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Generalized IDA-PBC Control Using Enhanced
Decoupled Power Sharing for Parallel Distributed

Generators in Standalone Microgrids
Nidhal Khefifi , Azeddine Houari , Mohamed Machmoum, Abdelhakim Saim, and Malek Ghanes

Abstract— The development of an advanced modular control
strategy for distributed generation-based islanded MicroGrids
(MGs) is proposed in this article. This control strategy aims at
achieving robust performances and accurate load power sharing
in spite of system architecture. This strategy is based on the
interconnection and damping assignment passivity-based control
(IDA-PBC), which provides sufficient conditions to ensure the
system modularity and stability. The design methodology of
the proposed method is declined into three important steps.
The whole system is modeled using the port-controlled Hamil-
tonian (PCH) formalism, the Hamiltonian function is mini-
mized to synthesize the corresponding control laws, and finally,
the stability of the synthesized control laws is verified. In this
work, the Hamiltonian function is augmented with an enhanced
decoupled droop (E2D) control in order to guarantee the stability
of the whole system and ensure accurate power sharing when
multiple DG units are interconnected. The effectiveness and
modularity of the proposed modular IDA-PBC control with the
E2D technique are evaluated and compared with a recent control
strategy using an inner proportional-integral control with a
decoupled droop technique. Experimental results and discussions
are provided under resistive–inductive and nonlinear loading
conditions.

Index Terms— Decoupled droop control, distributed genera-
tion, load power sharing, microgrid, passivity-based control, port-
controlled Hamiltonian (PCH).

NOMENCLATURE

MG MicroGrid.
IDA-PBC Interconnection and damping assign-

ment passivity-based control.
DG Distributed generator.
PCH Port-controlled Hamiltonian.
PCC Point of common coupling.
E2D Enhanced decoupled droop control.
Ng Number of DGs.
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C f i , L f i and R f i Filter inductance, capacitance, and
equivalent resistance of the DG i ,

L L_i Inductive impedance “i” of the con-
necting filters to the PCC.

iai , ibi , ici abc-inverter-side currents of DG “i .”
vai , vbi , vci abc-inverter-side output voltages of

DG “i .”
idi , iqi dq-components of the DG “i”

inverter-side currents (iai , ibi , and
ici).

vdivqi dq-components of the DG “i”
inverter-side output voltages (vai ,
vbi , and vci ).

iLdi , iLqi dq-components of the output current
of DG“i.”

ωi Angular frequency of DG “i.”
vCai , vCbi vCci abc-filter capacitor voltages.
vCdi , vCqi dq-components of the abc-voltages

across capacitor filter C f i .
Pi and Qi Measured active and reactive powers

at the output of DG “i.”
P∗

i and Q∗
i Reference active and reactive powers

at the output of DG “i .”
E∗ and ω∗ Desired nominal voltage and angular

frequency.
�ωmax and �Emax Maximum angular frequency and

voltage. amplitude variations.
�P and �Q Active and reactive power deviations.
K pi and Kqi Frequency and voltage droop gains.
Zvi Virtual impedance “i.”
Rvi and Lvi Resistive and inductive components

of the virtual impedance Zvi .
λi and ξi Reactive and active coefficients of

the decoupled droop.
οpi and οqi Time constant of the imitated inertia.
S Laplace operator.
X State variables vector
U Control inputs vector.
H Hamiltonian function.
d External perturbation.
J and R Interconnection and damping

matrices.
g Output matrix.
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n and m Number of state and inputs vari-
ables for a single generator.

xi DG “i” state variables vector.
ui DG “i” control inputs vector.
Hi DG “i” energy.
gi DG “i” input matrix.
Ji and Ri DG “i” interconnection and damp-

ing matrices.
di DG “i” external perturbations.
Hdi DG “i” desired energy function.
Jdi and Rdi DG “i” desired interconnection

and damping matrix.
x∗

i DG “i” desired state-space vector
at the equilibrium point.

Jai and Rai DG “i” new assigned interconnec-
tion and damping matrix.

βi DG “i” applied control.
E ref

i and ωref
i DG “i” voltage and frequency ref-

erences.
i∗
di and i∗

qi DG “i” current references.
v∗

Cdi and v∗
Cqi DG “i” voltage reference.

ai j Parameters for the IDA-PBC con-
troller.

NL Nonlinear load.
RL Resistive–inductive load.
DTS Decoupled trigonometric saturated

droop control.
GV and GC PI transfer functions of the outer

and inner loops of the compared
controller.

k pV and kiV Proportional and the integral PI
control gains of the voltage loop.

k pC and kiC Proportional and the integral PI
control gains of the current loop.

Kpfmax and KIfmax Proportional and the integral coef-
ficient related to the frequency
and voltage of virtual power sag
limit of the decoupled trigonomet-
ric control.

δ f and δE Coefficients fixing the variation
limits of voltage and frequency of
the trigonometric function.

μp and μq Concavity coefficients of the
trigonometric function.

I. INTRODUCTION

TODAYS’ energy transition challenges make the
emergence of MGs with renewable energy resources

integration as a key solution to meet with numerous climate,
technoeconomic, and energy-resiliency requirements [1].
In order to meet with these requirements, many sustainable
energy technologies are exploited, including solar photovoltaic
panels, wind turbines, and energy storage systems [2], [3].
This concept integrates multiple distributed generators (DGs)
that operate near to the point of power consumption to
supply end users either in islanded or in grid-connected
operation mode [4]–[7]. In the islanded mode, the electricity

requirements are generated close to end users, which offers
more flexibility, increases energy efficiency, and improves
system reliability by integrating multiple DG units [8]–[10].
The use of decentralized droop control methods is widely
adopted to control the active and reactive power sharing in
MGs essentially when multiple DG units are interconnected.
These techniques allow controlling the power participation
of each DG unit by regulating the voltage and the frequency
locally without communication. The conventional droop
method with (P-f) and (Q − E) is applicable when the
system shows predominant inductive impedance, with
small R/X ratio as it is the case for high- and medium-
voltage systems. However, in case of low-voltage MGs, line
impedances are mainly resistive with high R/X ratio or even
a complex impedance with equivalent resistive–inductive
behavior, which implies that the conventional droop
technique is no longer effective in low-voltage MGs [11].
In this situation, the coupling between active and reactive
powers is strengthened, which makes their control more
difficult, resulting in inaccurate power-sharing and stability
problems [12]. To solve these problems and improve
power-sharing accuracy, several droop control techniques are
proposed in the literature. A power transformation droop
technique in which modified active and reactive power
expressions are adopted instead of the measured ones [13].
Although this technique shows interesting power sharing
performances, it increases control complexity. Alternatively,
the use of virtual impedances through the addition of virtual
passive elements is widely employed in order to enforce the
desired behavior and mitigate the existing coupling between
active and reactive powers [14], [15]. Even though the addition
of virtual passive elements considerably improves the desired
impedance predominance without inflicting additional power
losses, the output voltage amplitude can drop considerably.
In the same line, an advanced droop control technique with
additional decoupling signals and scheduled decoupling gains
have been proposed in [16]. This technique allows achieving
accurate power sharing, but the addition of supplementary
signals can affect the steady-state error. To solve this problem,
distributed cooperative control techniques have been proposed
in [17]. This technique achieves satisfactory performances,
but it requires advanced communications limiting its
exploitation. In [18] and [19], a DTS droop controller is
proposed achieving stable power sharing and proper dynamic
decoupling between active and reactive powers irrespective
of lines impedances behavior. However, this technique suffers
from relatively high computing time as the control complexity
is increased requiring multiple trigonometric operations. All
these techniques require considerable knowledge on the
MG system architecture and parameters, which cannot
be guaranteed when the MG is subject to arbitrary loads
and DGs’ connection and disconnection. Therefore, when
considering scalable MGs, the system and control laws
parameters become no longer convenient, and the system
stability will not be assured. In other side, and in order to
maintain the output voltage amplitude and frequency within
acceptable ranges, some research works propose adding a
higher control level commonly known as a secondary control.
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This communication-based control level provides means to
manage the interaction between DG units, restore voltage and
frequency values, and ensure in consequence more accurate
power sharing while preserving the system stability. Similarly,
secondary control techniques have been proposed using either
stochastic control [20] or neural network techniques [21], [22].
These controllers have some limitations essentially related to
their complex structure and their dependence on high-speed
communication. Conversely, the use of decentralized control
approaches can be more interesting as they do not require
communication. In addition, the use of lower control levels
is required to maintain the output voltage of each DG
unit within standardized electrical boundaries [23], [24].
At this level, many control techniques can be found in
the literature, including classical control techniques [25],
[26], nonlinear control techniques [15], [27], learning-
based control methods [28], [29], and predictive control
techniques [30], [31]. These methods can ensure satisfactory
control performances but suffer from their dependence on the
system parameters. This model dependence may reduce their
effectiveness in the case of scalable MG applications. Indeed,
in such applications, the system architecture may evolve,
and thus, the control laws no longer guarantee the desired
performances and system stability. At this level, the use
of energetic approaches, such as the IDA-PBC method,
is recommended. This control method can be interesting for
MG applications as it can synthesize robust control laws
and provide sufficient conditions to guarantee the stability
of complex and multiphysical systems despite the existing
coupling between them [32], [33]. This method has been
particularly used in distributed systems since it allows the
synthesis of modular control laws [34].

In this article, the development of an advanced modular
control strategy based on the IDA-PBC is proposed. The
objectives of the proposed strategy are to ensure the system
modularity and stability while achieving robust performances
and accurate load power sharing in spite of system architec-
ture. For design purposes, the whole system is first modeled
using the PCH formalism before the Hamiltonian function
is minimized to synthesize the control laws, and finally,
the stability of the synthesized control laws is verified. The
Hamiltonian function refers to the system physical energy
and is assimilated to the Lyapunov function, which allows
guaranteeing the stability of the synthesized controllers. The
PCH formalism is characterized by an interesting symplectic
geometrical form with a diagonal skew-symmetric matrix that
allows synthetizing modular control laws. The resulting con-
trol laws guarantee the system modularity and stability even in
the case of system reconfiguration and expansion. To further
exploit the advantages offered by the Hamiltonian formalism
and achieve accurate power sharing when multiple DG units
are interconnected, the Hamiltonian function is augmented
with an E2D power-sharing controller. The proposed E2D
controller uses an additional filter that improves the system
response against transients by introducing virtual inertia, while
the Hamiltonian form is maintained. This modeling formalism
allows guaranteeing a generic control synthesis based on
the IDA-PBC method. This technique is applied to design

Fig. 1. Steps for IDA-PBC control synthesis.

both voltage and power-sharing controllers with the objective
to ensure high-voltage quality and guarantee accurate active
and reactive power sharing between interconnected DG units.
The effectiveness and modularity of the proposed IDA-PBC
control with the E2D technique are evaluated and compared
with a recent control strategy proposing the use of an inner
proportional–integral control with a saturated trigonometric
droop control technique.

This article is organized as follows. A short overview of the
IDA-PBC method and its theoretical synthesis is presented in
Section II. Section III details the design methodology of the
IDA-PBC control for the studied MG system. Section IV intro-
duces a recent decoupled droop control used as a comparative
technique method. To demonstrate the effectiveness of the
proposed IDA-PBC controller with the E2D control, detailed
comparative experimental results are presented in Section V.
Finally, this article ends with a conclusion in Section VI.

II. IDA-PBC METHODOLOGY

This section presents the essential knowledge and synthesis
steps of the control laws to understand the proposed modular
IDA-PBC control and the Hamiltonian formalism. The detailed
control synthesis steps are presented in Fig. 1 and described
as follows.

Step1 (System Modeling on the PCH Form): To synthesize
the IDA-PBC controller, the system is first modeled in the PCH
form described in expression (1) [34]. The use of this model
form is motivated not only by the use of an energy approach
necessary to synthesize the desired control but also by its
modular structure allowing the modeling of several connected
parallel DGs units to the PCC

ẋ = [J (x) − R(x)]∇H (x) + g(x)u + d. (1)
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The modular form of the previous PCH formula is detailed in
the following expressions where:

x =

⎡
⎢⎢⎢⎢⎢⎢⎣

x1
...
xi
...

xng

⎤
⎥⎥⎥⎥⎥⎥⎦

; u(x) =

⎡
⎢⎢⎢⎢⎢⎢⎣

u1
...

ui
...

ung

⎤
⎥⎥⎥⎥⎥⎥⎦

; d =

⎡
⎢⎢⎢⎢⎢⎢⎣

d1
...

di
...

dng

⎤
⎥⎥⎥⎥⎥⎥⎦

;

g(x) =

⎡
⎢⎢⎢⎢⎢⎢⎣

g1 · · · 0 · · · 0
...

. . .
...

...
0 gi 0
...

...
. . .

...
0 · · · 0 · · · gng

⎤
⎥⎥⎥⎥⎥⎥⎦

J (x) =

⎡
⎢⎢⎢⎢⎢⎢⎣

J1(x1) · · · 0 · · · 0
...

. . .
...

...
0 Ji (xi) 0
...

. . .
...

0 · · · 0 · · · Jng(xng)

⎤
⎥⎥⎥⎥⎥⎥⎦

R(x) =

⎡
⎢⎢⎢⎢⎢⎢⎣

R1(x1) · · · 0 · · · 0
...

. . .
...

...
0 Ri (xi) 0
...

. . .
...

0 · · · 0 · · · Rng(xng)

⎤
⎥⎥⎥⎥⎥⎥⎦

H (x) =

⎡
⎢⎢⎢⎢⎢⎢⎣

H1 · · · 0 · · · 0
...

. . .
...

...
0 Hi 0
...

...
. . .

...
0 · · · 0 · · · Hng

⎤
⎥⎥⎥⎥⎥⎥⎦

;

where H i = 1

2
xT

i Q−1
i xi . (2)

In these expressions, x ∈ Rng is the state vector. u ∈
Rng is the control input vector, where “ng” represents the
number of parallel DG units. g(x) ∈ Rng is the input matrix.
H (x) ∈ Rng×ng is a function defining the system energy.
“d” is a vector corresponding to the external perturbation.
J (x) ∈Rng×ng and R(x) ∈Rng×ng are, respectively, the inter-
connection and damping matrices. These two matrices verify
R(x) = RT(x) ≥ 0 and J (x) = −J T(x).

This modular formulation allows the synthesis of a global
control for all systems based on only one elementary DG
indexed by “i.” Following the previous model expression in
(1), the elementary model of each DG can be expressed by
the following expression:

ẋi = [Ji (xi) − Ri (xi)]∇Hi(xi) + gi(xi)ui + di . (3)

In this model, xi ∈ Rn represents the state vector and
ui ∈ Rm depicts the input control vector in which “n” and
“m” represent, respectively, the number of states and inputs
variables for a single generator and guarantee m < n. Hi(xi)
is the energy of the elementary DGi system, gi(xi) is the input
matrix of the elementary DGi system, and di is a vector that

describes the external perturbations. Ri (xi) and Ji (xi) are,
respectively, the damping and interconnection matrices that
verify Ri (xi) = RT

i (xi) ≥ 0 and Ji (xi) = −J T
i (xi).

Step 2 (IDA PBC Law Design): In order to synthesize
the IDA-PBC controller consisting to shape the energy of
the system by controlling its dissipation, the steps presented
in Fig. 1 are to follow.

First of all, designers need to identify the desired energy
function of the studied system noted generally by Hdi(xi).
Then, the control “u” is set to assure not only the PCH form
but also the desired dynamic performances expressed in the
following equation:

ẋ∗
i = [Jdi (xi) − Rdi (xi)]∇Hdi(xi). (4)

Expression (4) describes the desired state-space representation
equations at the equilibrium point x∗

i in the port Hamiltonian
formulation, where Hdi(xi) is the energy function that charac-
terizes the local minimum at the desired equilibrium point. Jdi

and Rdi represent, respectively, the desired interconnection
and damping matrix. These matrices satisfy, respectively:
Jdi (xi) = −J T

di (xi) and Rdi (xi) = RT
di (xi) ≥ 0.

The calculation of the control laws is done by solving the
matching equation defined by (5). This equation links the
expression of the closed loop (4) to that of the open loop (3)

[Ji (xi) − Ri (xi)]∇Hi(xi) + gi(xi)βi(xi) + di

= [Jdi (xi) − Rdi (xi)]∇Hdi(xi ). (5)

Solving the matching equation (5) requires the use of new
assigned matrices Jai(xi) and Rai(xi) and a new vector called
Ki(xi ) [35]. These components are fixed by the designer to
facilitate the synthesis of the applied control defined by ui =
βi(xi).

This matching equation can be expressed differently by the
following equation:
[(Ji (xi) + Jai(xi)) − (Ri (xi) + Rai (xi)]Ki(xi)

= −[Jai(xi) − Rai(xi)]∇Hi(xi) + gi(xi)βi (xi) + di . (6)

The determination of the elements that constitute the matri-
ces Rai (xi) and Jai(xi) depends on the control objectives.
The designer is free in his choice. Often, in electrical power
systems, the interconnection matrix is set to avoid the coupling
between voltage and current where the damping matrix is
selected to enhance the dynamic convergence.

Step 3 (Stability Verification): This last step is mandatory in
order to prove the stability of the system around its equilibrium
point x∗

i . In this phase, the designer must verify that the
resulting closed-loop system keeps the PCH form and shows
the desired dynamics described in (4). Therefore, the selected
damping and interconnection matrix Rai(xi) and Jai(xi) need
to fulfill the following five conditions [36].

1) Structure Preservation: Rdi (xi) = Ri (xi) + Rai(xi) =
RT

di (xi) ≥ 0 and Jdi (xi) = Ji (xi)+Jai(xi) = −J T
di (xi).

2) Integrability: Ki (xi) is the gradient of a scalar function:
∇Ki(xi ) = [∇Ki (xi)]T.

3) Equilibrium Condition: Ki(xi) at x∗
i satisfies: Ki(x∗

i ) =
−∇Hi(x∗

i ).
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Fig. 2. Structure of the studied system.

4) Lyapunov Stability: The Jacobian of Ki (xi) at x∗
i satisfies

the bound: ∇Ki (x∗
i )> −∇2 Hi(x∗

i ).
5) Invariance of the Equilibrium Point

[37]:−[∇Hdi]TRdi (x∗
i )∇Hdi ≤ 0.

Condition 5) guarantees that the solution is bounded for the
desired function Hdi .

Checking the five previous conditions proves that the control
of the closed-loop system ui = βi(xi) will be a port-controlled
where Ki (xi) = ∇Hai(xi) and Hdi(xi) = Hi(xi) + Hai(xi).

III. APPLICATION OF THE IDA-PBC TO THE STUDIED MG

This section presents the application of the proposed method
to the studied MG by considering the design steps that have
already been presented in Fig. 1.

A. Step1: System Modeling on the PCH Form

The studied islanded MG is shown in Fig. 2. It is composed
of “ng” parallel three-phase inverters that supply a local load
connected to the (PCC) via LCL filter. The local load is sup-
plied by power provided from primary sources. In this work,
the primary sources are supposed constant and are presented
by a dc link. In this scheme, R f i , C f i , and L f i represent,
respectively, the internal per-phase resistance, capacitor, and
inductance of the inverter output filter. The link between DGs
and the PCC is modeled by an impedance characterized by an
inductance L L_i .

In each DG unit, a low-level control is implemented to
regulate at the same time the output voltage across the
capacitors C f i and the power sharing using a droop control
technique. This level guarantees load power sharing between
the paralleled DGs units. To obtain the individual control laws,
each DG system is separately modeled by an internal and an
interaction model.

1) Internal Model: The internal model of each DG unit that
corresponds to the inverter output LC filter is described in the
rotating dq reference by the following equations:

L f i
didi

dt
= −R f i idi + L f iωi iqi + vdi − vCdi

L f i
diqi

dt
= −R f i iqi − L f iωi idi + vqi − vCqi

C f i
dvCdi

dt
= idi − iLdi + C f iωivCqi

Fig. 3. Classical droop control for MG with inductive behavior.

C f i
dvCqi

dt
= iqi − iLqi − C f iωivCdi. (7)

In these expressions, “i” designates the index of each DG. vdi

and vqi and iLdi and iLqi represent, respectively, the output
voltages of the inverter “i” and the load currents in each DG
unit in the dq-frame reference. idi and iqi and vCdi and vCqi

represent separately the dq-components of the line currents
(iai , ibi , and ici) and the voltage through the capacitors C f i .
Finally, ωi denotes the angular frequency in DGi .

2) Interaction Model: The modeling of parallel DG units
needs to take into consideration the interaction between them
to avoid the problem of circulating currents [38]. This inter-
action is modeled by droop equations. In fact, systems based
on renewable energies have low inertia. The idea of using the
droop equations consists of conferring to the system a kind of
virtual inertia so that it behaves like a conventional generator in
front of disturbances [39]. The use of these equations permits
to ensure the power sharing without the need for expensive
communications protocol [9]. A brief review of the traditional
droop control is presented in this section. In fact, in most
low-voltage DG systems, distances between DGs are modeled
by inductors, which promotes the inductive behavior of the
system. In this case, the use of the classical droop control,
presented in (8), is justified. It permits as presented in Fig. 3 to
control the active power by acting on the frequency component
and controlling the reactive one by managing the voltage
amplitude [38]

δ̇i = ωi

ωi = ω∗ − K pi (Pi − P∗
i )

Ei = E∗ − Kqi (Qi − Q∗
i ) (8)

where Pi and Qi are, respectively, the measured active and
reactive power at the filter output , P∗

i and Q∗
i denote,
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respectively, the desired active and reactive power references
of DGi , ω∗∈ R is the desired nominal frequency, and E∗ is
the desired nominal voltage amplitude. Finally, frequency and
voltage droop gains are designed, respectively, by K pi and Kqi .

These coefficients are defined by the following equations:

K pi = �ωmax

�P

Kqi = �Emax

�Q
. (9)

In this equation, �ωmax is the maximum tolerable pulsation
deviation related to the active power variation �P . In the
same way, �Emax is the maximum authorized voltage variation
associated with the reactive power change �Q.

In practice, it is difficult to know the impedance value
connecting each DG unit to the PCC. Under such condi-
tions, the conventional droop alone cannot achieve the desired
reactive and active power sharing. The interest in adding a
virtual impedance to the primary control structure allows first
to support the inductive behavior of the output impedance
and second to avoid the additional cost of installing real
physical impedances [4].

The added virtual impedance control law expression for
each (DG) is described in the following equation [40]:

Lvi
diLdi

dt
= vCdi − Zvi iLdi

Lvi
diLqi

dt
= vCqi − Zvi iLqi (10)

where Zvi = Rvi + Lviωi , with Rvi and Lvi , respectively,
the value of resistance and inductance of the used virtual
impedances.

Note that in case, in the case of low-voltage systems, the fre-
quency variation influences widely both the active and reactive
power and, consequently, the voltage amplitudes. Moreover,
the value of the virtual impedance is limited by the droop
voltage and system stability. This means that the coupling
cannot be effectively eliminated. To guarantee the decoupling
between the reactive and the active power, decoupling control
terms are introduced to the classical droop to ensure the
compensation of the voltage and frequency deviations. The
expression of the previous classical droop control (8) becomes
as follows:

δ̇i = ωi

ωi = ω∗ − K pi
�
Pi − P∗

i

	 + λi (E∗ − Ei )

Ei = E∗ − Kqi
�
Qi − Q∗

i

	 + ξi (ω
∗ − ωi ) (11)

where λi and ξi present, respectively, the decoupling reactive
and active droop coefficients.

The studied system is based on renewable energy systems.
These systems are characterized by weak inertia. To improve
the behavior of these systems in front of current disturbances
and to achieve high-voltage and frequency regulation, addi-
tional virtual inertia is introduced to expressions (11). This
additional inertia, modeled by a low-pass filter, improves the
stability of each DG system.

The new formula of the E2D control is written as follows:
dδi

dt
= ωi

οpi
dωi

dt
= K pi

�
P∗

i − Pi
	 + λi

�
E∗

i − Ei
	+(ωi − ω∗

i )

οqi
d Ei

dt
= Kqi

�
Q∗

i − Qi
	 + ξi (ω

∗
i − ωi ) + (Ei − E∗

i ) (12)

where οpi and οqi correspond to the time constant of the
low-pass filter used to mimic the inertia of the real synchro-
nous generator.

In regard to the planned control that contains the local
and the interconnected model composed by the enhanced
droop control, the virtual impedance, and the individual
DGi model, the candidate Hamiltonian function can be
taken as the sum of all the energy stored in the used
filters

Hi(xi) = 1

2
L f i i

2
di + 1

2
L f i i

2
qi + 1

2
C f iv

2
Cdi

+1

2
C f iv

2
Cqi + 1

2
οpiω

2
i + 1

2
οqi E2

i

+1

2
Lvi i

2
Ldi + 1

2
Lvi i

2
Lqi . (13)

For the proposed energy function, the chosen state variable
vector is designed as

xi =



x1i x2i x3i x4i x5i x6i x7i x8i

�T

= Qi
�

idi iqi vCdi vCqi idi iqi idi iqi
T

where Qi = diag{L f i L f i C f i C f i οpi οqi Lvi Lvi } and
Hi(x) = (1/2)xT

i Q−1
i xi .

Using (8), (10), and (12), the modular system modeling
in the PCH form of a DGi system is derived as follows
considering ∇Hi(xi) = [idi iqi vCdi vCqi ωi Ei iLdi iLqi ]T.

In this model, we consider that λi = −ξi

Ji (xi)

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 L f iωi −1 0 0 0 0 0

−L f iωi 0 0 −1 0 0 0 0

1 0 0 C f iωi 0 0 −1 0

0 1 −C f iωi 0 0 0 0 −1

0 0 0 0 0 −λi 0 0

0 0 0 0 −ξ i 0 0 0

0 0 1 0 0 0 0 0

0 0 0 1 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

;

di =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0

0

0

0

ω∗ + K pi P∗
i + λi E∗

i

E∗ + Kqi Q∗
i + ξiω

∗
i

0

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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Ri (xi)

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

R f i 0 0 0 0 0 0 0

0 R f i 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0

0 0 0 0 0 1 0 0

0 0 0 0 0 0 Zv 0

0 0 0 0 0 0 0 Zv

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

;

gi(xi)

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 0 0

0 1 0 0

0 0 0 0

0 0 0 0

0 0 − K pi 0

0 0 0 −K qi

0 0 0 0

0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

; ui =

⎡
⎢⎢⎢⎣

vdi

vqi

Pi

Qi

⎤
⎥⎥⎥⎦ (14)

Hdi
�
x∗

i

	

= 1

2
L f i

�
idi − i∗

di

	2 + 1

2
L f i

�
iqi − i∗

qi

	2

+1

2
C f i

�
vCdi − v∗

Cdi

	2 + 1

2
C f i

�
vCqi − v∗

Cqi

	2

+1

2
οpi

�
ωi − ω∗

i

	2 + 1

2
οqi

�
Ei − E∗

i

	2

+1

2
Lvi

�
iLdi − i∗

Ldi

	2 + 1

2
Lvi

�
iLqi − i∗

Lqi

	2

= 1

2L f i

�
x1i − x∗

1i

	2 + 1

2L f i

�
x2i − x∗

2i

	2

+ 1

2C f i

�
x3i − x∗

3i

	2 + 1

2C f i

�
x4i − x∗

4i

	2

+ 1

2οpi

�
x5i − x∗

5i

	2 + 1

2οqi

�
x6i − x∗

6i

	2

+ 1

2Lvi

�
x7i − x∗

7i

	2

+ 1

2Lvi

�
x8i − x∗

8i

	2
. (15)

B. Step2: IDA PBC Laws Design

This section is dedicated to the synthesis of the proposed
control illustrated in the synoptic scheme presented in Fig. 4.

The desired Hamiltonian function has a local minimum at
the desired equilibrium point x∗

i , which is defined as presented
in (15).

In these expressions, the designer considers the open-loop
Hamiltonian function defined in (3) and the desired control
objective (4) that allows the system to reach minimal energy
at the desired equilibrium point x∗

i . Then, with regard to
the initial form of the interconnection and damping matrices
(Ji(xi) and Ri (xi)) presented in (14), the new desired matrices

can be expressed as

Jdi (xi)

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 a13i 0 0 0 0 0
0 0 0 a24i 0 0 0 0

a31i 0 0 0 0 0 a37i 0
0 a42i 0 0 0 0 0 a48i

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 a73i 0 0 0 0 0
0 0 0 a84i 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Rdi (xi)

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

a11i 0 0 0 0 0 0 0
0 a22i 0 0 0 0 0 0
0 0 a33i 0 0 0 0 0
0 0 0 a44i 0 0 0 0
0 0 0 0 a55i 0 0 0
0 0 0 0 0 a66i 0 0
0 0 0 0 0 0 a77i 0
0 0 0 0 0 0 0 a88i

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(16)

where ai j = −a ji and aii ≥ 0 with i, j = {1, . . . , 8} for i �= j .
Rdi (xi) = RT

di (xi) ≥ 0 and Jdi (xi) = −J T
di (xi) are,

respectively, the desired damping and interconnection matrices
certifying a13i = −a31i = −1,a24i = −a42i = −1,a73i =
−a37i = −1, a84i = −a48i = −1, and a j j i ≥ 0, where
j = {1, . . . , 8} and a55i = a66i = 0.

The implemented control laws are obtained by solving the
matching equation (5) and are based on the four following
control loops.

1) Enhanced Decoupled Droop Control Loop: This loop is
used to generate automatically the reference voltage (E ref

i and
ωref

i ) according to the measured powers

ωref
i = ω∗ − K pi

�
Pi − P∗

i

	 + λi
�
E∗

i − Ei
	 + a55i(ωi − ω∗)

E ref
i = E∗ − Kqi

�
Qi − Q∗

i

	+ξi
�
ω∗

i − ωi
	+a66i

�
Ei − E∗	.

(17)

Both of the reference voltage amplitudes and the reference pul-
sations of the E2D control are composed of the classical droop
control, the decoupling active and reactive power expressions
and an additional compensation term for the used references.

E ref
i and ωref

i are used to provide the three voltage references
for each DG system in the following equation:

V1ref(i)(t) = E ref
i sin ∈ (ωref

i (t))

V2ref(i) = E ref
i sin

�
ωref

i (t) − 2π

3

�

V3ref(i) = E ref
i sin

�
ωref

i (t) + 2π

3

�
. (18)

These voltage references will be expressed in a stationary
framework to obtain the dq-axis voltage references defined
by V ∗

cdi and V ∗
cqi .

2) Virtual Impedance Loop: Improving the system response
and the power sharing needs to take into consideration the
output impedance. At this stage of control, a virtual impedance
is enforced as follows:

v∗
Cdi−Zv = (Rvi + Lviωi )iLdi + a77i(iLdi − i∗

Ldi)

v∗
Cqi−Zv = (Rvi + Lviωi )iLqi + a88i(iLqi − i∗

Lqi). (19)
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Fig. 4. Structure of the used global control.

3) Voltage Loop Control: The third loop is the voltage loop
control; it is used to generate the dq-currents reference to the
currents loop

v∗
Cdi−Zv = (Rvi + Lviωi )iLdi + a77i (iLdi − i∗

Ldi)

v∗
Cqi−Zv = (Rvi + Lviωi )iLqi + a88i(iLqi − i∗

Lqi ). (20)

4) Current Loop Control: The inner loop that controls
the currents to generate the voltage PWM references of the
inverter

v∗
Cdi = −a11i

�
idi − i∗

di

	 + vdi − R f i idi + L f iωiqi

v∗
Cqi = −a22i

�
iqi − i∗

qi

	 + vqi − R f i iqi − L f iωidi . (21)

C. Step 3: Stability Verification

This section presents the verification of the necessary
conditions to guarantee the local stability at the point of
equilibrium x∗ by applying the proposed controller based
on the passivity. The five conditions already presented in
Section II are checked.

1) Structure Preservation:

Jdi (xi) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 a13i 0 0 0 0 0

0 0 0 a24i 0 0 0 0

a31i 0 0 0 0 0 a37i 0

0 a42i 0 0 0 0 0 a48i

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 a73i 0 0 0 0 0

0 0 0 a84i 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

= −[J di (xi)]T (22)

Rdi (xi)

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

a11i 0 0 0 0 0 0 0
0 a22i 0 0 0 0 0 0
0 0 a33i 0 0 0 0 0
0 0 0 a44i 0 0 0 0
0 0 0 0 a55i 0 0 0
0 0 0 0 0 a66i 0 0
0 0 0 0 0 0 a77i 0
0 0 0 0 0 0 0 a88i

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

= [Rdi (xi)]T > 0 (23)

where a13i = −a31i , a24i = −a42i , a37i = −a73i , a48i = −a84i ,
and appi ≥0 etk I > 0, given that p = {1, . . . , 8}.

This proves that the first structural condition 1 is verified.
a) Integrability:

Hai
�
x∗

i

	 = Hdi
�
x∗

i

	 − Hi(xi)

=
�

1

2L f i

�
x1i − x∗

1i

	2 + 1

2L f i

�
x2i − x∗

2i

	2

+ 1

2C f i

�
x3i − x∗

3i

	2 + 1

2C f i

�
x4i − x∗

4i

	2

+ 1

2οpi

�
x5i − x∗

5i

	2 + 1

2οqi

�
x6i − x∗

6i

	2

+ 1

2Lvi

�
x7i − x∗

7i

	2

+ 1

2Lvi

�
x8i − x∗

8i

	2
�

−
�

1

2

x2
1i

L f i
+ 1

2

x2
2i

L f i

+1

2

x2
3i

C f i
+ 1

2

x2
4i

C f i
+ 1

2

x2
5i

οpi
+ 1

2

x2
6i

οqi

+1

2

x2
7i

Lvi
+ 1

2

x2
8i

Lvi

�
(24)
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K (x) = ∂ Ha(xi)

∂xi

=
�
− 1

L f i
x∗

1i ,−
1

L f i
x∗

2i ,−
1

C f i
x∗

3i ,−
1

C f i
x∗

4i ,

− 1

οpi
x∗

5i ,−
1

οqi
x∗

6i ,−
1

Lvi
x∗

7i ,−
1

Lvi
x∗

8i

�T

(25)

where K (x) = [K1, K2, K3, K4, K5, K6, K7, K8]T

∂K1(xi)

∂xi j
= 0; ∂K2(xi)

∂xi j
= 0;∂K3(xi )

∂xi j
= 0;∂K4(xi)

∂xi j
= 0

∂K5(xi)

∂xi j
= 0; ∂K6(xi)

∂xi j
= 0;∂K7(xi)

∂xi j
= 0;∂K8(xi)

∂xi j
= 0

(26)

where j = {1, . . . , 8}.
This proves that the second condition of integrability

∇Ki (xi) = [∇Ki(xi)]T is verified.
2) Equilibrium Assignment: Using (25) and considering the

equilibrium point x∗
i = (x∗

1i , x∗
2i , x∗

3i , x∗
4i , x∗

5i , x∗
6i , x∗

7i , x∗
8i), the

following expression (27) is obtained:

K
�
x∗

i

	 = ∂ Ha
�
x∗

i

	
∂xi

=
�
− 1

L f i
x∗

1i ,−
1

L f i
x∗

2i ,−
1

C f i
x∗

3i ,−
1

C f i
x∗

4i ,

− 1

οpi
x∗

5i ,−
1

οqi
x∗

6i ,−
1

Lvi
x∗

7i ,−
1

Lvi
x∗

8i

�
. (27)

From another side

−∇H
�
x∗

i

	 =
�
− 1

L f i
x∗

1i ,−
1

L f i
x∗

2i ,−
1

C f i
x∗

3i ,−
1

C f i
x∗

4i

− 1

οpi
x∗

5i ,−
1

οqi
x∗

6i ,−
1

Lvi
x∗

7i ,−
1

Lvi
x∗

8i

�
. (28)

From (27) and (28), it can be noted that the equilibrium
condition 3 is well verified.

3) Lyapunov Stability:

K
�
x∗

i

	 =
�
− 1

L f i
x∗

1i ,−
1

L f i
x∗

2i ,−
1

C f i
x∗

3i ,−
1

C f i
x∗

4i

− 1

οpi
x∗

5i ,−
1

οqi
x∗

6i ,−
1

Lvi
x∗

7i ,−
1

Lvi
x∗

8i

�

= [0, 0, 0, 0, 0, 0, 0, 0] (29)

−∇2
xi

Hd
�
x∗

i

	 = −∂2 Hd
�
x∗

i

	
∂x2

i

= −
�

2

L f i
+ 2

C f i
+ 1

οpi
+ 1

οqi
+ 2

Lvi

�
<0 (30)

where L f i , C f i , οpi ,οqi , and Lvi are positive coefficients.
4) Invariance of the Equilibrium Point: The fifth condition

is to verify the invariance of the equilibrium point using

Lasalle’s theorem

−[∇Hd(xi)]
TRd(xi)∇Hd(xi) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−a11i

L f i

�
x1i − x∗

1i

	2

−a22i

L f i

�
x2i − x∗

2i

	2

−a33i

C f i

�
x3i − x∗

i3i

	2

−a44i

C f i

�
x4i − x∗

4i

	2

−a55i

οpi

�
x5i − x∗

5i

	2

−a66i

οqi

�
x6i − x∗

6i

	2

−a77i

Lvi

�
x7i − x∗

7i

	2

−a77i

Lvi

�
x8i − x∗

8i

	2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

≤

(31)

where appi ≥ 0. This further proves that the equilibrium point
is an invariant point and the chosen Hdi(x) ensures that the
solution is bounded.

To better show the stability of the system, eigenvalues
of the system have been studied in what follows. For that,
the whole microgrid system is modeled. This small-signal
model corresponds to the linearization of the system model
around its operating point obtained by calculating its Jacobian
matrix. This technique presented in [41] is mathematically
formulated by building a single model: the DGs and their
controls, the interconnections between DGs, and the supplied
used local load.

The small-signal model of the studied MG is presented
using the following state-space model:
 ˙�xmg

�
= Amg

�
�xmg


(32)

where Amg represents the global matrix of all the MG in small
signal and �xmg represents their corresponding state variables.

By solving (33), the eigenvalues of the studied MG can
be obtained. These values represent the solution of the char-
acteristic equation that characterizes which is related to the
different frequencies and damping existing in the studied
system allowing to prove and study the stability of the system

det
�
Amg − λI

	 = 0. (33)

The resulting eigenvalue spectrum of the studied system
is presented in Fig. 5. It can be seen that the obtained
eigenvalues are depending on the frequency of the system.
Indeed, the high-frequency ones corresponding to the eigen-
values presented in cluster “III” are sensitive to the state
variables of LCL filter block of the used inverters and its
corresponding line currents. The eigenvalues in cluster “II”
are largely sensitive to the state variables of the output filter,
voltage controller, and current controller. The low-frequency
dominant relative to the eigenvalues regrouped in cluster “I”
is largely sensitive to the state variables of the power-sharing
controller. This obtained result illustrates that by using the
proposed control, the obtained eigenvalues of the closed-loop
system are characterized by negative real parts, which proves
that the proposed control ensures the closed-loop stability
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Fig. 5. Complete eigenvalues of the studied microgrid systems.

of the system. Moreover, it can be seen that applied to
the studied system, the proposed control guarantees a large
stability margin with good decoupling between the eigenvalues
allowing to better guarantee the stability of the system.

IV. COMPARATIVE CONTROLLER

To evaluate the performance of the proposed controller,
a comparison test with the DTS droop control is per-
formed [19]. In this technique, the voltage regulation loop is
composed of two nested loops based on the conventional PI
controller.

The control laws of the inner and the outer loop are
expressed on the following expression:

i∗
d = GV (s)

�
vCd − v∗

Cd

	 + iLd − C f ωvCq

i∗
q = GV (s)

�
vCq − v∗

Cq

	 + iLq + C f ωvCd

v∗
d = GC(s)

�
i∗
d − id

	 + R f id − L f ωiq + vCd

v∗
q = GC(s)

�
i∗
q − iq

	 + R f iq + L f ωid + vCq (34)

where GV (s) = k pV +(kiV /s) and GC(s) = k pC + (kiC/s)
present, respectively, the PI transfer functions of the outer and
inner loops. The decoupled trigonometric droop control laws
are expressed as follows:

�
f
E

�
=

⎡
⎢⎣

2δ f

π
− 2δ f

π
2δE

π

2δE

π

⎤
⎥⎦

�
(arctan(μp(P∗ − P)))
(arctan(μq(Q∗ − Q)))

�

+
�

� f
�E

�
max

+
�

� f
�E

�
min

+
�

f ∗
E∗

�
(35)

with

�
� f
�E

�
max

=
⎡
⎢⎣

Kpfmax + KIfmax

s
KpVmax + KIVmax

s

⎤
⎥⎦

�
Pmax P
Qmax Q

�
(36)

and

�
� f
�E

�
min

=
⎡
⎢⎣

Kpfmin + KIfmin

s
KpVmin + KIVmin

s

⎤
⎥⎦

�
Pmin P
Qmin Q

�
(37)

where E and f are, respectively, the operating voltage and
frequency of the inverter, f ∗ and E∗ are, respectively, the fre-
quency and voltage references, δ f and δE denote the coeffi-
cients that fix the variation limits of voltage and frequency of

the trigonometric function, respectively, and μp and μq are the
control coefficients that set the concavity of the trigonometric
function, respectively.

Kpfmax and KIfmax are, respectively, the proportional and
the integral coefficient related to the frequency and voltage of
virtual power sag limit control [19].

The parameters of the inner and the outer loop of the
compared control technique are calculated by applying the
pole placement technique. (k pV = 2ξC f ωV , kiV = C f ω

2
V )

and (k pC = 2ξ L f ωC , kiC = L f ω
2
C), where ξV and ωV are

the desired damping factor and bandwidth of the voltage loop
and ξC and ωC are separately the desired damping factor and
bandwidth of the current loop, respectively. In order to escape
the interaction issues between the two loops, the damping
factor ξ is set equal to 0.7. whereas the bandwidth of the
current loop (ωC) is set to 2000 rad/s, ten times higher than
that of the voltage loop (ωV ).

V. COMPARATIVE EXPERIMENTAL RESULTS

The effectiveness of the proposed control structure is veri-
fied on a lab-scale MG constituted of three DGs controlled by
using a dSPACE 1007 rapid prototyping. The experimental
test bench is shown in Fig. 6. The performances of the
proposed modular IDA-PBC-E2D control strategy are verified
using extensive comparisons with the PI-DTS control strategy
detailed in Section IV. The corresponding control and circuit
parameters are listed in the Appendix.

A. RL Load

A thorough comparative study has been conducted in the
lab-scale MG, shown in Fig. 6, in order to evaluate the
performances of the proposed IDA-PBC-E2D compared to the
PI-DTS in terms of power-sharing performances and control
flexibility. The resulting active and reactive power participation
of each DG and its corresponding current waveforms is shown,
respectively, in Figs. 8 and 9. In this test, the performances
of the proposed IDA-PBC-E2D are evaluated and compared
to the PI-DTS when the MG is supplying a resistive inductive
linear load of 3.2 kW and 2.2 kVAr as it is shown in Fig. 7.
The experimental test has been conducted in three main steps
where, in each step, an additional DG unit is connected
to test the control performances of the compared methods
and their efficacy in maintaining stable performances and
accurate power sharing between DGs. The RL test considers
the following scenario.

1) From t = 0 to t = 4s: Only DG1 supplies the RL load
2) From t = 4 to 12 s: Both DG1 and DG2 supply the RL

load.
3) From t = 12 to 20 s : DG1, DG2, and DG3 supply the

RL load.

As it can be appreciated from Fig. 8, the proposed
IDA-PBC-E2D method shows almost similar power-sharing
performances compared to the PI-DTS method. However,
the PI-DTS method presents considerable power oscillations
compared to the proposed method. These oscillations increase
when interconnecting more DG units.
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Fig. 6. Experimental test bench of the studied system.

Fig. 7. Configuration of the proposed experimental test.

Fig. 8. Experimental comparison between the proposed IDA-PBC-E2D
controller (bottom) and the PI-DTS controller before (top) and after (middle)
resetting: DG#1, DG#2, and DG#3 active and reactive power sharing for the
RL load scenario.

The output current waveforms illustrated in Fig. 9 show
that the proposed IDA-PBC-E2D method achieves accurate
current sharing compared to the PI-DTS method that presents
some current-sharing inaccuracy that can introduce circulating
currents.

The measured THD rates are summarized in Table I for
the different test steps. The proposed IDA-PBC-E2D method
ensures satisfactory harmonic performances by maintaining the
total voltage harmonic distortions in small rate around 0.62%
independently of the MG configuration. This is not the case
when applying the PI-DTS controller, which presents a high
THD rates with large variations that go from 1.2% to 1.52%
depending on the number of the used DG. The obtained
results demonstrate the superiority of the proposed IDA-PBC-
E2D in maintaining stable performances and accurate power
sharing compared to the PI-DTS control that shows some
weakness to accommodate MG expansion as it needs to be

Fig. 9. Experimental comparison between the proposed IDA-PBC-E2D
controller (bottom) and the PI-DTS controller before (top) and after (middle)
resetting: DG#1, DG#2, and DG#3 active and reactive power sharing for the
RL load scenario.

TABLE I

VOLTAGE THD RATES—RL LOAD

adapted for each configuration. On the other side, the proposed
IDA-PBC-E2D achieves accurate power sharing with fewer
oscillations even when interconnecting multiple DG units. This
confirms the modular functionality of the proposed IDA-PBC-
E2D technique that can be designed to include multiple DGs,
which is of importance to preserve the scalability of MGs.

B. Nonlinear Load

In this section, the effectiveness of the proposed IDA-PBC-
E2D control strategy is verified when the MG is supplying
the nonlinear load shown in Fig. 10. This load consists of a
three-phase diode rectifier with 20% of current harmonics.

The test consists of the following scenario.

1) From t = 0 to t = 2 s (Z1): Only DG1 supplies the
load (3.3 kW and 300 VAr).

2) From t = 2 to 8 s (Z2): Both DG1 and DG2 supply the
load (3.3 kW and 300 VAr).
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Fig. 10. Nonlinear load.

Fig. 11. Experimental comparison between the proposed IDA-PBC-E2D con-
troller (right) and the PI-DTS controller (left): DG#1, DG#2, and DG#3 active
and reactive power sharing for the nonlinear load.

3) From t = 8 to 14 s (Z3): Only DG1 and DG2 supply
the load that increases from (3.3 kW and 300 VAr) to
(6 kW and 600 VAr).

4) From t = 14 to 20 s (Z4): DG1, DG2, and DG3 supply
the load (6 kW and 600 VAr).

The obtained active and reactive powers are shown
in Fig. 11 to compare between the proposed IDA-PBC-E2D
control technique and the PI-DTS. It can be noted that when
supplying the nonlinear load, both control techniques show
similar active and reactive power-sharing performances. How-
ever, the proposed IDA-PBC-E2D offers higher performances
characterized by lower oscillations than the PI-DTS under
nonlinear load changes either when two or three DGs are
connected.

The obtained results confirm the advantages of the proposed
control in maintaining the system stability even under MG
expansion. The proposed control achieves stable and modular
control independently of the MG architecture, i.e., the number
of interconnected DG units and loads.

Moreover, Fig. 12 shows the waveforms of the PCC voltage
and the output current of each DG unit phase “a.” It can be
appreciated from this figure that the proposed control strategy
allows maintaining accurate load current sharing between the
interconnected DGs. By following the obtained voltage, THD
rates are summarized in Table II. It can be seen that the
proposed IDA-PBC-E2D allows obtaining better performances
than the PI-DTS, which can be noticed when comparing the
measured voltage THD rates. Indeed, the superiority of the
proposed method is highlighted as it obtained smaller THD
rates between 3.14% and 3.58% than the PI-DTS that obtained
values between 4.17% and 5.91%. Note that the maximum
allowable voltage THD value is fixed to 5% by the IEEE 1547-
2018 Standard [42].

Following the two experiment tests, it can be concluded
that the proposed IDA-PBC-E2D control ensures better power
quality and more accurate power-sharing performances than

Fig. 12. Experimental comparison between the proposed IDA-PBC-E2D con-
troller (right) and the PI-DTS controller (left): DG#1, DG#2, and DG#3 output
currents (Phase-a), and the PCC voltage under a nonlinear load when one DG
(Z1), two DGs (Z2), additional nonlinear step load (Z3), and three DGs (Z4)
are supplying the system.

TABLE II

VOLTAGE THD RATES—NONLINEAR LOAD

the PI-DTS. Moreover, it is shown that the proposed method
allows maintaining stable performances even when additional
DGs and loads are connected to the MG, which confirms the
modular functionality that characterizes the proposed control
technique. Indeed, the design methodology of the proposed
control strategy guarantees the stability of the system as
well as its modularity even under system reconfiguration and
expansion, which sustains the plug and play characteristic in
MGs.

VI. CONCLUSION

This article has proposed a modular control strategy based
on passivity to guarantee proper voltage control and accurate

Authorized licensed use limited to: University of Nantes. Downloaded on April 12,2023 at 08:24:30 UTC from IEEE Xplore.  Restrictions apply. 



KHEFIF et al.: GENERALIZED IDA-PBC CONTROL USING ENHANCED DECOUPLED POWER SHARING 5081

power sharing in islanded MGs with multiple DG units. This
control is based on an interesting modeling formalism called
the “PCH” that permits not only to synthesize a stable control
but also to extend the study to a system with several DG
units due to the modularity of the used energetic model. The
system modeling in the Hamiltonian form and the controller
synthetizer are comprehensively detailed. Extensive compar-
isons between the proposed E2D control using the IDA-PBC
and an advanced control technique based on a decoupled droop
control are presented. The carried experimental tests show that
the proposed approach ensures satisfactory voltage quality and
accurate active and reactive power sharing even under system
expansion, which confirms the modular functionality of the
proposed control technique.

APPENDIX

System Parameters: L f i = 3 mH,r f i = 0.1 �,C f i =
44 μF, L L1 = 1 mH, L L2 = 2 mH, U DCi = 450 V, Fs =
10 kHz, and Rated voltage : 110 Vrms, 60 Hz.

Control Parameters: a11i = a22i = 1,a33i = a44i =
1, a13i = −a31i = 1, a24i = −a42i = 1, a55i = a66i =
0, a77i = a88i = 0, k pV = 0.024, kiV = 2.82,a37i =
−a73i = 0,, a48i = −a84i = 0, λi = 8,ξi = −8,K pi =
K qi= 1e−5,kiC = 16922, and k pC = 14.15.
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