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Abstract

This research proposes the application of fractional-order sliding mode control (FOSMC)
at the primary controller level to improve the stability of an islanded microgrid by adjust-
ing its voltage and frequency. The control strategies used in the microgrid are performed in
two levels (primary and secondary) in the islanded mode. Practically, most previous studies
have worked to improve the primary controller. Droop control is one of the most com-
monly used methods at the primary level and is adopted in this study as well. The sliding
mode control (SMC) strategy is normally used to control linear equations. Thus, the non-
linear microgrid equations were transformed into some linear ones using the input-output
feedback linearization technique. Further, a fractional sliding surface was acquainted. The
sliding surface and FOSMC were designed to reject system uncertainties and organize
the voltage and frequency. Design parameters were chosen using the Lyapunov stabil-
ity theorem. The validation of the proposed method using Simulink-MATLAB confirms
its effectiveness in enhancing level power sharing, regulating frequency, and maintaining

1 | INTRODUCTION

Electricity generated by the utility grid is primarily sourced from
burning fossil fuels and natural gas, resulting in the release
of harmful gases like CO,. The increasing cost of fossil fuels
has prompted researchers to shift towards renewable resources,
maintaining power generation while addressing climate change
concerns [1]. Renewable energy sources (RESs) show promise
as an eco-friendly option for future energy needs in utility
grids, potentially leading to their transition into microgrids [2,
3]. Microgrids initially emerged in remote regions with limited
and costly power access but have since gained recognition and
popularity, expanding into urban areas [4].

The smart grid relies on renewable energy sources (RES)
such as solar, wind, and tidal energy. The variability of RES
can cause instability in the smart grid. To address this issue,
energy storage systems (ESS) like batteries or flywheels can be
utilized to offset energy fluctuations. However, ESS alone may
not be sufficient for consistent power generation, as changes in

voltage stability across the system.

power load can lead to fluctuations in power flow. Therefore, a
controller is essential to maintain system stability and prevent
blackouts [2].

In a microgrid system, the hierarchical controller is consid-
ered the most effective solution for balancing the load and
sources. The hierarchical controller consists of three levels
(primary, secondary, and tertiary) in connected mode micro-
grids, and two levels (primary and secondary) in islanded mode
microgrids. Each level serves different functions [5].

The primary controller focuses on regulating fundamen-
tal microgrid parameters, such as frequency and voltage,
which can be disrupted by changes in load or source. It
also offers plug-and-play capability. However, the primary
controller is not able to completely correct deviations in fre-
quency and voltage. To address these deviations and eliminate
errors, the secondary controller is used. When the micro-
grid is connected to the utility grid, the tertiary controller is
employed to manage power flow and ensure optimal system
performance [0].
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The techniques used in the primary controller can further
be divided into two methods, (a) communication-based and (b)
non-communication-based method. Fach technique has advan-
tages, disadvantages, and strategies [7]. Communication-based
methods are better than non-communication-based methods
in terms of power sharing and transient response, which are
considered to be flexible and easy to implement. In addi-
tion, communication-based encompass the centralized control,
master-slave strategy, distributed control, and angle droop
control methods, while non-communication-based methods
include droop control, virtual w, U frame, and droop control
with virtual output impedance loops method. The central-
ized control method was introduced by Shanxu et al. [8] and
requires the centre control unit to calculate the total load and
send the reference current and frequency to all distribute gen-
erators (DGs). The master-slave method was introduced by
Caldognetto and Tenti [9] in which they considered one of
the DGs as the master that provided the reference voltage
and frequency to all slave DGs. Moreover, the distributed con-
trol method was introduced by Prodanovic and Green [10].
Although this method does not need the centre control unit,
each DG contains a control unit to generate the reference volt-
age and frequency. The angle droop distributer method also
falls into this category. The diagram and illustration of this
method have been explained by Majumder et al. [11]. The non-
communication-based method contains droop control which
is the most commonly used method in the primary controller
(this method’s equation has been explained in some previous
studies [5, 12, 13]). However, droop control has some disadvan-
tages in dealing with non-linear load and unbalanced load which
reduces the power quality. Thus, researchers seek to improve
this method and enhance the performance of the system using
droop control. Consequently, some previous studies [14—16]
have presented some changes in the droop equation by adding
a non-linear term with the goal of making the microgrid system
capable of dealing with non-linear load. To enhance the dynamic
petformance, a derivative term is added to the droop equa-
tion. In addition, an improved mode-adaptive droop control
(MADC) was presented to reduce the adversative effect of volt-
age drop, and enhance power sharing. MADC is proposed as an
improvement on traditional droop control to enhance the reli-
ability, litheness, and scalability of the DC microgrid [17]. The
disadvantage of the droop controller that is represented by the
existing inductance or resistance between the DG and inverter is
corrected by a combination of distributed local control schemes
along with the basic droop control. The proposed controller
removes the limitations of droop control by neglecting the line
resistances between geographically distributed generators [18].
Dheer et al. presented a modification of the droop control and
used adaptive nominal voltage to improve the reactive power
sharing when the traditional droop fails to achieve proportional
reactive power sharing in the islanded microgrid. However, the
proposed method does not require information about feeder
impedance or to swap data between sources [19]. An algorithm
is also applied in the droop controller; an improved particle
swarm optimization (IPSO) algorithm is proposed to solve any
local voltage deviation, which may occur as a result of the

difference in line impedance in the microgrid with multiple
distributed generations [20]. In another study [21], the PSO
algorithm was used to determine the optimal controller param-
eters. Virtual impedance and dynamic droop gains are applied
to the microgrid containing two parallel inverters to improve
stability and transient response. Yuan et al. [22] analysed the effi-
ciency issue using the Lagrange multiplier method to improve
the operation efficiency of microgrids under different load pro-
files. Keyvani et al. proposed an improved method of droop
control to enhance active and reactive power sharing by correct-
ing the slop of the droop characteristics [23]. Wherein a clear
signal was applied to the microgrid to detect the error in the
reactive energy sharing, and then incorporating a new term in
P — w to adjust the O — E slope, in order to achieve the reac-
tive energy sharing accuracy. Also, an improved droop control
strategy that combines the virtual impedance control with the
improved droop control was proposed in [24], in order to pro-
vide power sharing with /17 restoration. A model predictive
control approach was presented in [25] to regulate voltage and
frequency at the point of common coupling (PCC) so as to over-
come the errors that occurred in conventional droop control
when active and reactive power were coupled during voltage and
frequency control. The parameters of the proportional integral
(PI) controller were automatically modified by Dashtdar et al.,
using PSO and genetic algorithms (GA) to control voltage and
frequency and make dynamic response stable, particularly when
the microgrid is operating in island mode or when there is a load
change [20].

In this study, a sliding mode control approach is proposed for
the primary controller in two interconnected microgrids. The
dynamic equation of the system, incorporating droop control,
is employed to derive the control law. When dealing with non-
linear dynamic equations, input-output feedback linearization is
applied to convert them into linear equations and ensure stable
zero dynamic states for overall system stability.

The key contributions of this research include:

* Converting the non-linear dynamic equations of intercon-
nected microgrids into linear equations through input-output
feedback linearization, while maintaining stability of zero
dynamic states.

* Designing a control law for the system using three differ-
ent sliding surface control methods and comparing their
performance in terms of system responses.

* Enhancing the sharing of active and reactive power within the
system.

This article is structured as follows: The electrodynamic
equations of the microgrid are explored in Section 2. Section
3 delves into the transformation of these non-linear equations
into linear ones, with the aim of deriving a control law. Fol-
lowing this, a sliding fractional surface is designed and the
Lyapunov stability method is used to verify the stability of the
controller in Section 4. Section 5 provides detailed descriptions
of the outcomes of the proposed method using MAT-
LAB/Simulink. The article concludes with a summary of the
findings.
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FIGURE 1 The block diagram of an inverter-based distribute generator Xg = —EM) — WX + T (2i)

DG).

2 | MICROGRID NON-LINEAR
EQUATIONS

Figure 1 shows a microgrid network which contains an inverter
and traditional droop controller. The reference value of the
frequency and voltage are generated in the secondary control,
then, the droop control is used to adjust the power sharing and
enhance the grid frequency and voltage.

In this block, there are two low-pass filters that filter the
active and reactive power. However, the output of the primary
control is the (@) angle of the DG, which represents the angle
between the reference frame and reference direct output voltage
(1777)- After converting each three-phase non-linear dynamic to
its own direct quadrature (4 — ¢) reference frame [27], droop
control Equations (1a—d) are achieved.

S =J—mpP (12)

V=V, —n0 (1b)
V=0 (10
a=2m[ fir (1d)

where 7, and 7, are the droop coefficients selected based on
the active and reactive power ratings of the DG. f, and f, ate
the system frequency and the reference frequency, respectively.

The angle of the DG is directly used in the pulse width mod-
ulation (PWM), while (T/;: and Vg;‘) can be used to improve
the ptimary control [28, 29]. Therefore, the non-linear dynam-
ics of the inverter-based DG in the 4 — g reference frame can
be written as Equations (2a—).

s =27 (f, — mpxs) (2a)
5{2 =w, (X()XS + X7Xg — Xz) (Zb)
x5 = @, (xpxg — x7x5 — X3) (20)
) R v, — N3 — X
Xy = —L—’fX4 + w,,,xs + L—f (2d)

where x; = [ P O 114 114 Vi Vig La Lyl @, is the cut-off fre-
quency of the low-pass filter used in the primary control to filter
active and reactive powers, 17, is the direct output voltage, 7,
is the quadratute output voltage, 7, is the direct output cut-
rent, /,, is the quadrature output current, &£, and 2, are the line
resistor and inductor, respectively, R > L £ and C 7 are the fil-
ter resistor, inductor, and capacitor, respectively, and @,,,, is the
frequency of the common reference frame.

The system presented by Equation (2) is a multi-input multi-
output (MIMO) system, where 177 and 1/} are considered as the
inputs (1, 1) of the systems, and 1, and 17, state variables are
considered as the outputs of the system. However, the system
given in Equation (2) has nine state variables. As can be seen
in Equation (2), the first state variable x;, which is &, has no
effect on the other state variables, but the second state variable
(P) has effect on the first variable (@). Therefore, the first state
variable xy can be eliminated in this strategy, and the angle is
directly sent to the PWM, as in some other published studies
[28, 30], but the remaining states of the system will be used in
the FOSMC to enhance the droop control. This means the first
state in Equations (2) is deleted in this method, and the number
of the state variables are reduced to the following eight states as
in Equations (3a—h).

sy = @, (57 + X635 — x1) (32)
Xy = @, (X5x5 — Xgx7 — X) (3b)
R _
. S " xs
x3 = —Zx,s + @4 + Z, (39)
R
S X6
Xy = _]_X4 — WeyX3 — ]_ <3d)
‘f ’f
X3 T X7
X5 = W56 + Cf (3e)
X4 — X3
X = T W X5 + C/ (Sf)
/ xs =1y
X7 = _EX7 + Wy + L, (3g)
R/ X — 4
Xg = _]_XS — WypX7 + 7 (3h)
4] ~/
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where x; denotes the ith system state, and the state variable is
defined as x = [P, O, Ly, L, V0, Vs 1,45 1,)- Figure 2 shows
the block diagram of the proposed strategy, where active and
reactive powers are calculated and subsequently passed through
a low-pass filter.

The primary controller given by Equations (la—d) is applied
to generate the reference frequency for the PWM and 177 as
input to the FOSMC. Figure 3 shows the simulated block dia-
gram model of the DGs with loads, where the PWM block
provides the square pulsed wave to the inverter. Each DG
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model contains an inverter, one L-C filter to achieve a sine wave,
and R-L line. Model loads are associated with the DGs.

Using a linear state equation with the assumption that the
used filter is an LC filter (R, = 0), system Equation (3) can be
rewritten as the following vector field.

>'c=F(x)+G(X)[ ] (4a)

8
)
Y = H (x) (4b)

where F(x) € R", G(x) € R”, and H (x) € R? are the state
variable, and input and output vector of the system.

[, (x50 + xgag — ) ]
W, (x5 — x07 — %) 0 0
x5 0 0
FW %4 — ; 1
X6 Z 0
( ) 0 X3 L_/ ( ) 0 0
F(x) = N G(x) =
3—X7 > >
@ om>6 + C, 0 0
! 0 0
Xy—Xg
@ o5 + Cf 0 0
1_[/{( 1
——Xy + @ 1,,X8 + 0 —_—
/ / L,
——Xg — @ X7 + ﬁ )
| L/ con , |

3 | FEEDBACKLINEARIZATION

Feedback linearization is one of the control techniques, and
it is used to convert non-linear system equations into linear
equations. There are two feedback linearization methods, the
input-output feedback linearization technique and the state-
space linearization technique. To linearize using this method, the
derivatives of the system’s output equation are calculated repeat-
edly until the input appears in the resulting equation. Then, the
control law is detrived. The strategy used in this article is the
input-output feedback technique, in which the non-linear Equa-
tions (4a,b) are converted into linear equations and the control
law is formed.

Before determining the control law, the relative degree of the
system should be identified and calculated. Thus, the definition
of the mathematical Lie derivative is required.

Definition. Let /(x) : R” = R be a smooth scalar function
and F(x) : R = R” be a smooth scaler vector field on R”,
then the Lie derivative of A with respect to /7is a scaler func-
tion defined by LzH = VHEF. Moreover, VH is the gradient
of scalar /7 and is represented as:

0H O0H 0H
VH=|— — ..—
Ox;  Oxy Ox,

Thus, the Lie derivative Ly / is simply the directional deriva-
tive of / along the direction of vector F' [31]. Repeated Lie
derivative can be defined recursively:

LpoH =H
L[_.'JH = L[..‘ (L[..‘/—lH) = V (L[..‘/—lH) F

The relative degree of the MIMO system with (%) input
is defined as 7 ={r; + n + -+ +1,,}, in which the following
conditions are held.

L Lol "Hy(x)y=0fori=1,2..mand j = 1,2,..;
2. The m X m matrix is not singular.

_LG1L;71_1H1 (X) LG

m

L Hy ()]
Lo L Hy (%) L, L7 H, (x)

B(x) =

| Lo, L7 H, (x) o Lg

T

L H, (x) |

Therefore, if the relative degree is equal to the number of
variables of the system, the non-linear equation can be trans-
lated into a linear equation without a zero dynamic equation.
However, when the relative degree is less than the number of
variables in the system, the linearization system equation can be
translated as follows:

‘?1 (x) =8, () = Lfb1 (x)
192 (x) = 193 () = szb1 (x)

S () =9, () = L}l_lbl (x)

9, () = L5y () + Ly L7y () o + Ly L7y () o
1@1 (x) = ¥, () = Lsz (x)

Py () =5 () = «fzbz (x)

¢7‘2—1 (X) = 1)07‘2 (X) = ]‘;‘2_1/92 (X)
P, (x) = L;.Z/az () + L, 1,;.1—1191 (x) . + L&L}]‘llb () .1y

1

H =L () + Ly (x) L+ Lpny (%) .,

77‘}1—7‘ = Lfnﬂ—r (‘X) + lfglnfz—r (‘X) - + lng’?ﬂ—rl (X) )
©)

The last (7 — r) coordinates should be chosen such that the
Jacobian matrix of the vector function ®(x) = [ (x), 8 (x),
s D0 () Y15 Wy oo s D105 N5 Ms v s M,—,] s non-singular. In
addition, the field vector {g; (x), 2 (x)} shown in Equation (5)
is not dependent on the state variable and all its elements are
constant [32]. Therefore, the coordinates mapping is calculated
such that:

Len, =0 fori=1,23, .mand j=1,2,.on—r ()
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The previous definition is applied to the system given in
Equation (5). Subsequently, matrix B(x) is non-singular when
r, = r, = 2, which means that the relative degree of the system
is r = r; + r, = 4. According to Equation (5), the number of
system variables (# = 8) is more than the relative degree; thus,
by solving differential Equation (7) for (» = 2, and ; = 4). Fur-
thet, the zero dynamic states of the whole system can be chosen
as M = x1, My = 53,73 = x7, and B4 = xg. Thus, the given sys-
tem in Equation (3) will be transformed into a system defined
by Equation (8):

X3 — X7
Cr

91 = 192 = Lﬁb1 (X> = WX6 + (82')

8y = L2y (%) + Ly Lihy (x) .l + Ly, Ly (x) (8b)

X4 — Xg
Cr

z)bl = lpZ = L["/jZ (X) = =Wy Xs + (SC)

Wy = LEhy (%) + LLLhy () il + L, LLb, (x)u2  (8d)

T = Lpnp = @, (3557 + xexg — x1) (8¢)
o =Lrn)=w, (X5Xg — XeX7 — x) (86)
i R/ X5 — T//}
N3 = Lph3 = _E'X7 + WXy + L/ (Sg)
. By X6
Ny =Lpny = T, W7 + 7 (8h)

The output is the following:

Y1 () =3 (x®)

Yy (1) =1 (x (1))

And @ (x) matrix is calculated as:

00 0 0 1 0 0 0
00 — 0 0 @y —— 0
00 0 0 0 1 0 0
Doy =|0 0 O (i/ W 00 —%
10 0 0 0 0 0 0
01 0 0 0 0 0 0
00 0 0 0 0 1 0
[0 0 0 0 0 0 0 1
for which its determinant ®(x) = —% is non-singular.

s
Consequently, (#—r) equations are not controllable, and

entails a subsystem called zero dynamic. These dynamics should
be stable in order to guarantee the stability of the whole system.
Therefore, analysing the zero dynamic equation is performed by
defining:

by (x) = by () = ... = 1‘}1—% (x) = L;?—% (x)=0

As a result:
N = Lem = —x0, = =0,
Ny = Ly = =00, = =01,
. R, -1
N3 =Lpn; = —EX7 + @5 + T
Ry + Vy
= -_—— w _——
L/ 773 m/774 L/

. ; R, R,
=/ = —— -, = —— -
N4 N4 / ) X8 com™T / ) Na wn3

By rewriting the zero dynamic equation in the state space
form as following:

, —w, 00 0 0

Zl 0 —w, 0 0 :771 0

2| = _& 2+

7N il I ol | =7

N4 0 0 —w,, —]—’ N4 0
~/

The ecigenvalues of the zero dynamic subsystem are as
follows:

Aip=—0w,

Now, by the consideration of 1; as a limited value in the sys-
tem, the zero dynamic system is stable. However, the next step
is finding the control law which makes Equation (8) into a linear
equation, so the state space of Equation (8) can be written as
Equation (9).

[:/%1] I N e [ﬂl]
b2 L/zrbz () Ly, L117 by () ngL]lT/?z )| 72
_|ntd ()
B [”2 + 4, (X)] ©®

where » = [v10,] T s the auxiliary input and 4(x) = [4;(x)
dy(x)]” is the uncertainty in the system. Therefore, according to
Equation (9), the control law which makes the equation system

linear is obtained as the following:

rl
" = iy L&Lf‘bl ngLl"b1 x [ = Lyh + 7
% Ly Lphy LyLph L;Z/az ”y
(10)

1

L, Lph L LFbl] C/L
where | 4 2 |
[% Lyhy Lylph 0 -

C/L/
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w[ﬂﬂl

L) < 1 1 )

F2 —x _ —
6

CiL,  CrLs

Consequently, the control law for the whole system becomes
as Equation (11).

H = X5 (C]zjl/ + Cf]‘f> + jllc}zjlfw[%}mXS
- zwmmL/Cfo (X4 - XS) - CfoR/X7 - CfoW

+17, C]%L o (11a)

Uy = X (CfL/ + Cfo) + L/C;L/IWL-ZOWX6

= 20, Ly Cr Ly (7 — x3) — CpL p Ry

+1, CfL ¥ (11b)

3.1 | Sliding surface design

Sliding surface technique is used to guarantee the transforma-
tion of the system state into a stable state and its maintenance
[33]. The traditional sliding surface is known from the general
law introduced by Equation (12).

d
g = <E +l>

Based on the conventional sliding surface mode control,

-1
b

7

12

the fraction is designed using a fractional control item, which
is employed as one of the integrated controls to achieve
robustness. Then, the closed-loop system can reject system
uncertainties, and the control input chattering is reduced. In
a previous study [34], the fractional surface was defined for
the model of a car and a two-link rigid robot manipulator as
Equation (13).

=1
d 7
<di +/11> by — D), 13)

where D% b; is a fractional derivative of /;. In this study, by con-
sidering the previous sliding surface shown in Equation (13) is
used for the microgrid system, a new fraction order sliding sur-
face is introduced to enhance the response system and reduce
chattering as presented in Equation (14).

ri—1

2 (g — 5g) — w2 xs — X ( +
2 4 8 com**5 5
lLF/ﬁ] _| & LpCy LGy

1 1 Ry n |7
. LT LG
w, R
2 com /
— W, + 2—— (567 — x3) + —x3
o Cy CrL

The difference between the new design and the conventional
one is an added fractional term. This term will make the system
more responsive and robust. However, to find the non-linear
law, let the derivative of the fraction sliding surface be defined
as Equation (15):

6 = 1" 4 Ay by — A, DE1 (15)
Combining Equation (9) with Equation (15) we get:
G = Anh; = Ap Dby + 0 + d; () (16)

Let 6 =0, the non-linear controller is obtained as Equa-
tion (17).

v; = =Ajih; + A D5 — Ksign (o) 17)

where K is a switching feedback control gain and might be any
positive number. In Equation (17), the first-order SMC item,
Ksign(o) (with K; > |d;(x)|) is considered as the equivalent con-
trol part to reject the system uncertainty. Moreover, sign(.) is a
sign function defined as Equation (18).

-1 o<0
sign(0) =90 o=0 (18)
1 o>0

3.2 | Lyapunov stability analysis

Lyapunov’s direct method (also called the second method of
Lyapunov) will be used to prove that the designed non-linear
controller is stable. The Lyapunov method allows us to deter-
mine the stability of the whole system without explicitly solving
the differential equations, and it is a common approach to deal
with the stability problem of linear/non-linear systems [34]. The
method is a generalization of the idea that if there is some “mea-
sure of energy” in a system, then one can study the rate of
variation in the energy of the system to ascertain stability. To
make this precise, it is necessary to define exactly what one
means by a “measure of energy” or the Lyapunov function
which must achieve these conditions:

1. The Lyapunov function must be positive definite function
V(x,t) € RY
2. 1V(0,1)=0
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FIGURE 4 Comparing the frequency response of the system using different controllers: (a) PID, (b) Equation (12), (c) Equation (13), and (d) Equation (14).

3. Now, if 7 (x,7) <0, then the stability of the equilibrium
point can be concluded.

Stability: Choosing the Lyapunov function as:
V=lo|>0

which is positive definite
Differentiating the Lyapunov function "we get:

I = Gsign (0) (19)
Combining (17) with (19) we get:
= (1,-119,- A, D5 4 bf’”) sign () 20)
Substituting (9) and (11) in (20) results in:
V = (A by = A D5+ 1) sign (0) @21

Substituting (17) into (20), with tespect to K > |d;(x)],
Equation (22) will be acquired as:

7 = —Ksign(o)” 22)

Therefore, on the basis of the Lyapunov stability theo-
rem, the state variables of the closed-loop control system will
converge to the equilibrium point if the constant variable K;

TABLE 1 Model and controller parameters.
Model parameters Controller parameters
DC voltage 470V @, 20 Hz
Frequency 50 Hz iy, 1, 0.7¢—4,1e—4
Line voltage 220\/3\/ 4 - oo

(2] g1

A_

B "y
Inductance filter 10 mH K; 113
Capacitance filter 100 pF M, Ao 110,663
Resistance line DGy, DG, 1.346,1.2Q Ay =24y 100
Inductance line DG}, DG, 0.6,0.5mH & 0.5

is chosen positive and greater than |d;(x)|. That means the
non-linear controller can stabilize the whole system.

4 | SIMULATION STUDY

Simulink/MATLAB is used to build the microgrid model. The
proposed model contains two parallel inverters connected to the
two loads. The first load is (6 kW + 1.5 kVar), and the second
load is similar to the first load in terms of capacity and is con-
nected to the grid at time (# = 0.6 s). The model and controller
parameters are present in Table 1.
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FIGURE 5  Effect of changing the switch gain parameter of the system: (a) frequency, (b) direct output voltage.
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4.1 | Simulation analysis

Figure 4 illustrates the frequency response of both DGs using
different controllers. In Figure 4a, the application of a PID
controller for voltage and current controller loops results in a
system that takes a long time to recover its frequency. The intro-
duction of a second load at time # = 0.6 s causes the frequency
to decrease, leading to a longer stabilization time.

In Figure 4b, the frequency response for a system utilizing
a sliding surface described by Equation (12) shows a slower

0 1 L I 1 1
0 0.2 0.4 0.6 0.8 1 1.2
Time (s)
(b)
6000 |
= 4000 |
A
2000
0 1 ! L L L
0 0.2 0.4 0.6 0.8 1 1.2
Time (s)
(d

Active power-sharing using different controllers: (a) PID, (b) Equation (12), (c) Equation (13), and (d) Equation (14).

stabilization time compared to the PID controller, with some
ripples in the system after the second load is added. Figure 4c,
on the other hand, utilizes Equation (13) in the system, result-
ing in a quicker stabilization time. When the second load is
introduced, the frequency of the DGs remains smooth and
consistent.

To further enhance the stability of the system, an integral
term is added to Equation (13) to define the slide surface as in
(14), as shown in Figure 4d. This modification helps to remove
the ripples from the system and improves its overall stability.
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FIGURE 7  Active power-sharing using different controllers: (a) PID, (b) Equation (12), (c) Equation (13), and (d) Equation (14).
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FIGURE 8 Zero dynamic system (a) direct output current, (b) quadrature output current.

Figure 5 illustrates how the system is affected by the switch
gain. While a positive parameter is a step in the right direction, it
must be sufficiently large to ensure system stability. As shown in
Figure 5b, the direct output voltage drops to zero when k is not
large enough, leading to frequency droop and system instability
as depicted in Figure 5a.

The system’s active power is calculated using the (4—¢) output
voltage and current. In Figure 6, different strategies for active
power sharing are compared. Initially, the active power is equally

divided between two DGs, with each DG providing 3000 W
from # = 0-0.6 s. As a new load is added, the active power
increases to 6000 W for each DG from # = 0.6-1.2 s. Analy-
sis of Figure 6d shows that utilizing Equation (14) improves the
accuracy in sharing active power.

Figure 7 illustrates the reactive power sharing within the
system achieved through vatious controllers. It is evident that
utilizing a PID controller results in unequal power-sharing with
noticeable oscillations, particularly with DG1 often absorbing
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an excessive amount of reactive power, causing inaccura-
cies. Conversely, employing sliding controller strategies offers
more stability in reactive power distribution. The sliding sur-
face Equation (14) significantly improves the smooth and
accurate transient performance of reactive power sharing, as
demonstrated in Figure 7d.

Figure 8 illustrates the stability of the zero-dynamic of the
system as proven in the feedback linearization section. Specif-
ically, Figure 8a demonstrates the stability of the direct output
current, while Figure 8b represents the quadrature output cur-
rent denoted as x7, and xg in the dynamic system, respectively.
The active and reactive power states, x, and x,, cortespond to
Figures 6 and 7, respectively.

5 | CONCLUSION

Here, a new strategy called fraction order sliding control was
proposed to control the primary controller of an isolated micro-
grid with two DGs connected to some fluctuating loads. Then,
the dynamic equations of the system were written in the 4 —
g frame, which became a non-linear MIMO system. I, and
I, were proposed as outputs. Moreover, input/output feed-
back linearization is used to transform the non-linear equations
into linear equations and FOSMC is inserted into the result-
ing system. FOSMC was designed using the Lyapunov stability
method. The designed controller has been proven and shown
to be stable and can adjust the frequency and voltage of the
microgrid, and ensure a balanced distribution of power between
the two DG systems. The result of the simulation demonstrated
that the strategy has a more stabilizing effect on the microgrid
system since the FOSMC provides more turning parameters
compared to traditional and simple fractional derivative slid-
ing mode controllers that are used to improve stability and
robustness.
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