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Regulating voltage and current signals in microgrids (MG) is essential to ensure stability,
optimize power quality, support grid integration, enhance operational efficiency, and
promote safety within the system. This paper introduces a novel Linear Matrix
Inequalities (LMI)-based approach aimed at regulating voltage and current signals within
microgrids through the utilization of sliding mode control. The MG under examination
in this paper is composed of a voltage source inverter (VSI) for DC to AC voltage
conversion, a filter to ensure sinusoidal signal quality, and an array of loads, including
those with uncertain characteristics. The objective of this study is to regulate the output
voltage and current in a short period of time in the presence of diverse loads. By promptly
adjusting voltage and current levels, the microgrid can effectively accommodate
fluctuations in demand and maintain optimal performance under changing conditions.
The presented controller consists of two parts: a state feedback gain calculated from the
LMI and a sliding mode-based controller to maintain system stability. This controller is
intended to reject disturbances, track reference signals, and minimize steady-state errors
in a limited time. The satisfactory performance of the microgrid will have a significant
impact on various parameters, such as frequency, active power, reactive power, and
power factor. Simulating the voltage source inventor and presenting numerical results
demonstrate the effectiveness of the proposed controller to provide high robustness
against uncertainty and nonlinear loads while maintaining system stability.

Distributed generators form the foundation for enhancing the

l. Introduction

In recent years, distributed generation systems have gained the
attention of numerous researchers. This is due to the increasing
global demand for energy, the high costs associated with
traditional energy sources, and the adverse environmental
effects stemming from conventional operations. Consequently,
numerous countries have initiated a transition from traditional
methods to renewable energy sources such as photovoltaic,
wind turbines, and solar thermal systems [1]. Distributed
generation and microgrids are closely related concepts in the
field of decentralized energy systems. Distributed generation
refers to small-scale power generation facilities that are located
close to the point of consumption. Microgrids, on the other
hand, are localized energy systems that can operate
independently or in connection with the main power grid [2].

performance of the power grid and enabling efficient power
management within smart networks [3]. In recent years,
developers are increasingly focusing on enhancing microgrid
functionality to attain superior efficiency and performance [4].
There are numerous benefits to apply a microgrid in a
distribution power system (DPS). For instance, it can reduce
losses, facilitate the utilization of renewable energy, and
enhance system reliability. Furthermore, several factors, such
as the remote location of the main grid from urban areas, its
high cost, and the complexity of connecting to it, have
contributed to the adoption of microgrids in standalone
mode[5]. Fig. 1 depicts the basic diagram of the islanded
microgrid (IMG) and its architecture. The MG constitutes a
single, controllable, independent power system comprising
distributed generation (DG), load, energy storage (ES), and
control devices, with DG and ES directly connected to the user
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side in parallel. On the microgrid side, it can be considered a
controlled cell, while on the user side, it can fulfill unique
demands, such as reduced feeder loss and increased local
reliability. With capabilities for autonomous control,
protection, and management, a microgrid can operate either in
parallel with the main grid or in islanded mode [6].

Microgrid Example

cle

Fig. 1. Microgrid Architecture

Voltage and current signals regulation play a critical role in the
reliable and efficient operation of microgrid systems. It is
essential for ensuring stability, maintaining power quality,
supporting grid integration, optimizing system operation, and
promoting safety. Stable voltage and current levels are crucial
for the reliable operation of connected loads and equipment,
while proper regulation helps prevent issues such as harmonic
distortions, which can affect the performance of sensitive
electronic devices [7]. Additionally, regulated voltage and
current facilitate the smother integration of microgrids with the
main utility grid or other distributed energy resources,
ensuring efficient power exchange and grid stability. Precise
control of these signals enables operators to optimize the
utilization of distributed energy resources, enhance system
efficiency, and reduce operating costs[8]. Thus, a significant
challenge lies in obtaining high-quality voltage and current
waveforms from microgrids. The Voltage Source Inverter
(VSI) plays a critical role in microgrids, and effectively
controlling it poses a substantial endeavor.

It is important to use control strategies with MG’s in order to
control the voltage and current signals’ shape and frequency,
as well as correct the active and reactive powers [9]. The most
commonly used technique is the PID controller, which enables
fast response times and minimizes overshoot. In [10], it is
noted that PI controllers do not perform well in unbalanced
systems. In cases with varying loads, the system's
characteristics do not exhibit a consistent transfer function. To
overcome this issue, hysteresis controllers have been
developed. These controllers are utilized in grid-connected
mode, where it ensures that the grid current tracks a reference
signal. The key attributes of these controllers include
simplicity, robustness, and a favorable transient response.
However, a drawback of them is the switching frequency's
dependence on load parameters. Another extension is drop
controller which has been utilized to stabilize the grid voltage
and frequency. The selection of a controller gain depends on
the balancing power criteria. Usually, it is used with more than
one inverter in parallel. In [11], by using this controller, the
MG can achieve active and reactive power balancing. It

controls the active and reactive power on the basis of
frequency and voltage droop control methods. [12] introduces
an adaptive cooperative energy management scheme based on
droop control for an autonomous DC microgrid powered by
photovoltaic (PV) batteries. Additional emphasis is placed on
achieving optimal voltage regulation to enhance robustness
against time-delay, as opposed to conventional voltage
observers that often result in significant observation errors.
Also, Evolutionary algorithms techniques have been applied
for the optimal tuning of parameters of these controllers[13].
In [14], an improved state feedback control approach is
proposed for the distributed secondary voltage and frequency
control within an islanded microgrid. The innovative
controllers synchronize the output voltages and frequencies of
distributed generators with their reference values. A scheme
based on the adaptive input-output feedback linearization
control has been proposed in [15]. Implementing the devised
control scheme ensures that the output voltage of distributed
generation (DG) sources exhibits negligible harmonics.
Moreover, it effectively tracks the references for generated
voltage, active power, and reactive power.

Sliding mode control (SMC) has emerged as a promising
technique for enhancing the performance and stability of
microgrids, offering robust and adaptive control capabilities.
[16] introduces a novel power control strategy for microgrids
based on sliding mode techniques. Compared to the PI
controller, the proposed control strategy exhibits a fast
response and the capability to closely follow a reference signal
with minimal steady-state error. A novel method based on LMI,
has been proposed in [17] for designing decentralized control,
specifically targeting large-scale systems. The efficacy of this
approach is demonstrated through its application to
interconnected clusters of microgrids. To enhance energy
extraction from the PV system, [18] introduces a novel
controller design strategy aimed at tracking the Maximum
Power Point (MPP) utilizing a sliding mode control method for
self-optimization. The proposed controller design ensures
rapid and precise convergence to the MPP under steady-state
conditions and during fluctuations in environmental
parameters. A centralized robust sliding mode controller is
proposed in [19] aiming to minimize frequency deviation
while optimizing power distribution among distributed
generations within an isolated microgrid. [20] introduces
distributed predictive control implemented at the secondary
level of microgrids. The controller proposed takes into account
the objectives of frequency and voltage regulation, as well as
achieving consensus on the real and reactive power
contributions from each power unit within the microgrid. [21]
presents a novel approach to decentralized and
communication-free  control strategies for regulating
frequency and voltage in (PV)-Storage islanded Microgrids.
In [22], an adaptive sliding mode controller has been designed
with a single-phase MG to stabilize the voltage, frequency, and
power of the output. Also, in [23], a recursive fast terminal
sliding mode controller is presented to regulate a single-phase
IMG, where the test is done with a low-voltage grid and is used
to stabilize the voltage output by tracking the reference and
reducing the error rate between the output and the reference
signals. Furthermore, [24] presents an advanced exponential
sliding mode controller for microgrids in autonomous and
grid-connected modes that outperforms other controllers in
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terms of fixing a voltage and frequency at the distributed-
generated system’s common coupling point (CCP).

The desired controller for the MG system, should be cheap and
easily implementable. It should guarantee the closed loop’s
stability and have robustness against a wide range of
uncertainties and disturbances. In addition, it would be usable
to regulate both of the single-phase MG and the three phase
MG, to give the pure shape of the voltage and current signals,
to provide a high-power factor, get a stable frequency over
time, and correct the active and reactive powers. The purpose
of this paper is satisfying these conditions by presenting an
LMI approach to regulate microgrid voltage and current
signals by utilizing sliding mode controller. The proposed
controller collects all the properties of the aforementioned
scheme and utilizes the compound techniques of SMC and
LMI, to provide high robustness against the load variant and
uncertainties. The system is asymptotically stable, and the
tracking errors converge to zero in finite time. Our study
contributes significantly to the existing literature by proposing
a novel approach that combines Linear Matrix Inequalities

with sliding mode control techniques for regulating microgrids.

This integration of LMI methods with sliding mode control
offers a systematic and robust framework for addressing the
challenges of microgrid regulation, providing advantages over
traditional approaches.

In a summary, this paper is organized as follows: In section 2,
the modeling of a single and three-phase autonomous mode
MG is presented, the controller design and its stability proof is
provided in section 3. In sections 4, and 5, the simulation and
tests of a single and three-phase MG are shown, respectively.
And finally, section 6 is presented the conclusion and related
feature work.

I1.  Islanded Microgrid and Modelling System

For a microgrid to ensure satisfactory performance and
stability, it must be equipped with a proper configuration and
structure. The parameters of the proposed MG are mentioned
in table (1). For modeling purposes, the system can be divided
into two categories: single phase IMG and three phase IMG.

A. Single Phase Islanded Microgrid
Single phase MG is modeled based on the inductor current (i)
in the L-C filter as shown in Fig. 2.
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Fig. 2. Single Phase Microgrid Structure

The inductor current is divided into (ic) and (ig), and the
controller design is based on:

di,
—Lt=v_-v 1
Loy, -, (1
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Where the vy is implementation of the switching voltage over
the sine-wave pulse width modulation (SPWM), and v, is the

grid voltage.
Also, the capacitance current can be written as:

i,=C N, (2)
ii=C,—

C st dt

From equations (1) and (2), the state space model can be
written as in equation (3).

OI—X:Ax+Bu+da)
dt

3
y =Cx+ Du

Where x is the state vector, u is the input vector, and w is the
exogenous input vector of the MG. d is defined as the
disturbance vector. This disturbance is considered due to the
unknown configuration of the MG and is associated with the
grid current. Any change of the MG parameters can happen,
which causes the unknown MG configuration and also the
unknown grid current and voltage. The state vector, input
vector, and disturbance vector of the MG are shown below:

i
x={L} u=[v,I; d=[i] (4)
Vg
The state space form is shown in equation (5) as:
I o=
PR Ei
dt| v, 1o |l
1 0
L |[Veo 1+ = 1] ©)
0 C

st

And the output of the system is defined in equation (6) as:

y=Iy,1=[0 1]m ©

g

B. Three Phase Islanded Microgrid
The modeling of three phase MG in Fig.3. can be derived as:

di
t,abc -
Vt,abc = Lt dt + Rtlt,abc +Vabc

4 ()
i _ C Vabc
t,abc — st dt
Vst
L Rr Star/Delta Tr.
!
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Fig. 3. Three Phase Microgrid Structure
The modeling system in (7) can transfer from abc-frame to af-
reference frame as:
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d (it,aﬂ) _ _&I _ Vaﬂ + Vt,aﬂ

i L L L ©
d(v,)

dt C

st
And finally, the equation in (8) is converted to a dg-rotating
frame and the result in:

d(l V \Y/
(lg) +5l, 4, :_& lgq 4 g “da (9)
dt L L L
d(Vy,) I g
sV, =—4 10
- +8V,, - (10)

st

where: s = jwo.

The state-space model of the open-loop three-phase MG is
represented in (9) and (10) is written as the state-space model
in (3) and (4). The state space matrices are written as:

1
0 W, o 0
-w, 0 0 =+
A= .
- ﬁWC
4 Lt
0 L1 W _E
Lt 0 L¢
00 —~ 0
Ct
L 100 0
_00 0 =gl ._fo 1o o]
B= . C= ;
1o o0 o0 0010
s 000 1
0 - 0 0

(1)

X is the state vector, u is the input vector, and d is the
disturbance vector, of the MG that are shown below:

Vd Vld ng

X= Vo u= Va d= Vs (12)
L I l 4
|Iq ||_q ng

I11.  Controller Design Based on LMI
Approach

The proposed controller is guaranteed to be asymptotically
stable and the tracking errors will lead to zero. Firstly,
depending on the state space model as written in (3) and (10)
for single and three-phase MG models, the stability of the
sliding mode controller based on LMI is proven by using
Lyapunov theory.

The tracking error is defined as:

Z=X"Xr (13)
Where xr is the desired value.

By assuming the Lyapunov equation as

v=2"Pz (14)

The controller signal is U = Uage + Ur + Us.

Uare: The state feedback gain (u = kx), that calculating by
solving the Algebraic Ricatii Equation (ARE) by using LMIs.
ur: The desired control gain. us: The switching control signal.

UaRe = kx = R"IB"Px (15)
u =—RBPx —BAx +B* % (16)
Us= —Bsign(z) a7

where 7 is the amplitude value of the sign function.

In proposed simulation, the Sign(.) function is replaced by Sat(.)
to reduce the chattering effect and some errors that are caused

by using Sign(.) function. The Sat(.) will be implemented as

shown in Fig. (4).

Sat(z)

Fig 4. Saturation function implementation

We can obtain a close loop equation by substituting the

controller signal in the state space equation:
X
g—t:Ax+B(uARE+u,+us)+d (18)

Then, the closed loop system equation will be:
dx 1pT .
E=AX+B(R B'Px—R™B Px, —

B™Ax, +B™ %’— B'5sign(z)) +d

The derivative of the Lyaponuv equation in (14) is

T
dv_gaz Pz+zTPE (19)
dt dt dt

And the derivative of the tracking error equation in (13) gets

the equation below in (20):

dz_de_dx, @0
dt dt dt

By substantiation (18) into equation (20):

dz dx

— = AX+B(Uype +U, +U)+d ——= 21
dt ( ARE r s) dt ( )

The next equation has two parts that are obtained from
substitutes in the derivative of the Lyaponuv equation. The
first part will be equal to:

—nsign(z) +d (22)
and that part will be guaranteed to be equal or less than zero
by putting the  >= |d| where |d| is the absolute value of the
disturbance vector.

The second part will be as follows:
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(Az + BR'B"Pz)"Pz + 2'P(Az + BR'B"Pz) (23)
However, the Lyapunov equation guarantees that any system
will be asymptotically stable if and only if:

AP + PA <=-Q (24)
From [25], the algebraic ricatii equation in (23) guarantees the
stability of the MG system if and only if

(AP +PA+Q)/2+PBRB'™P <=0 (25)
Now, by applying the Shur lemma[26], we will get the
inequality below:

(A"P+PA+Q)/2 PB -
B'P -R
By using LMI in MATLAB, the equation (26) is solved to get

the state feedback gain (k = R™B"P), and the parameters (P =
PT>0), (R >0), and (Q >=0).

=0 (26)

V. Performance and Simulation Results for
the Single-Phase MG

In general, the design of the proposed controller is explained
in some steps:

Step 1: We use LMI in MATLAB (YALMIP toolbox) to solve
the inequality equation in (26) as a single-phase or three-phase
model.

Step 2: In single-phase MG, we chose a sinusoidal as the
voltage and current reference signal. But with three-phase MG,
the references are 0.6 and 0.8 for voltage and current as dg-
frame.

Step 3: The controller component will be implemented using
equations (15), (16), and (17).

Step 4: We implement the MG plant and add the disturbances
that come from the grid’s voltage and current as shown in Figs.
(2) and (3).

Step 5: In this step, the VSl is programmed to rely on Figs. (2)
and (3) by tacking the control signal to supply the Sinusoidal

Pulse Width Modulation (SPWM), which will activate the VSI.

Step 6: Finally, draw the plant’s outputs, which should be
similar to the references. Also, the voltage and current output
signals should be plotted to show the performance of the
controller with the MG.

The single-phase IMG in Fig.2. is designed and the parameters
are taken from the table (1). However, the first implementation
is presented with 40 Q as the resistive load. Where the
reference signals are implemented in a sinusoidal wave with 1
as amplitude and 50H,. The state feedback gain (k) in (27) is
determined by using the LMI technique where Q is chosen to
be (2 x 1075). The parameters of the switching function Sign(.)
or Sat(.) are chosen as » = [10;300]. The simulation results are
shown in figures (5-A, B, C, and D), which act as the current
control signal, the voltage control signal of the presented
controller, the current reference and current output, and the
voltage reference and voltage output of the plant, respectively.

TABLE 1 PARAMETERS OF THE SINGLE-PHASE AND
THREE PHASE IMG

LMI-Based Approach for Regulating/ M.Y. Yakoob, et al

Parameter 1Phase MG 3Phase
MG

DC Battery (Vdc) 300v 2000v

Inductor Filter (Lt) 2mH 100mH

Shunt Capacitance Cst 15pF 100pF

Resistance of the Line 0.450

(RLine)

Consumer Load (RL) 40Q 40Q

Frequency (f) 50H; 50H;

MG terminal Voltage 300v 400v

(Line to Line)

Transformer Voltage Ratio 12.4/3.4

(Y/A)

SPWM Carrier Frequency 6000 kH: 6000 kH:

(fow)

Distributed Generation 3MV A

Rated Power

Figures (7-A and B) represent the voltage output and current
output of the MG, respectively. From the results, we can show
that the presented controller against the resistive load with the
MG model has a high performance where the outputs of the
plant track the reference signals and the output of the MG is
admissible. While the MG’s performances against the
different loads are shown below:

3441670

_ 4
k= [41924x10 . @7
- 41702 x 10

4.0027 x 103

Current Controller Signal

o 2
time(s) A

Voltage Controller Signal

0% o

tlr’};e(5| B !
CurrentReference and Current output of the plant

time(s) C
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_ Voltage Reference and Voltage output of the plant

time(s) D

Fig. 5. Controller signals and output of the plant, (A) Current
control signal (B)Voltage control signal, (C) Current reference
and current output signals, (D)Voltage reference and voltage
output signals

A. Performance Against the Unknown Loads

In Fig.6.A, the unknown loads are connected to the single-
phase IMG system, and the proposed controller is simulated in
the presence of them. The simulation is completed within 0.2
seconds, with the load changing within 0.1 seconds upon
closing the switch. The state feedback gain (k) in (28) is
evaluated by using the LMI technique where Q is chosen to be
(2 x 1075). The switching function Sign(.) or Sat(.) are chosen
as n =[10;300]. All the results for this test are shown in figures
(5-A, B, C, and D) implement the current control signal, the
voltage control signal of the proposed controller, the output
current, and the output voltage of the plant, respectively. Also,

the figures (8-C and D) are the voltage output and current
output of the IMG.

_ [-4.1924 X 10* 344.1670 (28)
—4.0027 x 10® 4.1702 x 103
6pF 6uF ==

RL
2100

130 166Q

(A)

RL
800
o @ B 3

400

SuF

¥

Dynamic Load

(8) [(«]

RL
400

(D)

Fig. 6. Types of Different Loads in MG, (A) Unknown Loads,
(B) Dynamic Load, (C) Harmonic Load (D)Nonlinear Load

Current

| ‘ : 5
Fig. 7. The output of MG with RL=40Q, the dynamic load, the

non-linear load, and the harmonic load (A)Voltage Output and
(B) Current Output.

time(s

B. Performance Against the Dynamic Load

In this part, the single-phase IMG is simulated against a
dynamic load as shown in Fig.6.B with parameters being taken
as (Vims = 300v, F = 50H,, P = 50w, and Q = 2var). The state
feedback gain (k) in (29) is determined by using the LMI
technique. Q is chosen to be (2 x 107%). The parameters of the
switching functions Sign(.) or Sat(.) are chosen as » = [10;300].
The results are shown in figures (5-A, B, C, and D) for the
current control signal, the voltage control signal of the
proposed controller, the output current, and the output voltage
of the plant, respectively. The dynamic load is added to the
MG, and the test happens in 0.2 seconds. We can demonstrate
that the proposed controller performs well against dynamic
loads, where the plant’s output current and voltage track the
reference signals, and the MG provides admissible waveforms.

k= [—4.1924 x 10% 344.1670 (29)
—4,0027 x 103 4.1702 x 103
Fa\ Fa\ i / N\ \
PRAEA / VoA f’n\ A *‘P\. I\ //\\
o7 | Y A Wy ey B S S S B ey A
@t Vv I R A [
% \\ r'( \\ J‘ \ / \ -’/ \‘ p‘ \\ !f \‘\ f ‘\ / \ / \\ /)
> \VARRV \\/F \VARRRY, VARV VAR VARV
‘ time(s) C
-
p
5
O "
" time(s)D

Fig. 8. The output of MG against the unknown loads (C)Voltage
Output and (D) Current Output.

C. Performance Against the Non-Linear Load

The nonlinear load in Fig. 5.C is simulated with the single-
phase IMG. The time of the simulation is 0.2 seconds, and the
nonlinear load is connected to the MG from the beginning.
Where the state feedback gain (k) in (30) is calculated by using
the LMI technique. Q is chosen to be (2 x 107%). The
parameters of the switching functions Sign(.) or Sat(.) are
chosen as # = [10;300]. As shown in the results, the proposed
controller works well with the MG model, where the current
and voltage outputs track the reference signals. As shown in

240
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the results, the proposed controller works well with the MG
model, where the current and voltage outputs track the
reference signals. In addition, the output voltage and current
of the MG have admissible waveforms.
k = [—4.1924 X 10: 344.1670 , (30)
—4.0027 x 10° 4.1702 x 10
D. Performance Against the Harmonic Load
The single-phase MG is simulated against the harmonic load
as shown in figure(6-D), where the current source with 0.2A
and F = 150H, is added to R = 30Q2. The state feedback gain
(k) in (31) is determined by using the LMI technique where Q
is chosen to be (107%). The parameters of the switching
functions Sign(.) or Sat(.) are chosen as n = [10;300]. All the
tests were completed in 0.2 seconds, and the harmonic load
was connected for the first time. It was shown that the
presented controller has high performance with the MG, where
the outputs of the model track the reference signals and the
outputs of the MG have admissible waveforms.
_[-1.4795 x 10° 1.877 x 103

k = . . (31)
—1.3039 x 10* 3.1641 x 10

E. Performance Against the Compound Loads
In this section, the test with a single-phase MG is simulated
against the compound loads with the same specifications as in
the above tests. In figures (6-C, A, and D) the proposed
controller, for the resistive load R. = 40 is connected from the
first time. At time 0.01 seconds, the nonlinear load is added; at
time 0.03 seconds, the unknown loads are connected; the
switch is closed at time 0.07 seconds, and the harmonic load is
added at time 0.1 seconds. Where the state feedback gain (k)
in (32) is evaluated by using the LMI technique where Q is
chosen to be (107%). The parameters of the switching function
Sign(.) or Sat(.) are chosen as 5 = [16;305]. Reference signal
and voltage output of the MG model, shown in Fig. 9, where
the output voltage is shown in (K) and (L) is presented as the
output current of the MG. From the results, the outputs of the
MG model with the proposed controller track the reference
signals, and the outputs of the MG give admissible waveforms.
k = —1.4795 x 10° 1.877 x 103

= 32
—1.3039 x 10* 3.1641 x 10* (32)
N A N\ \ N A N A
° (/ \ f \‘\ ’/\ \) / \) ’J[\ JJ' “.\ / \ / \ / \\ / \\
o | J! 1 A T A T A f( Vo / Vo ,‘{ \
S S W L WO A WO (N N A Y B
R e e e e N AT Y AN AN R
0 VoV \ V] \ [ \ N
> V \/ \ \/ \ vV V, \ \/ Vi
time (s) K
=
o
5
0
time (s) L

Fig. 9. The output of MG against the compound load (K) Output
voltage and (L) Output current.
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V. Performance and Simulation Results for

the Three Phase MG

Three-phase IMG is simulated with the proposed controller, as
shown in Fig. 3. The references for the voltage and current are
chosen to be 0.6DC for a Vgand Iyand 0.8DC for a Vqand Igin
the dg — frame to be similar to the three phase signals in abc —
frame. The angle © is calculated in the second step by
integrating W,, where W, equals to (2zf). Where the state
feedback gain (k) in (33) is calculated by using the LMI
technique. The parameters of the switching function Sign(.) or
Sat(.) are chosen as n = [350;200;6;0.5]. However, all of the
tests performed in this section are compared to papers such as
[27-29], and [30] to demonstrate that the performance of the
proposed controller is better. So, we start the simulation with
RL = 40 connected as the first terminal to the lines of the MG
and the other terminal to the ground. The test is applied for 0.2
seconds, and the resistive load is connected for the first time.
Figures (12-A, B, C, and D) show the controller’s input as a
reference, the output voltage and current of the MG plant in a
dg — frame, the voltage control signal, and the current control
signal of the proposed controller, in that order. Also, what
shown in the figures (13-E, F, G, and H) are the outputs of the
three-phase MG: voltage, current, active power, and reactive
power, respectively. There are some tests that are performed
with the three-phase MG and the proposed controller, as
shown below.

k =
-1.1x10* 1.15x10* —-196x 10" 8.2x 10*
—3.66 x 10* —25x10* 1.04x10° —1.9x 107
1.8 x 107 1.6 x 10* —-39x10* 9.6x 10*
1.6 x 10* 1.8x107 —-1.7x10* 3.14x10*
(33)

A. Performance Against the Unknown Loads

The second test is done by connecting the three phase
unknown loads as shown in figure (6-A), where the first part
is from the R_ = 40Q side. The first terminal is connected to
the first phase line of the MG, and the second terminal is
connected to the ground. Then it is repeated with every phase.
Also, the second part is added in the same way after a three-
phase switch, with a three-phase MG and the proposed
controller, where the simulation happens for 0.2 seconds and
the switch is closed at 0.1 second. The state feedback gain (k)
in (34) is determined by using the LMI technique. The
parameters of the switching function Sign(.) or Sat(.) are
chosen as 7 = [300;200;11;1]. The results are shown in figures
(12-A and B) which represent the plant output voltage and
current. In addition, figures (12-C and D) represent the
controller voltage and current signals. Moreover, the figures
(13-E, F, G, and H) are the voltage, current, active power, and
reactive power output of the three-phase MG, respectively.
k=

—1.1x10* 1.15x10* —-196x 107 8.2 x 10*
—3.66 x 10* —25x10* 1.04x10° —1.9x 107
1.8 x 107 1.6 x10* —-39x10* 9.6 x 10*
1.6 x 10* 1.8x 107 —1.7x10* 3.14 x 10*

(34)

B. Performance Against the Dynamic Load
This section is testing a three-phase IMG against a three-phase
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dynamic load, where the specifications of the dynamic load as
shown in figure (5-B) are Vs = 400volts, F =50H,, P =
1000watts, andQ = 20var, with the proposed controller. The
simulation is presented in real time for 0.2 seconds, and the
dynamic load is connected from the beginning. Where the Q is
chosen to be 0.65 x 1077, The state feedback gain (k) in (35) is
evaluated by using the LMI technique.

k =
215.89 —74.56 —47%x10%® 1.149 x 103
—186.48 265.57 1.17 x 103 —4.68 x 103
1.28 x 10* 227 x10°® —2.6 x 10° 467.387
2.12x10° 1.8x10% —77.436 —3.04 x 103
(35)
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The parameters of the switching function Sign(.) or Sat(.) are
chosen as # = [600;500;5;12]. However, the results of the test
are shown in figures (14-A and B), The voltage and current
outputs of the three-phase MG plant in dq — frame and (C, D)
are the voltage and current signals of the controller. Moreover,
the figures (15-E, F, G, and H) are the output voltage, current,
active power, and reactive power of the three-phase MG,
respectively. From the above results, we can conclude that the
proposed controller is performing well because it has outputs
from the MG model that track the reference signals.
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o
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Fig. 14. The input and output of the controller with a MG plant
against the dynamic load (A-B) Voltage and Current in dg-frame
(C-D) Control signals in dg-frame.
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of the MG

C. Performance Against the Non-linear Load

For this test, the three-phase nonlinear load is connected to a
three-phase IMG. The simulation was done with R_ = 40Q
during a time of 0.2 seconds, and the nonlinear load was added
at 0.1 second. Where the Q is chosen to be 1075, The state
feedback gain (k) in (36) is calculated by using the LMI
technique. The parameters of the switching function Sign(.) or
Sat(.) are chosen as » = [300;350;5;10]. The results are shown
in figures (16-A, B, C,and D), the input as reference in the dq
— frame, the output voltage, current in the dq — frame of the
three phase MG plant, the voltage control signal, and the
current control signal output of the proposed controller,
respectively. In addition, the figures (17-E and F) are the
output voltage and current of the three-phase MG, and (G and
H) are the active and reactive power of the MG.

k=

—580.2 —283.2 -6.1x10* 2.7x103
—344.2 —697.0 27x10% —-1.1x10*
6.5x 10* —3.7x 103 412.69 776.89
-3.6 x10® 6.6 x 10* 933.75 703.23
(36)
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Fig. 16. The input and output of the controller with a MG plant
against the nonlinear load (A-B) Voltage and Current in dg-
frame, (C-D) Control signals in dg-frame.

D. Performance Against the Compound Loads

The final test is a three-phase IMG, and the proposed
controller is against the compound loads. This means all the
loads are connected to the MG, where the first R = 40Q and
the dynamic loads are connected at the beginning. The
unknown loads are added at 0.03 seconds and the switch is
closed at 0.06 seconds. In the third case, the harmonic load is
added at 0.1 second, and in the end, the nonlinear load is added
at 0.15 second. Where the Q is chosen to be 0.65 x 107°. The
state feedback gain (k) in (37) is calculated by using the LMI
technique. The parameters of the switching function Sign(.) or
Sat(.) are chosen as # = [600;500;5;20].
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Fig. 17. The output of a three phase MG against the nonlinear
load (E)Voltage Output of the MG (F) Current Output of the MG

(G) Active Power Output of the MG (H) Reactive Power Output
of the MG.

However, the results for 0.2 seconds are shown in figures (18-
A, B, C, and D), which are the reference signals in a dg — frame,
output voltage, current of the MG plant, voltage, and current
control signal of the proposed controller, respectively.

k =

215.89 —74.56 —4.7x10® 1.149 x 103
—186.48 265.57 117 x 103> —4.68 x 103
1.28 x 10* 2.27 x 103 —2.6 x 103 467.387
212 x10% 1.8 x10* —77.436 —3.04 x 103
(37)
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Fig. 18. The input and output of the controller with a MG plant
against the compound loads (A-B)Voltage and Current in dg-
frame (C-D) Control signal in dg-frame.

As demonstrated in the results, the performance of the
proposed controller is deemed acceptable, particularly
considering the challenge of managing various loads within
the same test scenario. Utilizing the voltage control signal for
microgrid regulation proves advantageous due to the dynamic
load's impact on the entire system. Consequently, the output
waveforms of the microgrid exhibit satisfactory characteristics.

VI. Conclusion

This paper introduces a sliding mode controller utilizing the
LMI approach, designed to regulate and optimize both the
voltage and current signals in single-phase and three-phase
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microgrids. The application of the presented controller
results in the MG model's output precisely tracking the
reference signals, demonstrating the effectiveness and
precision of the control strategy in maintaining desired
performance levels. Additionally, the output voltage and
current signals of the microgrid display acceptable
waveforms, while the correction time is notably shorter
compared to similar studies. Simulated results demonstrate
that the proposed controller can enhance various aspects of
the MG's outputs, including active power, reactive power,
and power factor. Moreover, the proposed controller is not a
complex composite structure when compared to similar
counterparts. Future developments of the proposed
controller will focus on the LC filter, which will be modified
adaptively along with the loads to ensure compatibility with
the controller's operation and deliver admissible output
waveforms for the MG. Furthermore, because the structure
of the proposed controller is not complex and its outputs are
voltage and current signals, it can simultaneously regulate
two Voltage Source Inverters using a single regulator, which
makes the proposed controller more cost-effective. Future
work should aim to develop a controller capable of
simultaneously regulating multiple VSIs in a single MG.
This advancement would facilitate more efficient utilization
of renewable energy sources and enhance the overall
performance of the microgrid system.
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