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ABSTRACT

This paper deals with the problem of voltage and frequency control of distributed
generators (DGs) in AC islanded microgrids. The main motivation of this work is to
obviate the shortcomings of conventional centralized and distributed control of micro-
grids by providing a better alternative control strategy with better control performance
than state-of-the art approaches. A distributed secondary control protocol based on a
novel fixed-time observer-based feedback control method is designed for fixed-time
frequency and voltage reference tracking and disturbance rejection. Compared to the
existing secondary microgrid controllers, the proposed control strategy ensures
frequency and voltage reference tracking and disturbance rejection before the desired
fixed-time despite the microgrid initial conditions, parameters uncertainties and the
unknown disturbances. Also, the controllers design and tuning is simple, straightfor-
ward and model-free.i.e, the knowledge of the microgrid parameters, topology, loads
or transmission lines impedance are not needed in the design procedure. The use
of distributed control approach enhances the reliability of the system by making the
control system geographically distributed along with the power sources, by using the
neighboring DGs informations instead of the DG’s local informations only and by
cooperatively rejecting external disturbances and maintaining the frequency and the
voltage at their reference values at any point of the microgrid. The efficiency of the
proposed approach is verified by comparing its performance in reference tracking and
its robustness to load power variations to some of the works in literature that addressed
distributed secondary voltage and frequency control.
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1. INTRODUCTION
Microgrids are defined as electrical distribution networks, composed of distributed mainly renewable

energy based power sources, called distributed generators (DGs), of loads and of energy storage systems, and
managed autonomously from the main power grid [1, 2]. The concept of islanded microgrids emerged to
coordinate the contradiction between the distributed nature of renewable energy power sources and the large
electrical network. Microgrids require proper control to maintain the voltage magnitude and the frequency at
their reference values.

Two main approaches were suggested for microgrids control: centralized and distributed control.
Centralized control has been extensively used in literature for both AC and DC microgrids control [3–13]
including secondary control [3–5] and power management [6–8] among others [9–13]. Distributed control is

Journal homepage: http://ijece.iaescore.com

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Institute of Advanced Engineering and Science

https://core.ac.uk/display/329119407?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Int J Elec & Comp Eng ISSN: 2088-8708 r 4523

a modern control approach developed as a natural solution for the naturally distributed systems as a more reli-
able control strategy, since the control is geographically distributed along with the system. It has applications
in several fields including robotics [14–19], power electronics [20–24] and microgrid control [1, 25–30].
A distributed controller uses the informations of its neighboring components in addition to its local data to
achieve regulation and reference tracking without having access to the reference itself. Thus, the system non-
linearities, parameters uncertainties and external disturbances are handled cooperatively at every component of
the system, enhancing as a consequence the control efficiency. The data sharing feature of distributed control
also increases the control system reliability as one component’s failure is compensated by the others without
hindering the control performance.

However, centralized control has several shortcomings. First, it requires heavy computational capacity
as all the microgrid components are commanded by a single centralized controller. Thus, the control system
implementation is financially expensive, which adversely affects its scalability. Centralized control also offers
a single failure point as the micogrid control operations are conducted by one controller, which hinders the
control system reliability. As for distributed control, asymptotic distributed secondary microgrid controllers
has been suggested in literature [25, 27, 1, 29], however, disturbance rejection and reference tracking cannot
be achieved in a finite-time due to the asymptotic convergence, and increasing the control gains makes the
controller more sensible to external disturbances and parameters uncertainties and may destabilize the system
instead of increasing its response speed. Furthermore, in [29] and [27] among others, the design procedure of
the proposed control protocols requires a detailed non-linear model of the microgrids while, in practice, most
of the microgrid parameters including line impedances, loads parameters and power demand are unknown.
A few works proposed finite-time distributed secondary microgrid controllers [26, 28]. The settling-time is
finite in this case, yet it depends on the systems parameters and initial conditions, and the mathematical relation
between the control gains and the settling-time is not established. This means that the controller tuning can
only be conducted manually by trials and errors and a automatic tuning algorithm can’t be used in this case
which hinders further the control performance.

To achieve better control performance than the existing centralized and distributed secondary
microgrid controllers while obviating their shortcomings, this paper investigates a distributed observer-based
secondary approach for frequency and voltage fixed-time control in AC islanded microgrids. The main
contributions in this work are as follows:

(a) A fixed-time feedback observer-based controller is designed to achieve frequency and voltage reference
tracking and disturbance rejection before the desired fixed-time irrespective to the microgrid initial
conditions, parameter uncertainties and the unknown disturbances.

(b) The controller design is model-free,i.e., the microgrid topology, parameters, loads, or the transmission
lines impedance are not required in the design procedure.

(c) Simple and straightforward design and tuning procedure.
(d) The proposed control law has a simple expression and therefore, it can be easily implemented and it

does not require a hardware with high computational capacity. The reference tracking performance
of the proposed control system and its robustness to load power variations is verified through a com-
parative simulation study with some of the works that addressed distributed secondary voltage and
frequency control.

The rest of this paper is organized as follows. In Section 2., a detailed mathematical model of islanded
microgrids is presented. Section 3. is devoted to the design of the proposed voltage and frequency secondary
controllers. In Section 4., the comparative simulation study with some of the works that addressed distributed
secondary control of microgrids is provided. Finally, the study is summarized and concluded in Section 5.

2. MATHEMATICAL MODEL OF AN ISLANDED AC MICROGRID
A comprehensive mathematical model of an islanded AC microgrid is presented in this section. It is

required for the simulation study that will be conducted later. An accurate mathematical representation of a
microgrid should include all the components with dynamics that define the behavior of each DG. Therefore for
an islanded AC microgrid containing n parallel DGs with DC power sources, these components are as follows:

(a) The series RL filter.
(b) The shunt capacitor Cti that attenuate the impact of high-frequency voltage harmonics of the local load.
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(c) The step-up transformer (Y − ∆) with transformation ratio mi connecting the DG to the transmission
line at the corresponding point of common coupling (PCCi) i ∈ {1, ..., n}

(d) The internal control loops of the voltage and the current of the voltage-source converter (VSC).
(e) The transmission lines modeled as RL series circuits to simulate both the resistive and the inductive

behavior of power lines.
An example of a two DGs islanded microgrid in the d− q frame can be seen in Figure 1.
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Figure 1. A two DGs islanded microgrid

A large signal non-linear model of DGi, i ∈ {1, ..., n} is given as follows [3]:

Ii,d = miIti,d − CtiV̇i,d + CtiωiVi,q

Ii,q = miIti,q − CtiV̇i,q − CtiωiVi,d
ẋi = Aixi +

∑
j∈Ni

Aijxj +Biui +Diwi

Vti,d = V ∗ti,d
Vti,q = V ∗ti,q
V ∗ti,d = −ωnLtiIti,q +Kpci(I

∗
ti,d − Iti,d)

+Kici

∫
(I∗ti,d − Iti,d)

V ∗ti,q = ωnLtiIti,d +Kpci(I
∗
ti,q − Iti,q)

+Kici

∫
(I∗ti,q − Iti,q)

I∗ti,d = FiIi,d − ωnCtiVi,q +Kpvi(V
∗
i,d − Vi,d)

+Kivi

∫
(V ∗i,d − Vi,d)

I∗ti,q = FiIi,q − ωnCtiVi,d +Kpvi(V
∗
i,q − Vi,q)

+Kivi

∫
(V ∗i,q − Vi,q)

(1)
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Where Ii,d, Ii,q , Vi,d, Vi,q , Iti,d, Iti,q , Vti,d and Vti,q are the direct and the quadrature components of
Ii, Vi, Iti and Vti in Figure 1. xi =

(
Vi,d, Vi,q, Iti,d, Iti,q

)T
is the state vector. ui =

(
Vti,d, Vti,q

)
is the input

and wi =
(
ILi,d, ILi,q

)
is the load current consumption considered as a know disturbance and an exogenous

input to the system, for i ∈ {1, ..., n}. ωi = 2πfi is the ith DG’s output pulsation and fi its output frequency.
fi control law will be defined in the next section. ωn = 2πfn is the nominal pulsation with fn = 50 Hz
the nominal frequency. The state-space matrices Ai, Aij , B1i and B2i are defined in [31].

The microgrid communication network is modeled as an n-order weighted diagraph (directed graph)
G = (V,E) with V = (v1, v2, ..., vn) the set of nodes and E ⊆ V × V the set of directed edges. The weight
aij ≥ 0 associated with every edge is defined as follows

(a) aij > 0 if there is an edge from node j to node i. i.e., node i can receive informations from node j.
(b) aij = 0 otherwise.
(c) aii = 0 as self-loops are not allowed.

The adjacency matrix of the graph G is defined as A = (aij)i,j∈n×n and the Laplacian matrix as L = D − A
with D = diag{d1, d2, ..., dn}, di =

∑n
j=1 aij .

3. THE PROPOSED VOLTAGE AND FREQUENCY CONTROL PROTOCOL
The droop-based voltage and frequency control for the ith DG, i ∈ {1, ..., n}, is given by the following

equations: 
V ∗i,d = uvi −DqQi,

V ∗i,q = 0,

ωi = uωi −DpPi,

(2)

where uvi and uωi are respectively the voltage and frequency control inputs to be designed. DGi generates the
desired voltage reference, thererfore V ∗i,d = Vi,d and V ∗i,q = Vi,q = 0. Thus, (2) becomes

Vi,d = uvi −DqQi,

Vi,q = 0,

ωi = uωi −DpPi,

(3)

Since the droop-control cancels the quadrature term of the voltage and DGi output voltage magnitude
Vi,mag satisfies Vi,mag =

√
V 2
i,d + V 2

i,q , then control voltage amplitude is equivalent to controlling the output
voltage direct term.
Differentiating the voltage and frequency droop equations yields{

V̇i,d = u̇vi −DqQ̇i = zvi,

ω̇i = u̇ωi −DpṖi = zωi
(4)

where zvi and zωi are the auxiliary control inputs. uvi and uωi will be designed is the same way. Therefore to
avoid redundancy, denote for the ith DG ui the voltage or frequency control input, xi ∈ {Vi,d, ωi} the output
voltage vi,d or the pulsation ωi and x0 ∈ {V0, ω0} the reference pulsation ω0 = 2πf0 or voltage amplitude.
We also denote zi ∈ {zvi, zωi} the auxiliary control input and γi ∈ {DqQi, DpPi} the power ratio. Thus, one
can write

u̇i = zi + γ̇i and ẋi = zi (5)

We propose the following fixed-time feedback-state auxiliary control zi

zi =

{
ẋ0 − ke1, For the leader DG (DG1)
˙̃xi1 − kei, For DGi (i 6= 1)

(6)

where k is the control gain and ei is the ith DG reference tracking error defined as follows:{
e1 =

(
| x1 − x0 |1/2 + | x1 − x0 |3/2

)
sign(x1 − x0), i = 1

ei =
(
| xi − x̃1 |1/2 + | xi − x̃1 |3/2

)
sign(xi − x̃1), i 6= 1

(7)
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where x0 is the reference state and x̃i1 is the estimation by DGi, i ∈ {2, ..., n} of the state x1 of the leader DG
(designated DG1 in this paper). The estimation x̃i1 is provided by the distributed fixed-time observer designed
as follows:

˙̃xi1 = αsign
( n∑
i=1

aij(x̃
j
1 − x̃i1) + bi(x1 − x̃i1)

)
(8)

+ β
[ n∑
i=1

aij(x̃
j
1 − x̃i1) + bi(x1 − x̃i1)

]2
Where β = ε

√
n

(2λmmin(L+B))
3
2

and α = ε
√

λmax(L+B)
2λmin(L+B) . L is the Laplacian of the graph modeling the

communication network defined in the previous section. B = diag{b1, b2, ..., bn} is the pinning gain
matrix where bi = 1, i ∈ {1, ..., n} for the DGs having access to the leader DG ’s state x1, bi = 0 otherwise.
λmin(L+B) and λmax(L+B) are respectively the minimum and the maximum eigenvalue of L+B. If the
observer is designed as in (8), the estimated state x̃i1, i ∈ {2, ..., n} reaches the state x1, i.e., x̃i1 = x1 before
the fixed-time T0 given as follows [32]:

T0 ≤
nπ

ε
(9)

ui is designed in virtue of (5) and (6) as follows

ui =

{∫
(ẋ0 − ke1 + γ̇1)dt, i = 1∫
( ˙̃xi1 − kei + γ̇i)dt, i 6= 1

(10)

The following Lemmas are needed in the subsequent analysis.
Lemma 1 [33] Consider y1, y2, ..., yn ≥ 0, 0 < α ≤ 1, β > 1. Therefore

n∑
i=1

yαi ≥
( n∑
i=1

yi

)α
,

n∑
i=1

yβi ≥ n
1−β
( n∑
i=1

yi

)β
(11)

Lemma 2 [32] Consider the simple-integrator system

ẋ = g(t, x), x(0) = 0 (12)

where g : R+×Rn → Rn is a nonlinear function. If there exists a continuous radially unbounded and positive
definite function V (x) such that

V̇ (x) ≤ −αV p − βV q (13)

where α, β > 0, p > 1 and 0 < q < 1, then the origin of this system is globally fixed-time stable with the
settling-time T verifying

T ≤ Tmax :=
1

α(p− 1)
+

1

β(1− q)
(14)

i.e., any solution of ẋ = g(t, x), x(0) = 0 reaches the origin at the fixed settling-time T verifying (14).
Theorem 1 If the control law ui is designed as in (10), (8) and (7), the reference x0 is reached in the pre-fixed
settling-time Tsettling verifying

Tsettling ≤ max
(21.25 + 20.75

√
n

k
, T0
)

(15)

proof For ui, i 6= 1, consider the Lyapunov function defined as follows :

V =
1

2

n∑
i=1

(xi − x̃1)2 (16)
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The derivative of the Lyapunov function (16) is given as follows:

V̇ =

n∑
i=1

(xi − x̃1)(ẋi − ˙̃x1) (17)

In virtue of (5), (6) and (7), the derivative of the Lyapunov function (17) becomes:

V̇ = −k
n∑
i=1

(xi − x̃1)
(
| xi − x̃1 |1/2 + | xi − x̃1 |3/2

)
(18)

× sign(xi − x̃1)

= −k
n∑
i=1

(
| xi − x̃1 |3/2 + | xi − x̃1 |5/2

)
= −k

n∑
i=1

(
(xi − x̃1)2

)3/4
+
(
(xi − x̃1)2

)5/4
Using Lemma 1, yields

V̇ ≤ −k
( n∑
i=1

(xi − x̃1)2
)3/4

− k√
n

( n∑
i=1

(xi − x̃1)2
)5/4

(19)

≤ −k23/4V 3/4 − k25/4√
n
V 5/4

Thus in virtue of Lemma 2, xi reaches x̃1 in the pre-fixed settling-time T1 verifying

T1 ≤ 20.75
√
n

k
+

21.25

k
(20)

≤ 21.25 + 20.75
√
n

k

Thus, for the leader DG (DG1), the settling-time verifies (20), i.e.,

TsettlingDG1 ≤
21.25 + 20.75

√
n

k
(21)

For DGi, i ∈ {2, ..., n} since x̃i1 reaches x1 at the fixed-time T0, then xi will reach the reference state x0 in the
pre-fixed settling-time Tsettling verifying

Tsettling ≤ max
(21.25 + 20.75

√
n

k
, T0
)

(22)

For u1, the results are straightforward by considering the Lyapunov function V = 1
2

∑n
i=1(xi − x0)2 and

following the same previous steps to conclude that the reference state x0 is reached at the fixed settling-time
T1 verifying (20). Therefore in virtue of (10), the proposed voltage and frequency controllers uvi and uωi are
given as follows
For voltage control

uv1 =

∫ (
V̇0 − kv

(
| V1,d − V0 |1/2 + | V1,d − V0 |3/2

)
(23)

× sign(V1,d − V0) +DqQ̇1

)
and (for i 6= 1)

uvi =

∫ (
˙̃V i1 − kv

(
| Vi,d − Ṽ i1 |1/2 + | Vi,d − Ṽ i1 |3/2

)
(24)

× sign(Vi,d − Ṽ i1 ) +DqQ̇i

)
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For frequency control

uω1 =

∫ (
ω̇0 − kω

(
| ω1,d − ω0 |1/2 + | ω1,d − ω0 |3/2

)
× sign(ω1,d − ω0) +DpṖ1

)
and (for i 6= 1)

uωi =

∫ (
˙̃ωi1 − kω

(
| ωi,d − ω̃i1 |1/2 + | ωi,d − ω̃i1 |3/2

)
× sign(ωi,d − ω̃i1) +DpṖi

)
where kv and kω are the control gains.
Remark 1 ε is the tuning gain of the reference estimation time. The higher ε is, the fastest the estimation
becomes as indicates (9). However if ε is too high, the discontinuous part of the observer will take high values
as well and the resulting shattering effect will hinder the leader DG state estimation and the subsequent voltage
and frequency control of the microgrid.
Remark 2 For high control performance, it is recommended to tune the control gain ε of the observer and
the control gains kv and kω of the voltage and frequency controllers to have T0 ≤ nπ

ε ≤
21.25+20.75

√
n

k ,
k ∈ {kv, kω}. In this case, the DGs will have the same settling-time (21) as the leader DG (DG1).
Remark 3 As demonstrated earlier, the proposed controllers achieve fixed-time voltage and frequency
reference tracking and disturbances rejection with a model-free design procedure. Also, the basic mathematical
operations used in the control formula and the distributed nature of the control system make the numerical
implementation of the controller an easy task and reduce the computational burden for the control hardware
compared to centralized controllers.

4. COMPARATIVE SIMULATION STUDY
4.1. Simulation presentation

To verify the efficiency of the proposed control approach, its reference tracking performance and its
robustness to load power variations will be compared to some of the AC microgrids distributed secondary
controllers in the literature that are the voltage controller in [30] and the frequency controller in [28]. The test
system is an islanded AC microgrid (Nominal frequency f0 = ω0

2π = 50 Hz and nominal voltage magnitude
V0 = 380V) with four DGs and four loads. The adjacency matrix of the graph modeling the microgrid commu-

nication network is A =


0000
1000
0100
1000

 . DG1 is the leader node and, thus the only one with access to the reference

voltage magnitude V0 = 380V and the reference frequency f0 = ω0

2π = 50 Hz with the pinning gain b1 = 1
(bi = 0, i ∈ {2, 3, 4} for the other DGs).

The internal voltage and current loops gains and the filter output damping are tuned for high frequency
disturbances rejection as follows Kpv = Kpvi = 150, Kiv = Kivi = 250, Kpc = Kpci = 100, Kic = Kici =
10 and Fi = 0.75 ∀i ∈ {1, 2, 3, 4}. The parameters of the other DGs components are adopted from [31]. .
For high control efficiency, the droop coefficients are tuned to limit the voltage drop due to primary control to
no more than 2%, which is far less than 10% the maximum deviation tolerated for low voltage networks [34].
The microgrid specifications and the loads active and reactive powers are presented in Table. 1 and Table. 2
respectively.

The control gains kv and kω are set as follows kv = kω = 400. Thus, the regulation and reference
tracking settling-time verifies for both voltage and frequency T1 ≤ 0.014s. The observer gain is set to ε = 1131
in order to have the observer settling-time T0 ≤ 0.011s < 0.014s, for better performance as stated in Remark
2. The control system settling-time is then Tsettling = 0.014s. The tuning gains chosen for the controllers in
[30] and [28] by the authors of these works are the same used in this paper.
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Table 1. The microgrid specifications
Filter parameters Droop coefficients Shunt capacitance Transformer ratio

DGs Rt(mΩ) Lt(µH) Dp × 10−5 Dq × 10−3 Ct(µH) k

DG1 1.2 93.7 2.08 1.21 62.86 0.6
13.8

DG2 1.6 94.8 2.1 1.214 62.86 0.6
13.8

DG3 1.5 107.7 2.11 1.217 62.86 0.6
13.8

DG4 1.5 90.6 2.12 1.218 62.86 0.6
13.8

Table 2. Loads active and reactive powers
Loads powers

DGs P (kW) Q (kVAR)
DG1 5 2.5
DG2 3 1.5
DG3 5.5 2.75
DG4 4 2

The simulations are conducted considering the following scenario :
1) At t = 0s Beginning of the simulation and application of the primary control where uvi and uωi in (3) are
as follows

uvi =

{
380V, For DG1

Ṽ i1 , For DGi i ∈ {2, ..., n}
(25)

and

uωi =

{
2π × 50Hz, For DG1

ω̃i1, For DGi, i ∈ {2, ..., n}
(26)

2) At t = 0.5s Application of the proposed secondary control.
3) At t = 1.5s The powers (active and reactive) of Load 2 decrease.
4) At t = 2s The powers (active and reactive) of Load 4 increase.
5) At t = 2.5s Disconnection of Load1 from the microgrid.
The power variations of the loads are presented respectively in Figure 2 and Figure 3.
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Figure 2. Loads active power consumption (kW)
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Figure 3. Loads reactive power consumption (kVAR)

4.2. Results and discussion
The results of the simulation are presented in Figure 4, Figure 5 and Figure 6. As seen in Figure 4,

the primary droop control maintains voltage and frequency stability yet it yields to steady deviations from the
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reference values. When the proposed secondary control is activated at t = 0.5s, the four DGs output voltage
and frequency are almost instantly restored to their references. The voltage fluctuations caused by loads power
variations at t = 0.8s, t = 1.2s and t = 1.6s are also rejected to maintain the microgrid voltage at its nominal
value with small instantaneous overshoot (less than 6 V). The frequency controller was even more robust as
loads power variations didn’t cause any disturbances in the microgrid frequency.

Compared to the secondary controller in [30] and [28], as shown in Figure 5 and Figure 6, the
designed controller achieves fast frequency and voltage reference restoration before the prefixed settling-time
upper bound 0.014s. Load power variations begin at t = 0.8s as seen in Figure 2 and Figure 3. Figure 5 shows
that the proposed voltage control system also rejects the voltage fluctuations before the prefixed settling-time
upper bound 0.014s. The designed fixed-time frequency controller was more robust two external disturbances
and maintained the microgrid frequency at its nominal value despite loads power consumption variations, as
can be seen in Figure 6. The controllers in [30] and [28] however exhibits slower reference tracking and distur-
bance rejection dynamics with higher overshoot during load power variations. Increasing the tuning parameters
of these controllers will increase the convergence speed but will increase along the overshoot more than the
one observed in Figure 5 and Figure 6 and will hinder the system stability and the controller’s robustness to
parameters uncertainties and external disturbances. The controller suggested in this work, however, achieves
the same control objectives in the desired settling-time and with less than 2% overshoot (less than 6 V) which
is far less than the maximum allowable voltage deviation 10% [34].

(a) (b)

Figure 4. DGs terminal (a) voltage magnitude (b) frequency

Figure 5. DGs terminal voltage magnitude
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Figure 6. DGs terminal frequency

5. CONCLUSION
In this paper, the problem of voltage and frequency control of distributed generators (DGs) in AC

islanded microgrids has been addressed. To obviate the shortcomings of the existing centralized and distributed
controllers while providing a better performance, a fixed-time distributed observer-based voltage and frequency
secondary control protocol for islanded AC microgrids is proposed. Compared to the existing techniques,
a novel fixed-time observer-based feedback-controller is developed in this work for frequency and voltage
reference tracking and disturbances rejection before the desired pr-fixed settling-time irrespective to the
microgrid initial conditions, parameters uncertainties, the unknown disturbances and without requiring any
knowledge of the microgrid topology, parameters, loads or transmission lines impedance for the controller
design or tuning. The design of proposed control strategy is also simple, and straightforward and the control
law contains simple mathematical operations which means easy numerical implementation and low computa-
tional burden for the hardware. The comparative simulations study conducted with some of the conventional
microgrids control methods confirmed the theoretical results regarding the controller’s performance in voltage
and frequency reference tracking and disturbance rejection before at before the desired pre-fixed time, as the
suggested control approach exhibited faster reference tracking dynamics and more robustness to load power
variations with less overshoot and less reference restorations time.
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