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Abstract: The utilization of distributed generation (DG) in today's power systems has led to the emergence of the concept
of microgrids, in addition to changing the mode of generating and supplying the energy required for network electrical
loads. When a microgrid operates in the island mode, energy generation sources are responsible for controlling the
microgrid’s voltage and frequency. As the microgrid frequency is proportional to the amount of power generated by the
DG, the microgrid requires a precise power-sharing strategy. Considering that DGs do not usually have stable output
power despite the importance of power stability, the present paper addresses the voltage and frequency control of an
islanded microgrid by considering the power generation uncertainties caused by disturbances and the varying power
output of DGs. Given that the disturbance on the first DG's input current is 0.2 A, which is approximately 2.2% of the
steady-state value, a simulation was performed, and it was observed that the maximum voltage variation of each bus in
the worst case was 0.59% for the first bus and 0.53% for the second bus, which means that the controller could control
the voltage and frequency values within the permissible range. If the controller is not used, the change in the frequency
of each bus will be 10 times, and the voltage change will be 5 times as great as that of the case the controller is used.
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and voltage stabilization. Frequency and voltage are highly
variable concerning active and reactive power variations,
The incorporation of DGs in today's power systems has respectively.
changed the mode of electrical energy generation and supply
for electrical loads inside microgrids. This form of the use of
DGs does not suffer from energy losses occurring in energy
transmission lines, and it covers the discussion of reserve
services and the provision of the demanded reactive power.
Connecting these resources to the grid requires the adoption
of power electronic converters. An electronic power
converter can respond to fast load changes and provide fast
and flexible control of voltage and frequency, so active and
reactive power can be properly controlled. However, the use
of DG units complicates the structure and brings about
challenges in the operation, control, stability, protection, and
security of power distribution networks [1]. Therefore, there
are new strategies for connecting these resources to the power
system. Islanded microgrids are inherently weak in frequency

1. INTRODUCTION

Ref. [2] proposed an optimization-based scheme for
simultaneous frequency and voltage control in islanded
microgrids in which the DG unit with the largest capacity
served as the master controller, ensuring proper load sharing.
In [3]. a finite-time event-triggered control was proposed for
frequency and voltage in islanded AC microgrids, enabling
efficient power sharing among distributed generators. A two-
stage economic plan was suggested in [4] for integrating
synchronous distributed generations (SDGSs) into distribution
networks. The results on standard distribution networks
confirmed improved protection coordination and economic
indices compared to power flow studies. The authors in [5]
attempted a control strategy for microgrid PV inverters,
ensuring seamless transitions between grid-connected and
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islanding modes. The approach enhanced overall microgrid
reliability by mitigating transient variations in voltage,
current, phase, frequency, and DC-link voltage. Ref. [6]
focused on a washout filter-based power-sharing approach in
microgrids, eliminating voltage and frequency deviations
without secondary control or communication links. Ref. [7]
introduced a multi-agent-based adaptive controller for
microgrids, addressing uncertainties in distributed generating
resources. Compared to a secondary voltage controller, it
demonstrated faster convergence and improved performance
in handling load changes. Researchers in [8] presented an
event-triggered distributed control for islanded AC
microgrids, allowing asynchronous communication without
synchronization, effectively reducing communication rates.
A fully distributed optimal control for AC microgrids was
introduced in [9], emphasizing transient responses. The
proposed two-loop control optimized local frequency and
voltage adjustments, effectively solving the distributed
optimization problem with ADMM and the Lyapunov
function approach. Ref. [10] focused on a novel distributed
control scheme for islanded microgrids, ensuring finite-time
restoration of generator frequencies, active power sharing,
and voltage regulation. Ref. [11] investigated efficient
islanded microgrid frequency control by coordinating
reactive power between a solid oxide fuel cell (SOFC) and a
battery, reducing the need for energy storage and eliminating
reserve capacity. Ref. [12] introduced a multi-agent adaptive
controller for microgrids, comparing its performance with a
secondary voltage controller. Ref. [13] explored improving
microgrid control during grid-independent operation. It
presented a novel optimization approach in which teaching-
learning-based optimization and harmonic search algorithms
were combined to enhance voltage and frequency regulation.
Researchers in [14] introduced a novel evolutionary
algorithm for unit commitment, addressing societal quality of
life improvement with thermal and wind units. Ref. [15]
proposed disturbance observer-based control for regulating
frequency and voltage in a low-inertia microgrid with solar
PV and a diesel generator. A distributed control approach was
proposed in [16] for islanded microgrids, optimizing reactive
power-sharing and addressing voltage/frequency drop issues.
A decoupled double synchronous reference frame-based
virtual synchronous generator (VSG) was introduced in [17]
for improved performance in unbalanced conditions within an
islanded microgrid. The method enhanced controllability,
accuracy, and robustness under heavy loads by separating
positive and negative components. Ref. [18] optimally
allocated DG units in networks with unbalanced loads using
a modified group search optimizer (GSO) algorithm. Ref. [19]
investigated an efficient power control technique for inverter-
based DG in an islanded microgrid and emphasized improved
electricity quality during islanded operation. The control
method integrated internal current and external power control
loops. An adaptive virtual impedance control method
optimized by the multi-objective particle swarm optimization
(MOPSO) algorithm was considered for efficient voltage and
frequency control in microgrids [20]. Ref. [21] introduced a
fixed-time control approach for islanded AC microgrids that
utilized a multi-agent consensus method with an adaptive
fuzzy fixed-time secondary voltage controller and a
secondary frequency controller based on the control barrier
function. A disturbance-observer-based control (DOBC) was
proposed in [22] for efficient frequency and voltage
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regulation in power systems with high renewable energy
sources (RES). Ref. [23] introduced two event-triggered
fault-tolerant control (ETFTC) algorithms for voltage
restoration in microgrids, addressing bias faults in distributed
generators' actuators and reliability in distributed control
applications. Researchers in [24] discussed an advanced
power-sharing control method using sliding mode control in
microgrids. It improved voltage quality and enhanced power-
sharing accuracy among inverters, even during
communication interruptions.

Noting that DGs usually lack stable output power, the
present study aimed to design a controller for voltage and
frequency control of the islanded microgrid by considering
disturbance in the input power of DGs. Based on the literature
review, it is evident that no study on voltage and frequency
control of microgrids has ever considered the full dynamic
model of the resources and microgrid, as well as power
disturbances simultaneously. Many references have
presented voltage and frequency control but neglected the
dynamics of DGs or power input disturbances. Also, some
previous studies have discussed input disturbances and the
dynamics of DGs, but the only control challenge they have
considered has been the frequency control of the microgrid.
Indeed, none of the references has been completely modeled.

This paper considers the dynamics of each DG to
eliminate power input disturbances, maintain the voltage and
frequency within the permissible range, and consequently
preserve the microgrid’s stability (with electronic power
converters). The controller also makes the necessary changes
in power electronic settings to eliminate disturbances and
accomplish the control objectives.

Accordingly, the highlights of this paper are as follows:

e Presentation of a method for voltage and frequency
control of islanded microgrids

e Designing a multi-output controller

e Considering the dynamics of each DG with power
converters and power generation uncertainties

e Changing and controlling the switching method of
power converters of DGs

e Increasing the velocity of response to changes and
maintaining the closed-loop stability.

The rest of the paper is organized as follows. Section 2
discusses multivariable systems and how to design controllers
for these systems. In Section 3, the target microgrid is
modeled, and mathematical equations are obtained. Section 4
studies the dynamic model of each DG and presents its
mathematical equations. Section 5 provides the state-space
model of the system and the system matrices for simulation.
In Section 6, a simulation is performed according to the
equations expressed in Section 5, and the results are presented.
Section 7 concludes the paper.

2. DESIGNING MULTIVARIABLE CONTROLLERS

2.1. Multivariable Linear Systems

Most control system analysis and design systems are based
on the system’s mathematical model. A system model may be
a mathematical and analytical model of the system. Physical
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systems and many non-physical systems can be described by
a system of nonlinear differential equations and algebraic
equations [25, 26]. By linearizing these equations around
operating points, we can obtain the system’s differential and
algebraic linear equations. This way, linear control systems
are analyzed and designed around the designated operating
points. In the study on multivariable control systems, the
system is described by linear state-space models, transfer
function matrix, system matrix, and fractional matrix. The
description of the space state or internal description is given
in (1) and (2) [27]:

x(t) = AX(t) + Bu(t) + E.w(t) 1)
y(t) = C.x(t) + D.u(t) + F.w(t) )
where vector x shows the state variables, u is the input vector,
y is the output vector, w is the disturbance vector, and the
matrices A, B, C, D, E, and F are dimensioned. The control
systems are designed with two objectives: stabilizing and
improving the closed-loop operation. If the open-loop system
is stable, the main purpose during designing the control
system will be to improve the performance of the set of
system behaviors. If the exact model of the open-loop system
is available, or in other terms, the system's behavior is not
uncertain, the desired control objectives can be achieved
without feedback. However, practical systems are always
associated with some uncertainty, which needs the use of

feedback.

2.2. Design of a Pl Controller for Multivariable Systems

Consider a multivariable system described using the
state-space equations and the output shown in Fig. 1.

The corresponding transfer function matrix for the
system is obtained as (3) [27]:

G(s)=C.(sl-A)"'B 3)

where G(S) is an (mxI) transfer function matrix.

Note that the open-loop system must be stable and
controllable for controller design. Therefore, all the
eigenvalues of matrix A should be placed on the left half of
the imaginary, which will be proven as follows.

Consider the multivariable system given in (1) and (2).
Assuming that the assumptions are correct, the multivariable
P1 controller is considered as (4):

U = (K, +2)e() @)
The matrices K, and K, are defined as:

K, =aeK (5)
K, =¢K (6)
() ~e() Ky u(s) y(s)

+ Kfl'? v G(S) >

Fig. 1: A multivariable closed-loop system.
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where ¢ is a setting parameter, o is a positive real number, and
K as the design matrix is defined by (7):

K=G'(GG")'X @)
Here G =G(0)and } is:
o 0 .. 0
0 o, .
Z_z'. .0 ®)
0 - 0 o,
witho, >0.

The most important advantage of the controller designed
in this article is the control of multiple parameters, the
stability of the closed loop system, and the appropriate
response speed. The controller is designed below based on the
system matrix.

3. MODELING AND MATHEMATICAL EQUATIONS OF THE
MICROGRID

The islanded microgrid under study is shown in Fig. 2
[28]. This microgrid involves the interconnection of two DGs
via a line and two local complex interconnected loads. This
study modeled energy sources using a boost converter and an
inverter to the main microgrid with constant loads. Different
current (power) oscillations of DG1 are modeled as a
disturbance that causes frequency and voltage deviations.

Current equations are written according to the matrix
given in (9) [29]:

E Ya +Yc _Yc \TG.
AR v ©)
|2 c b +Yc Vr2
According to (9), equation (10) is obtained:
V=Y (10)

If voltage and current equations are considered in the
following sequence, equations (11) and (12) are obtained:

V.=V, + erq (11)
I=1y+jl, (12)
Equations (9) and (10) yield (13), (14), and (15):
7 - 2,2.+72,Z, 13
7 +Z,+2Z, (13)
ZZ
Z. =7 =__"a"b
12 21 Za +Zb +ZC (14)
27 +27Z
__ “a®b b“c (15)

272 4Z,+Z,

Fig. 2: The studied islanded microgrid [28].
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These are also expressed as (16)-(19):

Z =R+ Xy (16)
Z, =R, + Xy, a7)
Zy =Ry + Xy (18)
Zy =Ry + JXy (19)

As a result, according to the above equations, equations
(20)-(23) are obtained:

Vi, = Rulig =Xy lig +Rp by = X1y (20)
qu1 =Xyl + Rllllq + Xpolog + R12|2q (21)
Vi, =Roilig =Xy lig + Ryl = X5l (22)
quz = Xy hg + Ry lig + X154 + Ry, 1, (23)

4, MODELING AND MATHEMATICAL EQUATIONS OF DG
UNITS

Both DGs contain a DC/DC converter, an AC/DC
inverter, and an LC filter, as shown in Fig. 3. The active
power is controlled by the controller’s switching function.
DC-bus voltage is regulated by the switching function in the
dq axis of the inverter. Therefore, the voltage and frequency
of buses connected to resources are system outputs, and
switching functions are controlled by converters and inverters
of each DG. The input disturbance is also considered a change
in the input current and, as a result, a change in the generating
power of the first DG. The input voltage to the DC/DC
converter is determined by the switching function (¢, ) of

each resource. DC-bus voltage (V) and output current of
the converter (1, ) are indicated by the switch function (¢, )
and DG current. The output voltage of each inverter (le and
V,, ) is expressed by the switching function (K, and K, ) and
the DC-bus voltage (V. ). The input current of the inverter

(1, ) isafunction of the switching function (K, and K ) and

the output current (I, and I, ) of the AC bus. The input
voltage sources are connected to a DC/DC converter by a
resistor and inductor (R, and L, ), as in Fig. 3. The input
voltage to the converter (Vhi ) is a function of the input voltage

(V.

in;

), input current (1, ), and resistor and inductor (R, and

in ). The DC/DC converter is filtered by a capacitor (C,,)

and connected to an AC/DC inverter. The input current to the
inverter is equal to the difference between the output current
of the converter ( I, ) and the capacitor current. The inverter

output and AC side are modeled in this section. The inverter
is connected to the grid by an RL filter, as shown in Fig. 3.

The inverter output currents ( Id, and Iq. ) are equivalent to the
output currents 1, or 1,, as given in Fig. 2. In the equations,
R, and L, are the resistance and inductance of the line,V,
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and Vq. are voltages of the bus system in the dg axes, and V.
is the DC-bus voltage.

In Fig. 3, the input source with an index i = 1, 2 is related
to DG1 and DG2, respectively.

The power equation for each of the sources is obtained
by (24):
R=Vyly tVyly (24)
Also, equations (25)-(29) are obtained considering the
DC/DC converter and the AC/DC inverter:

Vdi = Kui V, DC, (25)
Ve =Ky Vg (26)
Iscr, = ai.linl 27
Vi, =V, (28)
I, =Ky 1y +K 1, (29)

By establishing KVL at the output of each inverter,
equations (30) and (31) are expressed:

1

ac;

1
- dy, +—Vpe Ky +o0.1, ——Vy

|, =
o Lac, ac ac (30)
) _Raci 1 1

I, = L 1 +|__'VDC.'KQ. taol, _L_'qu. (31)

On the other hand, according to (27) and (28) and writing
a KVL at the input of each converter, Equation (32) is
provided:

(32)

X Xi

Also, by writing the KCL in the node to which the
capacitor is connected and considering (28) and (29), we have:
_ 1 a.l —L(Kdildl +K, 1y)

DC; C itvin C
DC DC

(33)

The output frequency of each inverter is obtained using

the droop character [28]:

o =a, -K, (P-F) (34)

To ensure each inverter’s voltage and frequency control,
their output voltage and frequency are required.

These quantities are measured using a low-pass filter
with a cut-off frequency of @, . According to Fig. 4, the

power equation in the Laplace domain is formulated as [28]:

s (5) = ——P(s)
meas - S+ o, (35)
By substituting (35) in (34), we have:
A.a)l =-w, Ao, - o, Ky AP, (36)
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Rx;

L Ra, L Y
Xi ac; ac;
IS(.'I'i I m;
L, ; I + T ’ ’ ‘
Boost Vi e
DC ==Cp;
Vi, Coniis pC Inverter

Grid

Fig. 3: The dynamics of each DG.

Vv
.

| B —»| Normal Switching Method

~—(P)—

Droop

Fig. 4: Diagram of frequency control of each DG unit.

As is seen, these equations are nonlinear, but they should
be linear and controllable in the form of state space equations

%) I *
Input
..... \ Power Measurment
%, [Calculation

|| Block

Low Pass Filter

hanging Inpu
Power of DG

to control the network. The following is allocated to this T T Y .
process. . :
Fig. 5 shows the performance flowchart of the proposed . Calculate New
method. . Phase-Fired
5. STATE-SPACE MODEL OF THE SYSTEM +

The state variables ( Ax) include small variations in the
D@G’s input current ( 4l;,), DC-bus voltage ( 4V, ), inverter

current in the d-axis direction (4l ), inverter current in the

Normal Switching Method

v

Voltage & Frequency

Designed controller

g-axis direction (4l ), and output frequency ( Aw ). Changes, . Control

also considered in the output ( 4y ), are the variation rate of "

each parameter from its steady state. Therefore, equations
(30)-(33) are linearized around their initial stable points, so
we have (37)-(40).

Fig. 5: The performance flowchart of the proposed

method.
. —Rg. 1 1 1
Ald = l.AId. +—'VDC0"AKd' +—'Kd0"AVDC' +(U0..A1q. +1q0..Awi_—.AVrd.
v Laci i Laci i i Laci i i i i i Laci i
. =Ry 1 1 1
Alq = l.AIq. +—'VDC0"AKQ'+—'Kq0"AVDC' +(1)0..A1d. +Id0.Aa)l——.Aqu
i Laci i Laci i i Laci i i i i i Laci i
. 1 1 1 R,
Alml = L—xi.AVm — L_xl aoi.AVDCi — L_xl VDCOi'Aai — L—Xi.AIini
AVpe, = @, Al + o Iino,-Aat; — o (Kaoy- Mg, + lao,- AKg, + Kqo,- Alg, + Igo,. AKg0,)
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(37)

(38)

(39)

(40)
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AVrd and Aqu in (37) and (38) are replaced by the

network power flow equation given in (20)-(23). Also, after
placing (25)-(26) in (24) and linearizing it, AP, is obtained
as (36), (see (41)).

In matrices A and B, values with zero indexes are initial
values of parameters determined by the dynamics of DG
sources and microgrid values, as listed below. In the case of
matrices C and W, due to the small variations of voltage
across the g-axis, the control of voltage in the g-axis direction
is not considered in the literature, and only the control of
voltage along the d-axis and the frequency control of each bus
are the control objectives. Yet, voltage variations in the g-axis
direction are considered in this study. Therefore, the purpose

is to control the frequency and voltage of buses in the d-axis.
Therefore, the output matrix C is obtained as (46). Also, in
the case of the matrix W, which is the disturbance matrix of
the system, this disturbance is only related to the first DG. For
the input disturbance to the system, only the change in the
input current of the first DG is considered, and in this way,
the disturbance matrix (W) is obtained as (47).

Considering the general form of state equations and
concerning the linear equations observed in (36)-(41), (42),
and (43) are formulated (see (42) and (43)).

Given matrices, matrices A and B are obtained as (44)
and (45). Also, according to the dynamical equations of the
system, the values of matrices D and F are zero.

Aw, = —wy,. dw; — wg,. Kp,. (Lao,- (Voeo,- AKa, + Kao- AVie,) + Vaoy- Ala, + Igo,- (Voco,- AKq, + Kqo,- AVie,) + Vo, Alg,) (41)
Ax = [Aly, Al Aly, AVpe, Awy; Alg, Aly, Aly, AVpe, Aw,]" (42)
Au = [Aay AKy  AK,  Aa, AKg, AKg]T (43)
—Rae,  Ruy Xuy Kao, Ry Xi
ley Ley "L, L, fow T L 0 0 0
X11 *Rac, R11 qu, I XIZ RIZ 0 0 0
% "l Lay Lo Lac, a0 "L, L
X1 —Qo,
0 0 77 ? 0 0 0 0 0 0
—Kao, ~Kqo, o,
Coc, Coc, 0 0 0 0 0 0 0
| —wp Key Vao, —wp,-Ke, Voo, —awyp,Kp,. (ao,- Kao, + Igo,-Kgo,)  —op, 0 0 0 0 0
A= _ R21 X21 0 0 —R 2 Rzz _ Xzz 0 Knoz I (44)
Lec, Lo, Ley, Lu, 7L, Lac, a0z
X21 Rzl 0 0 Xzz *Racz Rzz 0 quz I
"Leg, "L, % Lo Lay L Lacy a0
R,. —a,
0 0 0 0 0 0 —L—Z Tz 0
—Kqo, —Kqo, @y,
0 0 0 0 Coc, —sz Coc, 0 0
0 0 0 0 —wy, Kp, Vao, —wp,-Kp, Voo, 0 —wp,. Kp,. (lao,- Kao, + Igo,- Kqo,) —wp,
v -
0 D0y 0 0 0 0
Lacl
v,
0 0 D0 0 0 0
Laq
-V
— D0 0 0 0 0 0
Ly,
Iino1 _1d01 _1q01 0 0 0
CDC1 CDC1 CD61
5= 0 —wp.Kp, Iao, - Voco, —wr-Kp,-Iq0,-Vico, 0 0 0 (45)
Vbco,
0 0 0 0 —= 0
Lacz
v,
0 0 0 0 0 D02
Lacz
-V
0 0 0 — D0 0 0
L,
0 0 0 Iin02 _Idoz _Iqoz
CDCZ CD(;2 CDCZ
0 0 0 —wr.Kp,-lao,-Vpco, —®g-Kp,-Ig0,-Vbco,
0 0 0 01 O 0 0 0 O
Rll _X11 0 0 0 R12 _X12 O 0 0
C= X, Ry 0 O0 O X, R, 0 0 O (46)
0 0 0 0 0 O 0 0 0 1
R,y —X,; 0 0 0 Ry, —X,, 0 0 O
X,y R,y 0 0 0 X,, Ry, 0 0 O
a T
0
w=|0 0 —-=2 L 000 0O O (47)
Lxl DCy

14
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In matrices A and B, values with zero indexes are initial
values of parameters determined by the dynamics of DG
sources and microgrid values, which are listed below.

In the case of matrices C and W, due to the small
variation of voltage across the g-axis, the control of voltage
in the g-axis direction is not considered in the literature, and
only the control of voltage along the d-axis and the frequency
control of each bus are the control objectives. Yet, the voltage
changes in the g-axis direction are considered in this study.
Therefore, the purpose is to control the frequency and voltage
of buses in the d-axis. Thus, the output matrix C is obtained
as (46). Also, in the case of matrix W, which is the
disturbance matrix of the system, this disturbance is only
related to the first DG. For the input disturbance to the system,
only the change in the input current of the first DG is
considered, and in this way, the disturbance matrix (W) is
obtained as (47).

Given that the matrices A, B, C, and W are known and
considering the values of the system as listed in Tables 1 and
2, and also assuming that the disturbance to the input current
of the first generator is 0.15 A, i.e., almost 1.6% of its steady-
state value, the simulations are performed.

Based on Tables 1 and 2, the system's controllability
must be examined. According to Section 2.B, for controller
design, all eigenvalues of matrix A must have a negative real
part. In Table 3, the eigenvalues of matrix A are given.

Table 1: The values of the microgrid parameters.

Parameter Value
Z, 13+6i
Z, 25+13i
Z, 0.5+3i
Table 2: The values of DG parameters.
Parameter Unit VaIIDu(glf or Valljlng or
Ry Q 0.5 0.6
L. mH 5 6
Voeo \Y, 135 140
Lo A 6.4 5.9
Iq0 A -3 -2.7
Vo \Y, 127 129.9
Vao \Y 0 4.7
fo Hz 50 50
Wo rad/sec 100t 100m
wy rad/sec 37.7 37.7
Cep uF 5 4
K, Hz/watt 0.005 0.006
R, Q 0.05 0.05
L, H 0.03 0.03
Lino A 9 9
Vino Vv 50 56
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Table 3: The eigenvalues of matrix A.

The Eigenvalues of Matrix A
100.2 + 6457.80i

-100.2 - 6457.80i
-1682.1 + 6381.9i

-1682.1 - 6381.9i
-3002.8
-0.5
-123.6
-105.6
-36.9
-37.7

6. SIMULATION

It is observed that all eigenvalues of matrix A have a
negative real part, so the system is stable and has the
necessary conditions for controller design. For the system’s
stability and considering the values of the system matrices (A,
B, C, and W), we can design a suitable controller for this
system. According to Section 2.B, the controller is
implemented using (4)-(8) and applied to the system.

A set of simulation studies is carried out in MATLAB to
verify the performance of the proposed controller.

1) Case 1: Given that the disturbance on the first DG's
input current is 0.2 A, which is approximately 2.2% of the
steady-state value, simulation is performed. Initially, this
disturbance was entered as an incremental step in 0.5 seconds.

It is seen that the maximum variation rate is 0.005% for
the first bus and 0.007% for the second bus. Also, the
maximum voltage variation of each bus in the worst case is
0.59% for the first bus and 0.53% for the second bus, which
means the controller can control the voltage and frequency
values within the permissible range. If the controller is not
used, the change in the frequency of each bus is 10 times, and
the voltage change is 5 times as great as that of the case the
controller is used. Thus, the controller eliminated the
disturbances caused by the variation in input power of the DG
and improved the transient and steady-state stability, as
illustrated in Figs. (6)-(8).

2) Case 2: In the next step, the disturbance is applied to
the system as a ramp function in 5 seconds. After 3 seconds,
the amount of disturbance on the input current of the first DG
reaches 0.2 A.

In this case, it is also observed that the controller, while
maintaining the transient and steady-state stability, like in
case 1, has managed to hold the maximum overshoot of the
microgrid frequency in 0.004% and maintain the settling time
at time 8 s where the overshoot and settling time decreased
10% and 2 seconds compared to uncontrolled mode. In
addition, in this case, frequency changes in buses 1 and 2 are
0.003% and 0.004%, and their voltage changes are 0.02% and
0.025%, respectively, reflecting the proper performance of
the designed controller, as shown in Figs. (9)-(11).
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time [sec] disturbance on the first DG's input current is 0.2 A, which is

approximately 2.2% of the steady-state value, simulation was
performed, and it was observed that the maximum voltage
variation of each bus in the worst case was 0.59% for the first
4o, & A, bus and 0.53% for the second bus, which means the controller
PN could control the voltage and frequency values within the
oot - ,M;"" permissible range. If the controller is not used, the change in
i T the frequency of each bus will be 10 times and the voltage
T~ change will be 5 times as great as that of the case in which the
controller is used. In contrast, these changes are greater in

T other references, so the controller improves frequency and
o voltage variations. Also, it was observed that the changes in
001 voltage and frequency were dependent on the microgrid
parameters and the power change characteristics (amount and
5 G 7 E duration of change). Voltage and frequency variations
depended on the change in power generation and system
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In terms of the stability and performance indices against the
uncertainties of the input current (input power), it is
sufficiently robust and maintains both the bus frequency and
voltage in the allowed range. Also, for the controller design,
only frequency and output voltage of the inverters are
required, so more sensors should be adopted.
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