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Abstract: Hierarchical schemes are widely used for the design of inverter-based AC microgrids control strategies. To ensure a

reliable operation, hierarchical control must consider together all the functionalities that allow the regulation of key variables and

guarantee a safe transition between operation modes. Conventionally, in the literature are proposed three-layer schemes which

present relevant drawbacks: they include limited functionalities and they use droop method for the primary layer which, despite

its decentralized nature, suffers from issues that have motivated the development of alternative strategies. Considering this, the

contribution of this paper is twofold. First, a droop-free hierarchical control strategy that satisfy a proper operation of AC microgrids

is proposed. Control objectives such as power-sharing, frequency regulation, optimal power dispatch, and voltage regulation

are considered. Second, a closed-loop small-signal model, which facilitates the control parameters design and fills a gap in the

literature is presented. Differences between the proposal and previous controls are discussed. Selected tests are carried out in a

laboratory microgrid under different conditions, including normal operation and the response to failures in the central controller and

to communication impairments. The experimental results show a good performance of the proposal even in adverse conditions.

1 Introduction

The design of control strategies for microgrids (MGs) is commonly
based on hierarchical approaches. These control structures are char-
acterized by dividing the variables and control objectives of a system
in layers, according to their expected dynamics [1–3]. For microgrids
operation, a three-layer scheme is widely used as follows: the pri-
mary layer (commonly using the droop method) regulates the local
frequencies on each distributed generator (DG) until a MG global
frequency is reached, achieving also an appropriate power-sharing
[4]. The deviations produced on variables as frequency and local
voltage magnitudes are restored by the secondary layer. Finally, with
the slowest time of response, the tertiary layer coordinates the power
dispatch based on economical and operational constraints [5–7].

Beyond these standard control objectives, within the framework
of hierarchical control other critical functionalities must be consid-
ered for the proper operation of MGs. This is the case of monitoring
and control of the point of common coupling (PCC), the node of
the MG where the connection to the main grid is made. This point
is critical for permanently guarantee a safe transition from islanded
mode to grid-connected mode (avoiding high power overshoots and
undesired current and voltage peaks). Although being able to execute
this transition between modes of operation is a fundamental feature
to improve the reliability of microgrids, many proposals fail in omit
this control objective in the hierarchical control.

It is possible to identify in the literature several hierarchical
control strategies proposed with the aim of fulfilling some of the
control objectives discussed above [8–34]. For instance, in [8–21]
multi-layer hierarchical control schemes are proposed guaranteeing
power sharing and frequency regulation. The strategies in [8–17]
focuses exclusively on the primary and secondary layers and its con-
trol objectives. On them, the primary layer is based on the droop
method and the secondary control layer is designed to restore the
deviations using centralized [8], distributed [9–15] and communica-
tionless techniques [16, 17]. In [18–21] a synchronization loop is

included in order to control the connection of the MG to the grid
by modifying the references of the secondary layer. However, these
proposals do not consider the optimal dispatch of the DGs, whose
inclusion may not be trivial.

Other proposals, as the presented in [22–29], are characterized by
including an optimal power dispatch in the hierarchical control struc-
ture. In these works, the result obtained is a reduction in the total
generation cost compared with similar control schemes. Although
they include different control objectives, none considers any type
of PCC voltage regulation mechanism. Only a few works consider
this functionality, usually focusing on the fulfillment of this control
objective and omitting others. This is the case of the work presented
in [30], in which a control for voltage quality enhancement on a
selected bus is presented. As discussed, it is not usual for hierarchical
control proposals to include all the necessary features to guarantee a
reliable operation of the microgrid.

Another important aspect about the references cited above (i.e.,
[8–30]), is that they all base the primary layer on the droop control.
In this control method, the virtual inertia guarantees a unique global
frequency of operation and a good power-sharing without requir-
ing communication among the DGs controllers. However, it is well
known that droop control suffers from relevant drawbacks such as a
strong dependence on the nature of the loads that produce important
frequency/voltage deviations, control loops coupling issues in the
presence of resistive-inductive grid impedances, and performance
impairments in non-linear loads scenarios [33].

The aforementioned issues have motivated the development of
alternative control strategies based on principles other than the stan-
dard droop control [31–34]. In [31] and [32], local controllers are
designed to track optimized set points. Moreover, in [33] and [34],
cooperative distributed control strategies have been proposed satis-
fying both primary and secondary control layers objectives. These
proposals offer good dynamic performance. However, they do not
consider the control of the voltage at PCC. Furthermore, the lack of
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a power dispatch mechanism impedes optimal management of the
operation and generation costs [7].

In Table 1 the characteristics of the discussed works are pre-
sented. Note that there are no hierarchical control strategies based
on principles different from those of standard droop control, capable
of simultaneously guaranteeing objectives for MGs operation such
as: active and reactive power sharing, frequency regulation, opti-
mal power dispatch and voltage regulation at the PCC. Motivated
by the aforementioned research gap, a droop-free hierarchical con-
trol strategy for inverter-based MGs with optimal power dispatch and
PCC voltage regulation is presented. The contribution of this paper
is twofold:

1. It presents and describes a hierarchical control strategy with
the characteristics previously exposed that exhibits good perfor-
mance in terms of control objectives accomplishment and dynamics
properties.
2. It provides a small-signal closed-loop system model that fills an
existing gap in the state-of-the-art of MG modeling. The model is
used for the control parameters design to guarantee MG stability.

To analyze and evaluate the performance of the proposed control,
multiple experimental tests are carried out in a laboratory micro-
grid under different conditions. The selected tests include: normal
operation and the response to failures in the central controller and to
communication impairments

The remainder of this paper is organized as follows. In Section 2,
the strategic methodology that will be followed in the paper is pre-
sented. In Section 3, the operation modes of the MG are character-
ized. In Section 4, the control objectives are formulated. In Section 5,
metrics for the performance evaluation are stated. In Section 6, the
proposed control strategy is presented. In Section 7, the system mod-
eling is described and in Section 8 the control parameters design is
discussed. Selected experimental results to validate the proposal are
presented and discussed in Section 9. Finally, conclusions are drawn
in Section 10.

2 Strategic methodology

In this Section, the strategic methodology that will be followed
to present the control proposal is described. This methodology is
inspired by the process of strategic planning, a method commonly
used to design strategies for multiple applications and work fields,
that seeks to guarantee the properly accomplishment of a series of
predefined objectives [35, 36]. The methodology includes three main
steps: formulation, design and evaluation. A general scheme of it is
shown in Fig. 1.

2.1 General description

Formulation: The strategic formulation starts with an operational
characterization of the application, in this case, the MGs operation
modes. The objective is to identify the differences that exist in each
mode, their particularities as well as the desired technical features,
in order to establish the control objectives and define performance
evaluation metrics. These aspects will be discussed and presented in
Sections 3, 4 and 5.

Table 1 Comparison of hierarchical control strategies

Ref.
Power
sharing

Frequency
regulation

Optimal
dispatch

PCC
regulation

Alternative
to droop

[8–17] X X ✗ ✗ ✗

[18–21] X X ✗ X ✗

[22, 23] X ✗ X ✗ ✗

[24–29] X X X ✗ ✗

[30] ✗ ✗ ✗ X ✗

[31–34] X X ✗ ✗ X

Proposed
control

X X X X X

Formulation Design Evaluation

• Operational

characterization

• Definition of

control objectives

• Definition of

performance metrics

• Design of local

control modules

• Design of central

control module

• Design of commu-

nication systems

• Design of test

cases

• Evaluation of

performance metrics

• Conclusions and

future improvements

Fig. 1: Strategic methodology scheme.

Design: The next step is to design the control strategy which
requires a detailed description of the local and central control mod-
ules, control equations, implementation aspects and the communica-
tion framework that support the strategy operation. Also, a complete
modeling should be provided to determine design guidelines for the
control parameters. These aspects are developed in Sections 6, 7 and
8.

Evaluation: The evaluation is the last step, which requires a
proper design of test cases in order to know if the components
and the whole strategy are working correctly. To achieve this, per-
formance metrics should be calculated being the basis to obtain
conclusions and visualize future improvements. This is addressed
in Sections 9 and 10.

3 Operational characterization

The first step to design control strategies for MGs, is to properly
characterize the operation modes (islanded and grid-connected) and
its technical features aiming to identify the most relevant aspects that
define the desired operation.

In islanded mode, MGs work disconnected from the main grid.
The absence of a dominant electrical reference represents a major
control challenge. On the one hand, as the frequency is not imposed
by a dominant system, it is necessary to ensure an adequate fre-
quency regulation using at least one element of the MG as reference
generator or designing a control strategy that does not operate based
on frequency deviations (i.e., contrary to the droop method case). On
the other hand, the possibility to operate isolated is a potential sce-
nario to supply the demanded local load consumption optimizing the
power dispatch according to economical variables.

An important aspect of the islanded mode, is that the intermittent
nature of the renewable energy sources represents a limitation and
a risk for the reliability of the power supply. For this reason, when-
ever possible, it is highly recommended to provide the MGs with
mechanisms that allow the connection to the main grid guaranteeing
a safety synchronization of the critical values at the PCC. Once the
MG is functioning in grid-connected mode, the presence of a dom-
inant electrical reference guarantees the frequency regulation while
the MG control can be used to execute auxiliary functions related to
power quality and voltage control.

The previous discussion allows to conclude about the key control
objectives that must be considered to design a control strategy ensur-
ing an adequate response to realistic operational scenarios. From a
general perspective, the proposed control strategy has as objective
(mission) controlling the operation of inverter-based AC microgrids
integrating different types of control modules, communication sys-
tems and functionalities to guarantee a simultaneously fulfillment of
goals related to the optimal operation and the safe transition between
operation modes. To achieve this, the following actions are going to
be considered:

• To ensure the frequency regulation (key to achieve an adequate
operation performance in isolated mode and to guarantee a good syn-
chronization with the main grid) the control strategy will be based on
a droop-free hierarchical structure. This type of control scheme does
not require frequency deviations to operate, allowing the MG to work
at nominal frequency in almost all the possible operation scenarios.

IET Research Journals, pp. 1–13

2 c© The Institution of Engineering and Technology 2019



• To ensure an optimal operation of the MG, the strategy must
be able to dispatch the active and reactive powers of the control-
lable DGs considering operational constraints and power availability.
Based on this, the active and reactive power sharing as well as the
optimal power dispatch will be considered as control objectives .
• To ensure a safe transition between operation modes, the strategy
must include a grid synchronization mechanism in order to adjust
the key electrical variables of the PCC.

The next step of strategy formulation consists of mathematically
describe the control objectives and determine the evaluation metrics
that are going to be used in the evaluation stage. This is presented in
the following sections.

4 Definition of the control objectives

The control objectives of the proposed control strategy can be
formulated for the set of N DGs as follows:

Control objective (a): Active and reactive power sharing control.
It can be expressed as

P1

PD
1

= ... =
Pi

PD
i

∀ i ∈ N (1)

Q1

QD
1

= ... =
Qi

QD
i

∀ i ∈ N (2)

where Pi and Qi are the active and reactive powers injected by the

ith DG, and PD
i and QD

i are their optimal dispatched references.
Control objective (b): Optimal power dispatch. It can be defined

as an optimization problem in which the objective function f(X) is
minimized over the set of control variables X , as follows

min{f(X)} subject to: h(X) = 0; g(X) ≤ 0 (3)

being h(X) and g(X) the operational and technical constraints. The

objective function f(X) is the generation cost function using PD
i

and QD
i as the decision variables.

Control objective (c): Voltage regulation at the PCC. It can be
formulated as

VPCC = V0 (4)

where VPCC is the voltage amplitude at the PCC and V0 is the
voltage reference.

5 Performance evaluation metrics

In this Section, performance evaluation metrics are presented which
are related to the control objectives previously stated. Its formu-
lation is intended for steady-state variables and for this reason its
calculation makes sense only when the variables are stabilized.

Control objective (a): According to (1) the error of the active

power sharing for the ith DG can be defined as

e
PS
i (%) =

∣∣∣∣∣∣
Pi

PD
i

−
1

N

N∑

j=1

Pj

PD
j

∣∣∣∣∣∣

1

N

N∑

j=1

Pj

PD
j

100. (5)

Similarly, according to (2) and replacing the active powers by reac-

tive powers in (5), the error of the reactive power sharing for the ith

DG (e
QS
i ) can be calculated.

Control objective (b): The accuracy of the dispatch implementa-

tion of the ith DG is evaluated considering the active power dispatch

error ePD
i as

e
PD
i (%) =

∣∣∣Pi − PD
i

∣∣∣
PD
i

100. (6)

Similarly, replacing the active powers by reactive powers in (6),

the reactive power dispatch error for the ith DG (e
QD
i ) can be

calculated.
Control objective (c): According to the control objective stated

in (4), the voltage error can be defined as

e
V (%) =

|VPCC − V0|

V0
100. (7)

These metrics will serve to evaluate the performance of the
proposed control strategy.

6 Proposed control strategy

The general scheme of the proposed control strategy is presented
in Fig. 2. The strategy is composed of two types of control mod-
ules: one locally implemented on each DG and another one centrally
implemented on a microgrid central controller (MGCC). The control
equations and detailed explanations about the required communi-
cation system are presented in the next subsections. This control
structure constitutes the first contribution of this paper. Although
some parts of the control modules have been introduced in previ-
ous studies, the complete control scheme presented below is new,
adequately meets the control objectives described in Section 4, and
is relevant for readers interested in control of MGs.

6.1 Local control module

The control implemented on each DG calculates their terms based
on local measures and received data from both the central control
module and the set Ni of neighbor DGs connected to it through the
communication system. It includes a reference generator, an active
power regulator and a reactive power regulator.

6.1.1 Reference generator: It builds locally the voltage set-
point v∗i which is used in the internal voltage and current control
loops, and in the space-vector pulse width modulator (SVPWM). To
ensure the system controllability, a virtual impedance is included in
such a way that the output equivalent impedance seen by the DG is
dominantly inductive [37, 38]. The voltage set-point is generated as
follows

v
∗
i = Vi sin(ϕi)− Zvii (8)

where Vi is the voltage amplitude, ϕi is the phase, Zv is the virtual
impedance and ii is the output current of the converter.

The amplitude Vi is calculated by adjusting the voltage reference
V0, which is provided by the MGCC, using two correction terms, as
follows

Vi = V0 + δV
Q
i + δVPCC . (9)

The first correction term δV
Q
i is provided by the reactive power reg-

ulator and the second correction term δVPCC is sent by the voltage
control of the MGCC.

In addition, the phase is defined as

ϕi = ωit+ φi + φ0 (10)

being ωi the local frequency, φi the phase provided by the active
power regulator, and φ0 the phase-locked loop (PLL) phase provided
by the MGCC.

6.1.2 Active and reactive power regulators: The active and
reactive power regulators are associated with the control objective
(a). These regulators use the powers that come from the neighboring
DGs (Pj ∀ j ∈ Ni for the active power regulator and Qj ∀ j ∈ Ni
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for the reactive power regulator). They are sent over the cooperative
communication system (CoCS) in a transmission period TC . It is

also used their respective dispatched references (PD
j for the active

power regulator and QD
j for the reactive power regulator), provided

by the optimal dispatch of the MGCC and sent over the central com-
munication system (CeCS) in a transmission period TD . The active
power regulator calculates the phase φi as follows

φi = kPi

∫ ∑
j∈Ni

aij

(
Pj

PD
j

−
Pi

PD
i

)
dt (11)

where kPi
is a control parameter.

Similarly, for the reactive power regulator, the correction term

δV
Q
i can be calculated as follows,

δV
Q
i = kQi

∫ ∑
j∈Ni

aij

(
Qj

QD
j

−
Qi

QD
i

)
dt (12)

where kQi
is a control parameter.

Two different transmission periods are associated with these
power regulators (i.e., TC and TD). This is due to the expected
dynamics of the corresponding variables. For instance, local pow-
ers need to be updated faster than power references. More details
about communications are given in Section 6.3.

6.2 Central control module

The central control module is implemented in the MGCC. It sends
information to the local control modules using the CeCS. In this
module, the optimal dispatch, voltage control and synchronization
controller are implemented.

6.2.1 Optimal dispatch: It is associated with the control objec-
tive (b). It coordinates the power dispatched by setting the references

PD
i and QD

i for each DG, minimizing the generation costs and
guaranteeing the power supply.

The power dispatch for a M -nodes MG with N DGs can be
determined by solving an AC optimal power flow (OPF) problem
[5, 39]. For each time period TD , it can be modeled as the non-linear
optimization problem defined by

min
PD

i ,QD
i ,∀i∈N





∑

i∈N

fi(P
D
i )




 (13)

subject to

IMG = YBUSVMG (14)

SMG = 3 VMG ◦ I
∗
MG (15)

VPCC = V0 (16)

P
D
i ≤ P

max
i ∀ i ∈ N (17)

S
D
i ≤ S

max
i ∀ i ∈ N. (18)

In the above formulation, the decision variables correspond to

PD
i and QD

i , while fi(·) represents the generation cost function

of the ith DG. The constraint in (14) models the current balance

where IMG = [I1, ..., IM ]T and VMG = [V 1, ..., V M ]T are vec-
tors of the injected currents and nodal voltages, respectively, and

YBUS = [Y
BUS
ij ] ∈ CM×M is the admittance matrix of the grid.

For modeling purposes, it is desirable to obtain a lower dimensional
equivalent of the grid, as it will be discussed later. Then, the current-
balance vector must be appropriately labeled in such a way that the
first N nodes are those in which the DGs are connected.

Constraint (15) models the powers injection, being SMG =
[S1, ..., SM ]T the vector of the nodal apparent power injected and
◦ the Hadamard matrix product operator (i.e, the element-wise mul-
tiplication). A linearization procedure can be applied over (15) to
obtain a convexified expression with the aim of guarantee the con-
vergence of the optimization problem and reduce the computational
time required to solve the optimal dispatch (especially in large scale
systems) [40].

Finally, constraint (16) guarantees the compliance of the control
objective (c), while constraints (17) and (18) limit the maximum
operating values of the powers.

The definition of the problem stated in (13)-(18) requires know-
ing in advance information about the DGs operation as well as a
forecasting estimation of the load consumption. The critical input
data is the following:

• Forecasted load schedule: accuracy in power dispatch is closely
related to load demand. To this end, the programmed load scheduling

Communication network

Central communication system (CeCS) link

Cooperative communication system (CoCS) link

Central control at MGCC

Optimized dispatch

Voltage control

Local control for ith DG converter

Active power regulator

Reactive power regulator

Reference generator

Inverter LCL Filter

Internal loops

and SVPWM

Signal

Measurement
Programmed load schedule

Operational constraints

Cost function parameters

min
PD

i ,QD
i

∑

i∈N

fi(P
D
i )

kV

∫
(V0 − VPCC) dt

kPi

∫ ∑
j∈Ni

aij

(
Pj

PD
j

−
Pi

PD
i

)
dt

kQi

∫ ∑
j∈Ni

aij

(
Qj

QD
j

−
Qi

QD
i

)
dt

v∗i = Vi sin(ϕi)− Zvii

ϕi = ωit+ φi + φ0

Vi = V0 + δV
Q
i + δVPCC

φi

δV
Q
i

ωi

v∗i

[Pi, Qi](TC)

[Pi, Qi](TC)

[Pj , Qj ](TC)[φ0, V0, δVPCC ](TV )

[PD
i , QD

i ](TD)

[PD
i , QD

i ](TD)

[φ0, V0, δVPCC ](TV )

VPCC

Vgrid
Amplitude estimator

PLL

Synchronization controller

Fig. 2: General scheme of the proposed control.
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Microgrid

MGCC

Grid

Amplitude estimator [42]

PLL [19]

VPCC Vgrid

[φ0, V0]
Synchronization controller

Fig. 3: Scheme of the grid synchronization controller.

can be based on historical consumption profiles or other statistical
methods.
• Operational constraints: these are based on technical characteris-
tics of the DGs. The aim is to avoid dispatching power values that
may overstress the DGs.
• Cost function parameters: these are calculated according to the
selected cost function model. A common assumption is to approxi-
mate the generation cost as a quadratic function of the output active
power

fi(P
D
i ) = γi(P

D
i )2 + βiP

D
i + αi ∀ i ∈ N. (19)

Normally, the coefficients γi, βi and αi are determined according to
technical data of the DGs or experimentally testing the MG [41]. The
estimation of these coefficients is beyond the scope of this study.

6.2.2 Voltage control: The voltage control is associated with
the control objective (c). To this end, the voltage at the PCC is
directly sensed by the MGCC. The term δVPCC is calculated as
follows

δVPCC = kV

∫
(V0 − VPCC) dt (20)

where kV is a control parameter. This term is transmitted to the local
modules using the CeCS with a period of TV .

6.2.3 Grid synchronization controller: In order to allow a
smooth transition from islanded mode to grid-connected mode, the
MGCC is equipped with a synchronization controller, as it is shown
in Fig. 3. It senses the voltages at both sides of the main switch
(i.e. VPCC and Vgrid) in order to ensure that, just before the
connection, amplitude and phase of these voltages coincide. An
amplitude estimator based on second order generalized integrators
[42] is employed to obtain V0. This amplitude is used in the MGCC
for the centralized PCC voltage control and is also sent (using the
CeCS with a period of TV ) to all DGs to compute their local volt-
age references. A centralized phase-locked loop (PLL), based on the
synchronous reference frame cross product [19], is used to calculate
the phase shift φ0 necessary to synchronize both sides of the switch.
This phase shift is also sent using the CeCs with a period of TV to
all DGs and used locally to compute local references.

6.3 Communication framework

The communication network supports the data exchange between
DGs for control and monitoring purposes. The proposed control acts
over a dual communication system which uses a central (one-to-all)
and a cooperative (one-to-neighbors) scheme. Each communication
system has its transmission time period (i.e, TV and TD for the
central system and TC for the cooperative system).

6.3.1 Central communication system (CeCS): In this com-
munication system, the MGCC is considered as the central unit of
a one-to-all scheme, as it is shown in Fig. 4(a). The central control
module terms are transmitted in two different time periods, being
TD >> TV . The main reason for implementing two transmission

MGCC

DGi

DG3DG2

DG1

DGN

One-to-all scheme

(a)

One-to-neighbors scheme

(b)

Fig. 4: Communication system schemes: (a) Central communication
system (CeCS), (b) Cooperative communication system (CoCS).

periods is the difference in the dynamics of the variables. Partic-
ularly, the dispatch terms are updated in real-time but at a lower
transmission frequency than the voltage control correction term.

6.3.2 Cooperative communication system (CoCS): In this
communication system, the DGs are connected in a sparse network
(one-to-neighbors scheme) which does not require a central con-
troller, as it is shown in Fig. 4(b). The CoCS can be described using
a graph defined as G = (N, E ,A), where N = {1, ..., N} is the
set of nodes with DG units, and E ⊆ N ×N is the set of edges
that represents the communication links. The elements aij form the

adjacency matrix A ∈ RN×N such that aij = aji = 1 if there is
a communication link (edge) between the unit i and the unit j, and
aij = aji = 0 otherwise. Also, the degree matrix is expressed as
D = diag{di}, where di =

∑
j∈Ni

aij , and the Laplacian matrix

is defined as L = D−A. This matrix will be used for the modeling
and stability analysis of the control strategy. It is assumed a bidi-
rected communication graph G where at least it exists a direct path
through the communication links between any distinct pair of units.

7 System modeling

In this section, the system modeling is presented. The proposed
closed-loop small-signal approach constitutes the second contribu-
tion of this paper. This modeling is used in the next Section to set
the control parameters and guarantee the system stability.

7.1 Microgrid plant modeling

As a starting point, the microgrid plant modeling is derived. For this
purpose, the admittance matrix of the grid YBUS can be rewritten

using Kron’s reduction as YK
BUS = [Y ij ] ∈ CN×N [43–45]. The

use of this technique allows to reduce the size of the matrix, com-
pacting the information of the entire MG in the N nodes in which
DGs are connected. The equivalent reduced current balance can be
formulated as

I = Y
K
BUSV (21)

where I = [I1, ..., IN ]T and V = [V 1, ..., V N ]T . Using power
flow analysis, the active and reactive powers delivered by each
source can be derived as

Pi = 3Vi

N∑

j=1

VjYij cos(δi − δj − θij) (22)

Qi = 3Vi

N∑

j=1

VjYij sin(δi − δj − θij) (23)

where Vi and δi are the magnitude and angle of the phasor V i, and
Yij and θij are the magnitude and angle of Y ij . From (22) and (23),
a small-signal representation is obtained as follows
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Pi
∼= P

q
i + P̂i = P

q
i +

N∑

j=1

∂Pi

∂Vj
V̂j +

N∑

j=1

∂Pi

∂δj
δ̂j (24)

Qi
∼= Q

q
i + Q̂i = Q

q
i +

N∑

j=1

∂Qi

∂Vj
V̂j +

N∑

j=1

∂Qi

∂δj
δ̂j (25)

where P
q
i and Q

q
i are the quiescent components, and P̂i and Q̂i

are the small-signal perturbations of the active and reactive powers,
respectively. In order to analyze the small-signal behaviour, a matrix
arrangement can be obtained as follows

P̂ = G
P
VV̂ +G

P
δ δ̂ (26)

Q̂ = G
Q
V
V̂ +G

Q
δ
δ̂ (27)

being P̂ = [P̂1, ..., P̂N ]T , Q̂ = [Q̂1, ..., Q̂N ]T , V̂ = [V̂1, ..., V̂N ]T

and δ̂ = [δ̂1, ..., δ̂N ]T column vectors of the small-signal portions
of active powers, reactive powers, voltage magnitudes and phases,

respectively, and GP
V = [ ∂Pi

∂Vj
], GP

δ = [∂Pi

∂δj
], G

Q
V

= [∂Qi

∂Vj
] and

G
Q
δ

= [∂Qi

∂δj
] are matrices in RN×N .

Considering that the virtual impedance is included in the inter-
nal control loops, a predominantly inductive output equivalent

impedance is obtained and thus it is possible to assume that GP
V
∼= 0

and G
Q
δ
∼= 0 in (26) and (27), obtaining a more compact MG plant

modeling [33, 45]

P̂ = G
P
δ δ̂ (28)

Q̂ = G
Q
V
V̂. (29)

7.2 Control modeling

Next, the modeling of the control strategy is presented. Active and
reactive power regulators and voltage control are described in the
next subsections.

7.2.1 Active and reactive power regulators: The equation of
the active power regulator (11), can be expressed for each DG in a
frequency-domain small-signal representation as

φ̂i =
kPi

s

∑

j∈Ni

aij

(
P̂j

PD
j

−
P̂i

PD
i

)
. (30)

Considering the definition of the Laplacian matrix L, the N
active power regulator equations (30) can be arranged in a matrix
representation as

φ̂ = −
kp

s
L(PD)−1

P̂ = H
φ
P
P̂ (31)

where kp = diag{kPi
} and PD = diag{PD

i } are diagonal matri-

ces, and φ̂ = [φ̂1, ..., φ̂N ]T is a column vector of the small-signal
phases.

Similarly, the reactive power regulator (12) can be expressed for
each DG in a frequency-domain small-signal representation as

δ̂V
Q

i =
kQi

s

∑

j∈Ni

aij

(
Q̂j

QD
j

−
Q̂i

QD
i

)
(32)

which can be arranged in a matrix representation as

∆̂Q = −
kQ

s
L(QD)−1

Q̂ = H
∆
Q Q̂ (33)

where kQ = diag{kQi
} and QD = diag{QD

i } are diagonal matri-

ces, and ∆̂Q = [δ̂V
Q

1 , ..., δ̂V
Q

N ]T is a column vector of the small-
signal voltage correction terms.

Expressions (31) and (33) allow to relate the active and reactive
powers injected by each DG with the power regulation terms. In each

expressions, a transfer function term is proposed (i.e, H
φ
P

and H∆
Q ,

respectively) in order to compact the notation.

7.2.2 Voltage control: The steps for the derivation of the volt-
age control transfer function are explained below. As a starting
point, the voltage equation in (9) is expressed equivalently in a
frequency-domain small-signal representation as

V̂ = ∆̂Q + ∆̂PCC. (34)

The first term, ∆̂Q, was previously obtained in (33), while the sec-
ond term corresponds to the matrix that arrange the PCC voltage
control term that is applied in each local control.

Note that, unlike other variables, the PCC voltage control is
implemented over a single node of the MG. It is expected that the
PCC is located at one node in which no DGs are connected, there-
fore, a node that is not included in the reduced admittance matrix
YK

BUS. For this reason, it is required to find an expression that
relates the vector of voltages V with the voltage at the PCC. The
MG current balance in (14) can be expressed as

IMG =

[
I

ING

]
=

[
A B
C D

] [
V

VNG

]
= YBUSVMG (35)

where ING = [IN+1, ..., IM ]T and VNG = [V N+1, ..., V M ]T

are the current and voltage vectors at the nodes in which there are
no DGs connected. For this reason, its corresponding injected cur-
rents are equal to zero, which is the principle of Kron’s reduction
[43, 44]. Thus,

[
I
0

]
=

[
A B
C D

] [
V

VNG

]
(36)

which allows to obtain

VNG = −D−1
CV. (37)

Then, a selector row vector with all the elements equal to 0 except
a 1 located at the position corresponding to the PCC node accord-
ing to the labeling, R = [0, ..., 1, ..., 0] of size 1× (M −N) can
be included to obtain the voltage VPCC as a function of V

VPCC = −RD
−1

CV = H
∆
VV (38)

which can be expressed as the transfer function H∆
V .

Once obtained the expression of VPCC in (38), a small-signal
representation can be derived as

VPCC
∼= VPCC

q +

N∑

j=1

∂VPCC

∂Vj
V̂j +

N∑

j=1

∂VPCC

∂δj
δ̂j (39)

and a small-signal matrix arrangement can be obtained as

V̂PCC = G
PCC
V V̂ + G

PCC
δ δ̂ (40)

where GPCC
V = [∂VPCC

∂Vj
] and GPCC

δ = [∂VPCC

∂δj
] are vectors in

R1×N .
The next step is to obtain a frequency-domain small-signal rep-

resentation of the voltage control in (20). It can be expressed
as
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δ̂V PCC = −
kV
s

V̂PCC . (41)

Notice that (41) corresponds to the PCC voltage control term that
is calculated at the MGCC and send to each local controller. For
this reason, to adequately add it on the matrix representation, it is
necessary to reply the term using Hones a column vector of N × 1
with all the elements equal to 1. Thus, it is obtained

∆̂PCC = −
kV

s
HonesV̂PCC. (42)

where kV = diag{kV }.
Finally, inserting (40) in (42) it is possible to obtain

∆̂PCC = H
PCC
V V̂ + H

PCC
δ δ̂ (43)

which properly relates the small-signal variables (including the sec-

ond term in the right side of equation (34), ∆̂PCC ). Therefore, an
useful transfer function representation for closed-loop small-signal
modeling has been derived in (43), as it can be seen in next Section.

7.3 Closed-loop small-signal models

The modeling equations previously presented are the base for the
closed-loop small-signal modeling formulation. Note that previous
approaches based on droop-free schemes fail at providing such
closed-loop models [33, 34].

On the one hand, regarding the voltage-reactive power loop, using
the plant modeling in (29), the control equation (33), and inserting
(43) in (34), it is possible to obtain the closed-loop scheme shown
in Fig. 5. On the other hand, regarding the frequency-active power
loop, notice that a small-signal equation is missing to relate the plant
modeling (28) and the control equation (31). To derive an expression
of the small-signal perturbation of the frequency, consider the gener-
ation of the voltage set-point in (8), where each v∗i is locally built. If
all the local voltages are referred to a common framework ω0 (i.e.,
the nominal frequency), the set-points can be reformulated as

v
∗
i = Vi sin(ω0t+ δi)− Zvii (44)

with δi = (ωi − ω0)t+ φi + φ0. This means that the phase of the
voltage phasor δi is transiently affected by the variation of the local
frequency with respect to the nominal frequency. These variations
on the local frequencies are necessary to give the correct dynamics
to the operation of the DGs and, therefore, to achieve the desired
steady-state values in accordance with the control objectives. By
expressing δi in small-signal

δ̂i = ω̂it+ φ̂i (45)

a matrix representation can be obtained as

δ̂ = ω̂t+ φ̂. (46)

where ω̂ = [ω̂1, ..., ω̂N ]T . With this expression, the small-signal
model of the frequency-active power loop is closed and can be
represented as it is shown in Fig. 6.

It is worth mentioning that a connection between variables δ̂i and

φ̂i is not previously presented in droop-free control schemes [33, 34]
and, therefore, the model shown in Fig. 6 is a contribution of this
paper. This model is essential to design the control parameters, as it
is shown below.

8 Control parameters design

As starting point, the closed-loop small-signal modeling derived in
the previous Section is used to determine the location of the sys-
tem poles. The parameters can be grouped according to the two
closed-loop models: the set kPi

is associated with the frequency-
active power loop while the set kQi

and kV with the voltage-reactive

δ̂ V̂ Q̂

∆̂Q

+

+
G

Q
V

eq.(29)

H∆
Q

eq.(33)

HPCC
δ

eq.(43)

HPCC
V

eq.(43)

Fig. 5: Diagram of the voltage-reactive power small-signal model.

ω̂
1
s

GP
δ

H
φ
P

P̂+

+

δ̂

φ̂

eq.(28)

eq.(31)

eq.(46)

Fig. 6: Diagram of the frequency-active power small-signal model.

Z1 Z2 Z3 Z4

Load (PL, QL)

Z12 Z23

DG1 DG2 DG3 DG4 Physical layer

Cyber layer

Ethernet communication Network

MGCC

Z34

V1 V2 V3 V4

VPCC

L1 L2

S1 S2

SPCC
Grid

Fig. 7: Diagram of the laboratory microgrid setup.

power loop. For the sake of simplicity, all the elements of kPi
and

kQi
are selected as the single values kP and kQ, leading to a homo-

geneous network and simplifying the analysis in a possible changing
environment.

To guarantee the stability of the system in all operating scenarios
it is recommended to design the values of the control parameters for
a nominal case scenario (assuming that each DG delivers their nom-
inal power) and then analyze the boundary scenarios (for instance,
when the DGs deliver their maximum capacity) using advanced sta-
bility methods such as Lyapunov stability criteria [46]. To calculate
the quiescent values and the dispatch references, it is necessary to
solve the MG power flow. Also, the Laplacian matrix L should be
determined as discussed in previous sections. Once these values are
defined, the impact on the poles of the closed-loop model produced
by the control parameters can be analyzed as indicated below.

The laboratory microgrid used for the experimental test follows
the schematic topology shown in Fig. 7 (more details about its
technical characteristics are given in the next Section). For the
closed-loop plots, the parameters listed in Table 2 and 3 were
considered.

The design of kP focuses on selecting an appropriate value in
order to ensure stability while the dominant pole should be located
to avoid undesired oscillations. Fig. 8(a) shows the dominant closed-
loop poles for 0.01 ≤ kP ≤ 0.5. Notice that the increase in the
value of kP moves the dominant single pole (in red) over the x-
axis to the left. For values close to kP = 0.5, the closest pair of
conjugated poles (in green) interact with the real single pole. A value
of kP = 0.1 rad/s was chosen for the experimental tests to avoid this
undesired interaction.

Since kQ and kV are associated with the voltage-reactive power
loop, it is possible to set one parameter to analyze the closed-loop
poles with respect to the other. Fig. 8(b) presents the dominant
closed-loop poles for kQ = 1 V/s and 0.01≤ kV ≤ 0.5. The increase
in the value of kV moves the dominant poles to the right. There-
fore, to avoid risking the relative stability of the system, a value of

kV = 0.3 s−1 was chosen. Finally, the stability was proved for the
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Fig. 8: Dominant closed-loop poles plot for: (a) 0.01 ≤ kP ≤ 0.5
and (b) 0.01 ≤ kV ≤ 0.5 with kQ = 1.

selected control parameters using Lyapunov criteria (lineal matrix
inequality based analysis [47]). For this, boundary scenarios were
evaluated concluding that these parameters fulfill the Lyapunov con-
ditions and thus, guarantee the stability for all expected operating
scenarios as well as the changes that these can produce over the
plant.

Table 2 Control parameters

Parameter Symbol Quantity

Nominal frequency ωN 120π rad/s
Nominal voltage VN 110 V rms

Virtual impedance Zv 3.77 Ω
Active power control parameter kP 0.1 rad/s

Reactive power control parameter kQ 1 V/s

Voltage control parameter kV 0.3 s−1

Local transmission period TC 0.05 s
Voltage transmission period TV 0.1 s

Dispatch transmission period TD 5 s

Table 3 Parameters of the experimental microgrid setup

Parameter Symbol Quantity

Microgrid nominal power S 5 kVA
Line impedance 1 Z1 0.50+0.376j Ω
Line impedance 2 Z2 0.50+0.376j Ω
Line impedance 3 Z3 1.13+0.226j Ω
Line impedance 4 Z4 1.13+0.226j Ω
Line impedance 12 Z12 0.754j Ω
Line impedance 23 Z23 0.376j Ω
Line impedance 34 Z34 0.376j Ω

Main load Load (PL, QL) Programmable

Table 4 Loads for the experimental test

OP OP1 OP2 OP3 OP4

PL 1100 W 1500 W 1100 W 1500 W
QL 0 VAr 0 VAr 200 VAr 400 VAr

Dispatch scenario I I II II
Time interval 0 ≤t<20 s 20 ≤t<40 s 40 ≤t<60 s 60 ≤t< 100 s

Table 5 Cost function parameters selected for the experimental test

Parameter Quantity Parameter Quantity Parameter Quantity

γ1, γ2 0.150 W−2 β1, β2 0.100 W−1 α1, α2 0

γ3 0.075 W−2 β3 0.050 W−1 α3 0

DG1

DG1

DG2

DG2

DG3 DG3DG4

(a) (b)

Fig. 9: Cooperative communication system (CoCS) implemented
for: (a) Test 1 and 2, (b) Test 3.

9 Experimental results

This Section presents selected experimental results that validate the
features of the proposed control. First, the laboratory microgrid setup
is described. Next, the design of the test case is discussed. Finally,
the experimental results are presented analyzing the evaluation of the
performance metrics.

9.1 Laboratory microgrid setup

A three-phase microgrid was implemented to carry out the experi-
mental tests. The laboratory setup was built following the topology
shown in Fig. 7. The MG is composed of four generation nodes
DGi, a voltage power source that emulates the main grid, a pro-
grammable load, two local load Li connected through the switches
Si and distribution lines emulated using resistors and inductors with
the values listed in Table 3. Each generation node consists of a
three-phase IGBT full-bridge power inverter fed by an AMREL DC
source, a damped LCL output filter and a control platform imple-
mented on a Texas Instruments DSP. The cyber layer is composed
of a dedicated Ethernet network running over a User Datagram
Protocol/Internet Protocol (UDP/IP) configured according to the
characteristics discussed in Section 6.3. More detailed information
about sensing and communication stages of this laboratory microgrid
can be found in [48].

The optimal dispatch is obtained using a real-time approach. The
updated load schedule and the data discussed in Section 6 is gathered
by the MGCC, where the optimization algorithm implemented in
AMPL and solved with IPOPT is executed [49, 50]. In all the tests,
a workstation with an Intel i7-4749 processor and 16 GB RAM was
used.

9.2 Design of test cases

In this subsection, the discussion related to the design of the exper-
imental test cases is presented. The design of the experiments must
be done specially considering the control objectives defined in
Section 4, since the evaluation performance metrics (Section 5) were
formulated based on them. Thus, the test cases must include at least:

• An experimental test in which the main load is programmed in
different operating points (i.e., different values of active and reactive
power consumption) in order to evaluate the dispatch performance
and the power sharing capability of the control strategy.
• An experimental test in which the variations of the MG load affect
the voltage profile and the PCC is regulated by the voltage controller.
• An experimental test in which the grid synchronization controller
operates in order to connect the MG to the main grid without relevant
high power overshoots and undesired current and voltage peaks.

Furthermore, to complement the performance evaluation of the
control strategy under realistic and adverse scenarios, the following
aspects are going to be included:

• An experimental test in which the performance of the con-
trol strategy is evaluated in the presence of renewable generation
(intermittent power sources).
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• An experimental test in which the transmission periods are mag-
nified, to evaluate the impact of the data transmission/reception
features over the strategy performance.
• An experimental test in which the control strategy operates under
adverse communications features, such as data reception delays.
• An experimental test in which the MGCC fails during a time
interval.

It is worth noting that the characteristic of the control objectives
addressed in the proposal allows to analyze the strategy perfor-
mance in a segregate way, i.e., emulating contingencies separately
according to the variables and time of responses. The design of
experimental test cases with simultaneous events does not pro-
vide new or relevant information to the evaluation stage and for
this reason, the test cases are designed considering single event
scenarios.

Based on the aspects presented above, three experimental test
cases were considered:

• Test case 1: In this test a general performance evaluation test is
considered. Different power operating points are tested by varying
the programmable main load. Also, a grid connection is executed.
• Test case 2: In this test, one of the DGs is operated as intermittent
source while a MGCC failure is induced.
• Test case 3: In this test, the transmission periods of the com-
munication systems are magnified while data reception delays are
induced.

As discussed in Section 1, it was not possible to find in the special-
ized literature similar control strategies (based on principles different
from those of standard droop control) capable of simultaneously
guaranteeing the control objectives covered in this proposal (see
Table 1). For this reason, no other strategies will be used as bench-
mark for the control performance evaluation, which will be based on
the proposed metrics and the different test scenarios.

9.3 Test case 1: Performance evaluation test

The first test was developed with the aim of evaluating the perfor-
mance of the control strategy. The first three DGs were considered
(i.e., DG1, DG2 and DG3) while the fourth DG (DG4) remained
disconnected during the test. The CoCS was implemented consid-
ering the scheme depicted in Fig. 9(a). Regarding the loads, the
main load was programmed to simulate four different operating point
(OPs), with the values of the active and reactive powers (PL, QL)
for the time intervals presented in Table 4. During this test, switches
S1 and S2 remained open, thus L1 and L2 were disconnected. Dur-
ing the operation in OP4, SPCC was closed at t = 85 s to emulate
the transition from islanded mode to grid-connected mode.

The dispatch operation related to the reactive powers was divided
into two scenarios. The dispatch scenario I was implemented while

Table 6 Powers of the optimal dispatch

OP PD
1

PD
2

PD
3

QD
1

QD
2

QD
3

1 323.26 323.26 605.12 100 100 100
2 432.91 432.93 795.71 100 100 100
3 323.72 323.73 608.41 197.88 191.35 213.10
4 435.49 435.71 808.11 246.51 281.34 314.05

Table 7 Performance metrics of the power-sharing, power dispatch and PCC

voltage regulation for the experimental test

OP ePS eQS ePD eQD eV

1 0.15% 0% 2.62% - 0%
2 0.12% 0% 1.94% - 0.20%
3 0.35% 1.85% 2.56% 2.27% 0%
4 0.29% 1.15% 2.18% 2.01% 0.20%
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QL = 0 VAr (i.e., during OP1 and OP2). On it, the references QD
i

were set in a base value of 100 VAr for all the DGs. In this sce-
nario it is expected an equal reactive power injection on each DG.
In the dispatch scenario II, implemented while QL 6= 0 (i.e., dur-
ing OP3 and OP4), the reactive powers were selected as decision
variables of the dispatch problem and calculated according to the
problem formulation previously presented.

The cost function parameters selected for the experimental test
are listed in Table 5. For each OP, the optimal dispatch power refer-
ences are presented in Table 6. The experimental results are shown
in Fig. 10 and 11, and Table 7.

Regarding the control objective (a), Fig. 10 shows the active pow-
ers Pi of the DGs, and the load PL, while Fig. 11(a) shows the
reactive powers Qi of the DGs, and the load QL. In both figures, fast
dynamic responses to the load changes are observed with acceptable
slight ripples and overshoots.

Table 7 lists the performance metrics defined in Section 5, which
permits to assess the accuracy of the control proposal in practice. The
maximum errors for each OP are presented. The dispatch scenarios
have a clear impact over the reactive power sharing. During the dis-
patch scenario I, the reactive powers injected by each DG are equal,
corresponding to a dispatch error of 0%. Next, during the dispatch
scenario II, the dispatched references lead to differences between
the injected reactive powers that correspond to small dispatch errors.

Hence, it can be concluded that for different dispatching scenarios,
an accurate power-sharing is achieved. Note that the measured errors
are all below 2%.

Regarding control objective (b), it is important to highlight that,
considering the characteristics of the optimization problem and the
convexification approach, the optimal power dispatch is always
achieved. In Table 7, the dispatch errors calculated according to
(6) are presented. Reactive power errors for the dispatch scenario
I are omitted since its calculation is meaningless, considering that
in this scenario the reactive power references were set to constant
values to evaluate the power equalization capability of the control
scheme. Notice that all the errors present values below 3%, which
are negligible in a real scenario.

Regarding control objective (c), Fig. 11(b) shows the voltages at
the terminals of the DGs, Vi, and the PCC, VPCC . The changes
produced by the OPs allow observing how the control acts over the
MG voltage profile with a fast recovery in each load change. Note
that VPCC practically reaches a value of 1 p.u. in all the OPs, with
a maximum error of 0.2% as it is shown in Table 7.

At t = 85 s the PCC switch SPCC was closed and the MG
was connected to the grid. To this end, a PLL was implemented to
synchronize the phase of VPCC with the grid voltage before the
connection, as explained in Section 6.2. After the connection of the
grid a perturbation is presented with a duration of approximately 4
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s. Since no significant power overshoots are observed, the transition
can be considered smooth and without relevant impacts over the MG
operation.

9.4 Test case 2: Renewable generation and MGCC failure
test

The second test was developed in order to evaluate the performance
of the control strategy in the presence of a renewable DG and a
MGCC temporary failure. The first three DGs were implemented as
controllable DGs (considering a CoCS as depicted in Fig. 9(a)) while
the fourth DG operates as an intermittent renewable power source.

Regarding the MG loads, during this test a load profile was built
using the main load and the local loads L1 and L2 with the values
and time intervals indicated in Table 8. PTOTAL represents the total
active power of the loads (i.e., PL together with the corresponding
local loads connected during the OP) and QTOTAL represents the
total reactive power (equal to QL considering that the local loads are
purely resistive).

A MGCC failure scenario was implemented from t = 20 s to t =
80 s. During this interval, the MGCC data transmission was disabled
and no data was sent through the CeCS. Regarding the dispatch, the
same cost function parameters selected for the previous test were
implemented (see Table 5).

The experimental results are presented in Fig. 12 and Fig. 13.
In Fig. 12(a) the profile of the total active power of the loads
PTOTAL is shown, while the active powers of the DGs are depicted
in Fig. 12(b). DG4 simulates the generation of a renewable power
source and for this reason its injected power is not controlled by
the dispatch strategy. For this kind of sources it is expected a total
injection of the available power, considering the intermittent nature
of the renewable resources. The variable generation profile of DG4
affects the power balance of the controlled DGs as it can be seen
in Fig. 12(b), where injected powers change in time. As it was
discussed, the accuracy of the power dispatch is closely related
to renewable generation forecasting. As can it be observed, the
power-sharing remains accurate during all the OPs.

Reactive powers and voltages for the experimental test are pre-
sented in Fig. 13. Here it is possible to observe the impact that
the MGCC failure has on the variables that depend directly on the
CeCS. As the control over the VPCC is lost, the voltage profile and
the reactive powers reach operating points in disagreement with the

control objectives (i.e., high values of eQD and eV ). However, since
the CoCS continues working, the system remains stable and once
the CeCS is recovered, the control objectives are accurately reached
again.

9.5 Test case 3: Communication impairments test

The third test was developed in order to evaluate the performance
of the control strategy under certain communication impairments.
The four DGs were implemented as controllable DGs, considering
the CoCS ring scheme depicted in Fig. 9(b). The same active power
load profile of test 2 was considered with a reactive power QL equal
to zero during all the test (see Table 8).

Transmission periods of TV = 5 s and TC = 0.5 s were con-
sidered for CeCS and CoCS, respectively. Also, delays in the data
reception were induced. Particularly, DG2 was implemented with a
reception delay of 0.3 s while DG4 with a reception delay of 0.25 s.
The results are presented in Fig. 14.

Active and reactive powers are presented in Fig. 14(a) and
Fig. 14(b), respectively. Since these variables are related with the
CoCS, the induced delays and the increase of the transmission period

Table 8 Loads for test 2

OP OP1 OP2 OP3

PL (main load) 1500 W 1500 W 1500 W
Local loads (P1 + P2) 0 W 1000 W 500 W

PTOTAL (PL + P1 + P2) 1500 W 2500 W 2000 W
QL (main load) 400 VAr 400 VAr 400 VAr

QTOTAL 400 VAr 400 VAr 400 VAr
Time interval 0 s≤t<20 s 20 s≤t<60 s 60 s≤t<100 s
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TC have a clear impact over the dynamics of the closed-loop sys-
tem, as it can be seen in the loads changes at t = 20 s and t = 60 s.
Although the delays increase the transient overshoots, the expected
steady state values are reached in times that are not critical for the
MG operation.

Voltages are presented in Fig. 14(c). These variables are related
to the CeCS. The increase in the transmission period TV affects the
voltage recovery, as it can be seen in the load change at t = 60 s.
However, after 5 s, once the updated CeCS data is sent, the volt-
ages properly achieve the steady-state values and VPCC reaches the
control objective of 1 p.u.

Finally, it is worth noting that the values of the transmission peri-
ods and the delays induced in this test correspond to magnified sce-
narios. Even in this pessimistic scenario, the system presents good
features in terms of control objectives achievement and dynamics
performance.

10 Conclusion

This paper has presented a droop-free hierarchical control strat-
egy that satisfies simultaneously several control objectives such
as power-sharing, voltage regulation at PCC and optimal power
dispatch. It is based on local modules implemented in each DG con-
troller and a central module implemented in a MGCC, which uses a
dual communication system to exchange data. A novel closed-loop
small-signal model is presented. The resulting model is used for
control parameters design guaranteeing the stability of the system.
The selected tests allowed to evaluate the performance of the con-
trol strategy in different environments including normal operation
and adverse conditions. The strategy presents excellent performance
in terms of accomplishment of the control objectives and dynamics
properties.
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