharing
among ICs is also achieved. In the first scenario, the latter
is achieved because the parameters of the controllers are the
same for each IC; otherwise power-sharing among ICs is not
ensured. Finally, at t = 70s, a load impact is applied and the
load power on the dc-side is higher than the load power on
the ac-side. At t = 80s, all the ICs are connected at the same
time and both power-consensuses are achieved. Note that, in
both scenarios, the secondary variables are correctly regulated,
as shown in Fig. 13(d)&(g).

It is important to clarify that the proposed power consensus
strategy for the ICs [see (8)] does not produce a circulating
power between them. Therefore, it is not necessary to utilize
auxiliary ac control signals as it is discussed in [24]. The
methodology utilized to achieve power-consensus among the
ICs eliminate any possible mismatch in the power flow trans-
ferred through the ICs.

V. CONCLUSION

In this paper, a global distributed secondary control strat-
egy for hybrid ac/dc-MGs has been proposed. This strategy
considers the hybrid ac/dc-MG as a single entity, not three
independent ones interacting with each other. The strategy is
capable of restoring the variables modified by the primary
control loop to their nominal values, while maintaining an
accurate power-sharing among DGs on both sides of the mi-
crogrid. Additionally, when the hybrid ac/dc-MG has multiple
ICs, accurate power-sharing among them is also ensured.
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Fig. 13. Simulation test results considering multiple ICs in the hybrid ac/dc-MG. (a) Topology of the simulated MG. (b)&(e) Active power in p.u. generated
by the ac- and dc-DGs. (c)&(f) Active power in p.u. transferred through the ICs. (d)&(g) Secondary variables in per unit, ac-side frequency (green), ac-voltage
(red) and dc-voltage (blue).

The proposed strategy considers a reduced communication
layer, as each DG is communicating only with its neighbouring
DGs. Due to the fact that ICs also participate in the commu-
nication layer, the secondary control strategy can be adapted
to each side separately in case the ICs are not available.

An analytical model of the closed-loop system of a hybrid
ac/dc-microgrid with the proposed consensus-based secondary
control strategy was derived for analyzing small-signal stabil-
ity and tuning of the parameters of proposed controllers. The
model was derived with the hybrid ac/dc-microgrid as a single
entity, considering the interaction of the ac-DGs and dc-DGs
via the power transfer through the IC.

Several experimental tests were realized using an exper-
imental 24kW hybrid ac/dc-microgrid to demonstrate the
effectiveness of the proposed control strategy in cases of load
changes and connection/disconnection of DGs. Moreover, sev-
eral simulation tests were realized to validate the application of
the proposed controller when considering multiple ICs and to
compare the behaviour of the proposed controller against those
of the techniques reported in the literature. The performance
of the controller in all the cases was excellent.
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