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Background and Objectives: Virtual inertia control, as a component of a
virtual synchronous generator, is used for the implementation of
synchronous generator behaviour in microgrids. In microgrids that include
high-capacity distributed generation resources, in addition to virtual inertia,
virtual damping can also lead to improvement of frequency stability of the
microgrid. The purpose of the control method for the islanded microgrid is to
be: 1) robust to the uncertainty of the microgrid parameters. 2) Weaken the
disturbances on the islanded microgrid (wind turbine, solar cell, Loads). 3)
Improved response speed related to microgrid frequency deviation (reduced
settling time).

Methods In this paper, designing a new robust control method for controlling
virtual inertia in microgrids, with regard to virtual damping, has been
attempted. The proposed method has a higher degree of freedom compared
to the conventional robust controllers, which provides better control of the
system.

Results: Results of the proposed method for virtual inertia control with
regard to virtual damping has been compared in several scenarios —with
virtual inertia control based on optimized PI controllers with regard to virtual
damping, virtual inertia control based on model predictive control
(controller) with regard to virtual damping, Self-adaptive virtual inertia
control using fuzzy logic, virtual inertia control with regard to virtual
damping, and virtual inertia control without virtual damping (conventional
methods). Compared to other control methods, the proposed controller has
improved the settling time due to the frequency deviations of the islanded
microgrid by 27%. According to the results of the scenarios, the proposed
controller has been able to reduce the frequency error due to load and
distributed generation resource disturbances and compared to other
controllers, and this frequency deviation has been reduced by 68%.
Conclusion: According to the simulation results, the proposed controller has
a better performance than other controllers in improving the frequency
stability of the islanded microgrid.

©2020 JECEI. All rights reserved.

Introduction

conventional systems [1], [2]. Wind Turbines and solar

Due to the increasing need for power generation, the
distributed generation resources have penetration into
the power system and have gradually replaced

Doi: 10.22061/JECEI.2020.6913.347

cells (Photovoltaic) are among the most widely used
sources of production in the power system [3], [4]. Since
these sources exchange power with the microgrid
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through power electronic converters, when a
disturbance occurs in the microgrid, it causes higher
frequency and voltage deviations in the system due to
the low inertia of the system (power electronic
converters) [5], [6]. Increasing the capacity of distributed
generation sources such as wind turbines and
Photovoltaic (PV) in the microgrids more and more will
cause many problems in the stability of voltage and
frequency due to the lack of inertia, compromising the
stability of the microgrid [7]-[9]. Thus, the concept of the
virtual synchronous generator (VSG) in the microgrid was
introduced to implement the behavior of synchronous
generators of the power system. Implementing this
method improves the inertia, output impedance, and
stability of the microgrid [10]-[12].

Virtual inertia control is a special part of the virtual
synchronous generator (VSG). The virtual inertia control
can be implemented on energy storage systems (ESS),
enabling them to operate like traditional synchronous
generators. As a primary stimulus, the virtual inertia
control can improve the frequency stability with the
occurrence of disturbances in the microgrid [13], [14]. In
microgrids, in addition to virtual inertia, the existence of
virtual damping can help improve frequency stability. For
example, when load disturbance occurs, virtual inertia,
as a prime mover, prevents too much frequency decline,
and the existence of virtual damping provides more
damping to the microgrid (Fast damping of fluctuations).
Various control methods have been used for virtual
inertia to improve the frequency stability of the islanded
microgrid. The control method used for virtual inertia
must meet the following objectives.

1) It is robust to the uncertainty of the microgrid
parameters.

2) Weaken the effect of disturbance on the microgrid
frequency.

3) Improve the response speed to the islanded
microgrid frequency deviations.

Control methods for virtual inertia control in the
islanded microgrid can be divided into two categories: 1)
Controller design for virtual inertia control without
considering virtual damping [15]-[24]. 2) Controller
design for virtual inertia with considering virtual
damping [25].

In [15], the Pl controller (proportional-integral
controller) has been used to control virtual inertia
control in the AC/DC microgrid. A control method for an
electric vehicle has been provided in the microgrid based
on the virtual inertia control method using a PI
controller [16]. The PI controller used for virtual inertia
does not perform well against the uncertainty of
microgrid parameters as well as disturbances. In [17],
the researchers have employed the coefficient diagram
method as a robust controller to virtual inertia control in
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the islanded microgrids. The coefficient diagram method
used for virtual inertia performs well against the
uncertainty of microgrid parameters but does not
perform well in attenuation of disturbance. In [18], an
adaptive control method has been applied to virtual
inertia control in the microgrid to improve frequency
stability. The adaptive control method is robust to
disturbance and uncertainty of microgrid parameters,
but the response speed does not well. In [19], the
researchers have focused on the design of a neural-fuzzy
controller to virtual inertia control in the islanded
microgrids. The neural-fuzzy controller is unable to
weaken the disturbances on the islanded microgrid.
In [20], an Heeo controller has been designed to virtual
inertia control in the microgrid with the influence of
distributed generation sources. In [21], it has been
focused on the design of Adaptive Virtual Inertia Control-
Based Fuzzy Logic in the microgrid with the influence of
distributed generation sources aimed at improving
frequency stability. In [22], the researchers have
designed an Heo controller to the virtual inertia control
in the microgrid by considering the phase-locked loop in
the microgrid model. The control methods used in [22]
are robust to disturbance and uncertainty of microgrid
parameters, but the settling time (response speed) of
the islanded microgrid frequency deviations is long.
In [23], a model predictive control (controller) has been
designed to the virtual inertia control in the microgrid
targeted to improve frequency stability. The model
predictive control (controller) performs well against
disturbances, but is not relatively robust to the
uncertainty of microgrid parameters. A virtual inertia
controller has been designed for an islanded microgrid
with two areas in [24]. In [25], virtual inertia control with
regard to virtual damping has been designed for islanded
microgrids. The control method used in [25] has a good
settling time (response speed) but is not robust to
disturbances and uncertainty of island microgrid
parameters. Therefore, it is necessary to have a proper
control method that can be resistant to the uncertainty
of the parameters of the islanded microgrid and can
weaken high disturbances and also have a suitable
response speed. In this paper, a new robust control
method of output feedback based on linear matrix
inequality for virtual inertia control with regard to virtual
damping for the islanded microgrids has been utilized.
The proposed control method does not require
measuring of all the modes and uses only output
feedback. The proposed method has a higher degree of
freedom compared to the conventional robust
controllers, which provides better control of the system.
In the proposed method, all the uncertainties related to
the microgrid parameters are considered and the
criterion for weakening the disturbance is also
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considered in it. The purpose of the control method is to
be: 1) robust to the uncertainty of the microgrid
parameters. 2) Weaken the disturbances on the islanded
microgrid (wind turbine, solar cell, Loads). 3) Improved
response speed related to microgrid frequency deviation
(reduced settling time). Results of the proposed method
for virtual inertia control with regard to virtual damping
has been compared in several scenarios - with the
consideration of the uncertainty of islanded microgrid
parameters as well as disturbances imposed upon the
microgrid - to virtual inertia control based on optimized
Pl controllers with regard to virtual damping, virtual
inertia control based on model predictive control
(controllers) with regard to virtual damping, Self-
adaptive virtual inertia control using fuzzy logic, virtual
inertia control with regard to virtual damping, and virtual
inertia control without virtual damping (conventional
methods), and performance of the proposed method
with respect to response speed, decrease in frequency
deviation, and robustness to parameter uncertainty and
disturbances imposed upon the islanded microgrid is
shown. The proposed method has been verified based
on Lyapunov's criteria. Simulation has been performed in
Matlab Software.

The article includes the islanded microgrid structure,
designing a new robust controller for islanded
microgrids, simulation, and conclusion.

Microgrid Structure

A. Virtual inertia control with regard to virtual damping
on the islanded microgrid

The objective of designing a virtual inertia control
system is providing the appropriate virtual inertia and
damping in microgrids that possess vast distributed
generation resources. Since this microgrid does not
possess adequate inertia in comparison to power
systems, this control section operates as a separate
control section to maintain microgrid frequency stability
in the transient and steady states [15]-[24]. In Fig. 1, the
dynamic model (microgrid) of virtual inertia control with
consideration of virtual damping is shown. The virtual
inertia control is a derivative control in which the
frequency variations rate is added as the additional
active power to the reference microgrid during
disturbances and incidents acting on the microgrid.
Virtual damping has also been used for more rapid
damping of microgrid frequency deviation [17], [25]. The
derivative control, which is highly sensitive to the
frequency measurement noises, uses a low-pass filter to
solve this problem. The low-pass filter simulates the
behavior of an energy storage system (ESS) [17].

Therefore, virtual inertia control with regard to virtual
damping prevents microgrid frequency instability and
improves microgrid inertia and damping.

B. Components of the islanded microgrid

AF - s |- APinertis

+ Tgges + 1

Fig. 1: Dynamic model of virtual inertia control in the microgrid
with regard to virtual damping [25].

Fig. 2 shows the structure of the islanded microgrid.
The studied microgrid consists of a 15 MW of a thermal
power plant, 7.5 MW of a solar farm, 8.5 MW of a wind
farm, and 4.5 MW of energy storage system (ESS). The
microgrid also consists of two types of load: 10 MW of
industrial load and 5 MW of a residential load [25].
Virtual inertia control with consideration of virtual
damping is implemented to the energy storage system,
as a compensator, is expected to support the load-
frequency control system in keeping a balance between
production and consumption in the microgrid [20]. The
dynamic model of the islanded microgrid is shown in Fig.
3. The model used for the islanded microgrid
components was a reduced-order model, which is a
proper model for frequency stability analysis in
microgrids. According to Fig. 3, three control structures
were considered to enable the islanded microgrid
function well against disturbances and improve the
frequency stability in the islanded microgrid: virtual
inertia control, Primary control and secondary control
(LFC) [18]-[25]. For designing a controller for virtual
inertia control with consideration of virtual damping in
the islanded microgrid, at first, the state-space model of
the islanded microgrid was attained, and was proceeded
with designing the proposed control method for virtual
inertia control with consideration of the microgrid virtual
damping.

C. State-space model of the islanded microgrid

The state-space model of the islanded microgrid for
virtual inertia control with regard to virtual damping to
improve the frequency stability is shown as (1). The
disturbances on the islanded microgrid are shown in
(2) [22]-[25]. In (1) and (2), Af is the microgrid frequency
deviation. APy, is the generated from the wind turbine.
AP, is generated from the governor. AP is generated
from the area control. APjeia is generated from virtual
inertia power. APpy is generated from the solar power.
AP, is commercial load power, and APy is residential load
power.
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Designing a new robust controller for virtual
inertia control with consideration of virtual
damping

A. The proposed controller structure

The new robust control method has been designed
for virtual inertia control with consideration of virtual
damping in the islanded microgrid. The controller
structure is designed in such a way that there is the
uncertainty of parameters and disturbance in the
studied islanded microgrid. Also, we cannot measure all
states and modes, and even if it can, it will cost more
due to the need for more sensors. The control system is
designed in such a way that the islanded microgrid

would be free of external disturbances and under the
uncertainty of parameters with an asymptote stable

||W||

output feedback and can meet the = <, criterion in
L,

the presence of disturbances in the microgrid. The
structure of the islanded microgrid (with parameter
uncertainty and under disturbance) for virtual inertia
control (with virtual damping) with the proposed
dynamic controller is shown in Fig. 4. In Fig. 4, y is the
frequency deviation of the islanded microgrid, D is
disturbance entering the islanded microgrid, and u is
control signal. The dynamics of the islanded microgrid is

modeled by considering the regulated output (Z) as (3).
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Fig. 3: The dynamic model of the islanded microgrid [23].
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Fig. 4: The Islanded microgrid structure with proposed controller.

N n AP AP 5 output matrix, n is the number of state variables, m
w _[ solar wind I R ] (2) indicates the control inputs, d is the number of
. disturbances, and D,, (t)=D,,(t)=0. y is the linear system
X=A,,6)X,q + B, (U + D,y (O)IW,4 measurement output (frequency deviation of the
ZZCIW (t)x, 4 +D11(t)W+D12qu ®u, (3} islanded microgrid), and g is the number of regulated

y=C,(t)x,,, + D, (t)w+ D, (t)u

Z is a virtual output that is only used for design and is
selected so that it achieves the desired goals for the
islanded microgrid. Z is a more general case than y
(system output). In this article, z is the same as the
frequency deviation of the islanded microgrid, on which
the effect of disturbances (wind farm, solar farm, and
load) is weakened.

In (3), A, is the system matrix, B, is the input

matrix, D, is the disturbance matrix, C, =C, is the
o

outputs [26]. Since in the islanded microgrid, C, #1, the

robust output feedback control has been used. The
variable z can be selected with regard to the control
design criterion. In the proposed method, all the
parameters of the linear system can be assumed
uncertain, so it has been modeled as (4) [26]-[28]. The
uncertainty given in (4) has been re-considered as in (5)
(structure bonded), wherein F(t) has been taken as 1x1.
In (5), the choice of M and N parameters is the
responsibility of the designer. The structure of the
dynamic controller proposed for virtual inertia control
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(with consideration of virtual damping) in the islanded
microgrid has uncertainty and disturbance, which is
represented as (6).

A(t)=A+AA(t)=A+AA
B(t)=B+AB(t)=B+AB
D(t)=D+AD(t)=D+ AD (4)
C,(t)=C,+AC,(t)=C, +AC,
D, (t)=D,,+AD,(t)=D,,+AD,,
C,(t)=C,+AC,(t)=C, +AC,

AA,., =M, F,,(£)N,
AD, , =M, F, (N,
AB,,, =M, F, ()N,
AC, =M., F,,(6)N,,
F, (6N

2. Mcsz
ADlqum = MD12qx1 F ., (t)Nznzlm

c 21><n

pxn

FL@)x<F,@)<I,F*(t)<1 |

A A A A
Xnx1 = Anxn Xnx1+ anp ypxl
3 (6)
A A
umxl - men X nx1

By combining (3) and (6), the closed-loop system
structure (the islanded microgrid and controller) can be
represented as in (7).

X=A (£)x +B(t)Cx+D(t)w
z=C,(t)x+D,,(t)C x

N NN N
x=Ax+BC,x

AN
In (7), if X and X incline toward zero, then the entire

closed-loop system will be stable. Considering
| x
x=| , Equation (7) is rewritten as (8).
X 2nx1
O 1A® B(t)C
X=

- D t I -
x+[ ()} w,, =Ax+Dw (8)
2nxd

BO)C,(6) A

2nx2n
B. Objectives of the control system

For the closed-loop system (The islanded microgrid
system with disturbance and parameter uncertainty and
the proposed controller), there are 2 main objectives:

1. Being asymptotically stable without disturbance of
the closed-loop system and under parameter
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uncertainty.

2. Achieving the performance of in the presence of
disturbance and uncertainty of the closed-loop system
with the primary zero conditions.

In the paper, the Lyapunov stability criterion has been
used to prove the stability of the proposed method. For
this purpose, the Lyapunov stability criterion was applied
to the islanded microgrid system with disturbance. The
Lyapunov criterion and the closed-loop system structure
are defined as (9). The two conditions (9(a)) and (9(c))
are essential for the stability based on the Lyapunov
criterion.

T
v=x px>0=p>0 (9(a))
x=Ax+Dw OB) |
. T T . T T
v=Xx px+x px=x A px
T_T B _T o _T B
+w D px+x pAx+x pDw<0 (9(c))

To prove the (9(a)), meaning that v>0, the matrix P, P’
is defined as (10) [26]. In (10), the matrices R, T, S, and
U are symmetrical because P and P! are symmetric.
Meanwhile, PP’ must become an identity matrix in
accordance with (11).

The linearization matrix has been considered as
(12) [26]. According to (12), pB8;=8,. Also, from (13) [26],
the linear matrix inequality has been obtained for the
first Lyapunov criterion (9(a)), meaning that if the linear
matrix inequality (13) is bigger than zero, then the first
criterion is met (v>0).

Snxn Nnxn -1 Rnxn Mnxn ( )
= ) = 10
p NZXH Uan p M:xn Tnxn
. |SR+NM" SM+NT | [I 0
N'R+UM" N'M+UT| |0 [,
R I 1 S
Al o} 57l w)
r T R MI|I S
/81 pﬂl_ﬂlﬂz_[l Oj||:0 NT (13)

R RS+MNT R I
= = >0
1 S 1 S
To calculate the second Lyapunov criterion (9(c)) and

to convert it into a linear matrix inequality, Equations
(14) to (29) have been proved.
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The equation HZHLZ - which is the criterion for

wll,,

reduction of disturbances compared to the islanded
microgrid system's states under uncertainty, has been
written in accordance with (14). The objective function
has been represented as the function j, and the
negativity of the function j meets the second Lyapunov

criterion, i.e. v<o0. The upper bound for the objective
function j has been obtained according to (15). If (16)
exists, then the function j will be negative, and the
second Lyapunov criterion will be met. Therefore,
Equation (16) must be converted into a linear matrix
inequality. Equation (16) has been converted, through
substitution and Schur complement, into (17). Since P is
symmetric, so P’=P and p=6261'1 and, accordingly,
equation (17) has converted into (18). Equation (18) is
not of the linear matrix inequality that can be solved by
Yalmip, so it is necessary to make changes to the (18)
that can be considered a linear matrix inequality.
Equations (19) and (20) have been defined in order for
linearizing (18) .The linearization of (18) has been
demonstrated in accordance with (21). By substituting
(8)and (12) in (21), (22) has been obtained.

TZTZ dt S]/ZTWTW dt
o o

(14)
j= J.(ZTZ—]/ZWTW)dt <0
(0]
j< I(sz—;/ZWTW)dt +HVx(e))—v(x(0)
j< T(ZTZ—}/ZWTW +v)dt <0
0
z'z—y*w'w+v<0 (16)
I N oEl
A p+pA pD AT
C D) (17)
5,=| Dp il 0 <0
{cl (t) D,(0)C } 0 -1
_71 ~ T T ClT(t)
A ﬂzﬂ{l‘l'pA ﬂlﬂZD AT
C Dy(t)
. (18)
8,=| DB,B;" il 0 <0
{CI (©) Dy(0)C } 0 -1

Subsequently, (22), after substituting (23), HAS BEEN
CONVERTED INTO (24). The definitions of the parameters

;1, AB 2‘ in (23) have been adopted from [26]-[28] and in
(24), the constant parameters have been separated from
the uncertain parameters by different matrices. In (24),
the o matrix is linear matrix inequality, and the matrices
0, to 043 are not linear matrix inequality. In (24), the
matrices 0; to 043 are uncertain. In order to make o; to
0,3 Matrices appear linear matrix inequality, changes
must be made in the matrices. According to (25), the
above band is first defined for o, to 0,3 matrices. In (26),

(;1 to 013 are the up band of o; to 0,3 matrices Then,

according to (26) and (27), the matrices 0'1 to 0;3 are

converted to linear matrix inequality. According to (27),
if 6,<0, then 63;<0 and the second Lyapunov criterion will
be met. In (28), for the first time, the Schur complement

is used for (;1 and entered into the o-matrix. In order for

all o to o.. matrices to enter the o matrix, the Schur
2 13

complement is used 12 more times. And finally, the (29)
is shown. Finally, Liapanov's second criterion (9-c) is
shown as (29). Equation (29) is an inequality of the linear
matrix in which all the uncertainties of system
parameters and disturbances are modeled.

T
5,<0 ,50,6<0 (19)
c>0
T
0 0 0
ViR ] B (20)
c=l0 I o0l ¢"=l0 I o0
0 1 0 0 I
B 0 0 B 0 0
s,=|o0 1 o0lslo 1 o=
0 0 1 0 0 1 (21)
[ 7 7 _ T _ r| CT(¢) ]
ﬁ1 A /82+ﬁ2TAﬂ1 ﬂz D /81 AT
C Di(t)
Dp, 7’1 0 <0
[Clct) D,,(£)C }ﬁl 0 -1

C. The New Proposed Controller Design Steps

1) State-space related to the islanded microgrid

2) Determining @1, @2, and 3 (Degrees of freedom).

3) Solving the linear matrix inequality (13 & 29) and
r,r,r,r,,r.rr, T, >0 using YALMIP.

4) Obtaining L ,K__,E .S R __ through Steps (2)

nxp? " tmxn? “'nxn?~ nxn?’ " “nxn
and (3).

(
5) Determining N and M as N=/ and M=I-RS.
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6) Obtaining the controller parameters via equation
(23).

Fig. 5 shows the controller design steps for controlling
virtual inertia in the islanded microgrid.

Results and Discussion

The Islanded microgrid parameters are shown in
Table 1. Dynamic controller values for the islanded
microgrid, according to the new proposed control
method, are shown in the appendix section. Simulation
has been considered in six scenarios in order to compare

the performance of the proposed controller for virtual
inertia control with consideration of virtual damping in
the microgrid. In scenario (1), load disturbance has been
imposed upon the microgrid. In scenario (2), load
disturbance has been imposed, considering uncertainty
in microgrid parameters (inertia). In scenarios (3), (4),
(5), (6) and (7), various disturbances, including load and
distributed generation resources (wind farm, solar farm)
have been imposed upon the islanded microgrid.

B A AT AT ]
A(t)R+RA" (t)+ MC(t)B' (¢) At)+RAT(t)S+MC (£)B"(t)S D(t) RC](t)+MC (t)D],(t)
A T A T
+RC](£)B (t)N"+MA (t)NT
A A A T
AT(t)+SA(t)R+SB(t)CM" A"(t)S +SA(t)+ NBC,(t)B N SD(t) cl(t) (22)
5,=| +NB(t)C,(t)+NAM" <0
D'(t) D'(t)S -y 0
C,()R+D,(t)CM" C,(0) 0 -1
A=N"'(E—-LC,R—SAR—SBK)YM ™", B=N"'L,C=KM™" (23)
[ AR+RA" +BK +K"B" A+ET D  RC[+K'Dj,
AT+E ATS+SA+LC,+C LT SD cr
53 = +0,10,+0;,+0,+0;+0;+0;, + 05+ 0y + 0,y + 0,y + 0, + 0,5 <0
D" D's -7 0
| CR+D,K C, 0 -1
[AAR+RAAT 0 0 0 ABK+K'AB" 0 0 0 0 M 0 0 0 RAM'S 0 0
0 0 0 0 0 0 0 0 M0 0 0 SAM'R 0 0 0
o= 10, = )03 = 10, =
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
[0 K'AB'S 0 0 0 RACIL 0 0 0 0 AD 0 0 0 0 RAC
SABK 0 0 0 LACR 0 0 0 0 0 0 0 0 0 0 0
105 = 105 = O =y 105 =
0 0 0 0 0 0 0 0 AD" 0 0 0 0 00 0
K 0 0 0 0 0 0 0 0 0 0 0 ACR 0 0 0
K 0 0 K'AD, 0 0 0 0 0 0 0 0] 0 0 0 0
0 0 0 0 0 AM'S+SAMA 0 0 0 LAC,+ACL" 0 0 0 0 SAD ©
10y = 10y = )0 = 10, T
0 0 0 0 0 0 0 0 0 0 0 0 0 AD'S 0 0
|ADK 0 0 0 0 0 0 0 0 0 0 0] o0 0 0 (24)
00 0 0 AR+RA" + BK +K"B" A+ET D RCT+K'D]
0 0 0 AC A +E A'S+SA+LC,+CiL" SD cr
1013 = ,0=
o0 0 0 D' 'S —y 0
0 0 AC, 0 C,R+D,K C, 0 -1 |
oFuv+U'F'o" <Too” +T 00, FTF<I (25)
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_ TpT T T -1, T
0o,=0,Fv,+v,F o, <T',o,0, +I', v, 0,,
_ TpT T T -1, T
0,=0,Fu,+uv,F o, <I';o,0, +1'; 0,0,

_ TpT T T -1, T
o,=oc.Fu,+u,F o, <D,0.0, +D, v, v,
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_ TpT T T -1, T
0,=o,Fv,+v,F o, <I',0,0, +I', v, 0,
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Fig. 5: : The controller design steps for controlling virtual
inertia in the islanded microgrid.

Scenario (1): In this scenario, load disturbance of
AP;=0.1pu at the time of t=1 has been imposed upon
the islanded microgrid [25]. In Fig. 6, the microgrid
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frequency deviation using various controllers has been
depicted. The frequency deviation using the proposed
control method is 0.02 Hz. The frequency deviation using
the pi-optimizer controller (with virtual inertia and
virtual damping) method is 0.12 Hz. frequency deviation
using the no controller (with virtual inertia and virtual
damping) method is 0.24 Hz, and frequency deviation
using the no controller (with virtual inertia) method is
0.26 Hz [25]. According to Fig. 6, the new proposed
robust controller shows desirable performance against
disturbances, compared to other methods (no controller
(with virtual inertia and virtual damping), no controller
(with virtual inertia), and pi-optimizer controller (with
virtual inertia and virtual damping)). Using the proposed
controller, the settling time of frequency deviation is
5.25 seconds. Using the pi-optimizer controller, the
settling time of the frequency deviation is 7.16 seconds.
Using the no controller (with virtual inertia and virtual
damping) method, the settling time of frequency
deviation is 8.13 seconds. Using the no controller (virtual
inertia) method, the settling time of frequency deviation
is 13.44 seconds. The proposed method performs better
than other mentioned controllers in terms of damping
speed related to microgrid frequency fluctuations.
Scenario (2): In this scenario, load disturbance of
AP;=0.1pu at the time of t=1, with the uncertainty of
islanded microgrid parameters (-20% inertia), has been
imposed upon the islanded microgrid. In Fig. 7, the
microgrid frequency deviation using various controllers
has been depicted. The frequency deviation using the
proposed control method is 0.02 Hz. The frequency
deviation using the pi-optimizer controller (with virtual
inertia and virtual damping) method is 0.135 Hz. The
frequency deviation using the no controller (with virtual
inertia and virtual damping) method is 0.27 Hz, and
frequency deviation using the no controller (with virtual
inertia) method is 0.28 Hz [25]. According to Fig. 7, the
new proposed robust controller shows desirable
performance against disturbances and uncertainty of
islanded microgrid parameters, compared to other
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methods. Using the proposed controller, the settling
time of the frequency deviation is 5.33 seconds. Using
the pi-optimizer controller, the settling time of
frequency deviations is 7.42 seconds. Using the no
controller (with virtual inertia and virtual damping)
method, the settling time of frequency deviation is 9.34
seconds. Using the no controller (virtual inertia) method,
the settling time of frequency deviation is 14.51 seconds.
The proposed method performs better than other
mentioned controllers in terms of damping speed of

frequency fluctuations against the uncertainty of
microgrid parameters.

Scenario (3): In this scenario, according to Fig. 8, load
and distributed generation resource disturbances, with
regard to the uncertainty of islanded microgrid
parameters (-20% inertia, -20% damping), have been
imposed upon the islanded microgrid [25]. In Fig. 9, the
microgrid frequency deviation using various controllers
has been depicted. According to Fig. 9, the new
proposed robust controller shows desirable performance
against disturbances and uncertainty of islanded
microgrid parameters, compared to other methods (of
no controller (with virtual inertia and virtual damping),
no controller (with virtual inertia), and pi-optimizer
controller (with virtual inertia and virtual damping)). The
maximum frequency deviation using the proposed
control method is 0.03 Hz. The maximum frequency
deviation using the pi-optimizer controller (with virtual
inertia and virtual damping) method is 0.10 Hz. The
maximum frequency deviation using the no controller
(with virtual inertia and virtual damping) method is 0.22
Hz, and the maximum frequency deviation using the no
controller (with virtual inertia) method is 0.26 Hz [25].
According to the results of this scenario, the proposed
controller has been able to reduce the frequency error
due to load and distributed generation resource
disturbances and compared to other controllers; this
frequency deviation has been reduced by 68%.

Scenario (4): In this scenario, according to Fig. 8, load
and distributed generation resource disturbances, with
regard to the wuncertainty of islanded microgrid
parameters (-20% inertia, -20% damping, +33% Time
constant of governor), have been imposed upon the
islanded microgrid. In Fig. 10, the microgrid frequency
deviation using various controllers is shown. Frequency
deviation using the proposed control method is 0.03 Hz.
The frequency deviation using the pi-optimizer controller
(with virtual inertia and virtual damping) method is 0.11
Hz.

The frequency deviation using the no controller (with
virtual inertia and virtual damping) method is 0.31 Hz,
and the frequency deviation using the no controller (with
virtual inertia) method is 0.39 Hz. Looking at the results,
it can be said that the proposed controller has had a

good performance in weakening the disturbance caused
by the load and distributed generation resources
disturbances and has been able to reduce the frequency
error by 72%.

Scenario (5): In this scenario, according to Fig. 8, load
and distributed generation resource disturbances, with
regard to the uncertainty of islanded microgrid
parameters (-20% inertia, -20% damping, +33% Time
constant of governor, -33% Time constant of Turbine),
have been imposed upon the islanded microgrid. In Fig.
11, the microgrid frequency deviation using various
controllers is shown. The maximum Frequency deviation
using the proposed control method is 0.033 Hz. The
maximum frequency deviation using the pi-optimizer
controller (with virtual inertia and virtual damping)
method is 0.14 Hz. The maximum frequency deviation
using the no controller (with virtual inertia and virtual
damping) method is 0.35 Hz, and the maximum
frequency deviation using the no controller (with virtual
inertia) method is 0.45 Hz. The results of this scenario
show that the proposed controller is also robust to
severe uncertainties, and the frequency error is reduced
by 72% compared to the other mentioned control
methods.

Scenario (6): In this scenario, according to Fig. 12,
load and distributed generation resource disturbances,
have been imposed upon the islanded microgrid [21]. In
Fig. 13, the microgrid frequency deviation using various
controllers is shown. The maximum Frequency deviation
using the proposed control method is 0.045 Hz. The
maximum frequency deviation using the Self-adaptive
virtual inertia control using fuzzy logic is 0.19 Hz [21],
and the maximum frequency deviation using the MPC
controller (with virtual inertia and virtual damping) is
0.28 Hz [23].

According to the results of this scenario, the MPC
controller and Self-adaptive virtual inertia control do not
perform well against disturbance, and the effect of
disturbance on the microgrid frequency is high. While
the proposed controller has been able to greatly weaken
the disturbance effect, the frequency error has been
reduced by 75% compared to other controllers.

Scenario (7): In this scenario, according to Fig. 12 load
and distributed generation resource disturbances, with
regard to the wuncertainty of islanded microgrid
parameters (-20% inertia), have been imposed upon the
islanded microgrid. In Fig. 14, the microgrid frequency
deviation using various controllers is shown. The
maximum Frequency deviation using the proposed
control method is 0.054 Hz.

The maximum frequency deviation using the Self-
adaptive virtual inertia control using fuzzy logic is 0.21
Hz [21], and maximum frequency deviation using the
MPC controller [23] (with virtual inertia and virtual
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damping) is 0.30 Hz. According to the results of this
scenario, the proposed controller has a better
performance than the new controllers used in the field
of virtual inertia control.

Conclusion

In microgrids, power electronic converters are utilized
for power exchange and possess very low inertia
compared to power systems. Therefore, a virtual
synchronous generator is used for implementing large
synchronous generator behavior in a power system,

Virtual inertia control is a component of the virtual
synchronous generator which helps improve microgrid
frequency stability. In microgrids with vast energy
resources, in addition to virtual inertia, considering
virtual damping can reduce system instability. In this
paper, designing a new robust control method for
controlling virtual inertia in microgrids, with regard to
virtual damping, has been attempted. The proposed
control method does not require measuring of all the
modes and uses only output feedback. According to the
simulation results, the proposed controller has a better

which  provides - desirable inertia for the system. performance than other controllers in improving the
frequency stability of the islanded microgrid.
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Table 1: The Islanded microgrid parameters [24], [25]
Parameter value Parameter value
Virtual damping, Dy(s) 1.2 Governor Time constant, Tg(s) 0.1
Time constant of ESS, Tgss(s) 10 Turbine Time constant, T(s) 0.4
Time constant of wind turbine, Ty (s) 1.4 Droop factor, R (Hz/pu. MW) 2.4
Time constant of solar system, Tpy(s) 1.9 Virtual inertia, Jy(s) 1.6
System (microgrid) inertia, H (p.u.MW s) 0.082 Secondary frequency controller, K(s) 0.2
System (microgrid) damping, D (p.u.MW/Hz) 0.016 Frequency bais, 0.99
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Fig. 6: The frequency deviation using various controllers, Scenario (1).
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Fig. 8: Disturbances on the islanded microgrid [22]-[25].
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Fig. 11: The frequency deviation using various controllers, Scenario (5).
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Fig. 12: Disturbances on the islanded microgrid, Scenario (6) [21].
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Appendix

The proposed controller parameters shown in the
appendix can greatly weaken the load disturbances and
distributed generation resources disturbances in the
islanded microgrid. These dynamic control parameters

[-176.07 44335 13472 07497 048059 178.08 12961 |  [—25167
~130.79 _5.9675 9.9792 —0.75207 -0.47191 -178.53 —129.96 49106
2159  —0052115 —10.55 0.087908 0.054885 20.866  15.187 90292
A=| 48096 176.53 73776  30.808 19.36 73138 53241 |,B =| 25188
18854 _68307 29366 -12092  —7598.9 —28706 — 20897 _4813.4
20052  -7.2778  -3.1252 -1.2864 -0.80849 -306.16 -222.35 —54.716
| 20671  -7.5025  -3.2217 -13262 -0.83348 -314.89 -229.75] | -55.1 |

can also be very robust to the uncertainties of microgrid
parameters. The proposed controller parameters are set
to be able to track the system reference (the islanded
microgrid frequency).

62[21.077 0.76462 0.32829 0.13518 0.084949 32.091 23.361]
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