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Virtual Inertia Design Procedure for Energy
Storage Systems to Increase Frequency
Response Performance in Microgrids

Gorn Suphahatthanukul† ,
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ABSTRACT
The frequency instability caused by low system

inertia is a common problem for small power systems
such as microgrids since it can lead to stepping load
shedding and generation tripping when disturbances
occur. To alleviate the problem, this paper proposes
a procedure for the virtual inertia design of an energy
storage system (ESS) using the linear quadratic
regulator (LQR) technique. The advantage of this
proposed procedure is that it can separately manipu-
late the frequency response performance indices: the
nadir and rate of change of frequency (RoCoF). The
results confirm that the proposed procedure enables
the microgrid to maintain frequency stability and
avoid unnecessary load shedding whether operating
in the grid-connected or islanding mode.

Keywords: Energy Storage System, Microgrid,
Virtual Inertia, Frequency Response Performance

1. INTRODUCTION
In the present day, power systems in some areas

have the potential to operate in the islanding mode
because the amount of generated power is sufficient
for meeting continuous electricity demand. However,
the microgrid can often become unstable and insecure
[1, 2] when operating in the islanding mode or
unintentionally transitioning from grid-connected to
islanding mode. For instance, a transient stability
problem can occur as a result of large disturbances
such as tie-line tripping, generator tripping, and
immediate load shedding. Consequently, the system
frequency can deviate from nominal during the
transient period, and might violate the grid code
and eventually trigger a frequency relay at the power
plant to prevent damage to the mechanical parts
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of generation units. Once the frequency relays
at the generation unit have been initiated, the
power decreases further, causing the power system
to deteriorate in terms of frequency stability. One of
the causes of increased severity in transient stability
is the low inertia situation resulting from the high PV
penetration in the power system or a low synchronous
machine rating when the microgrid is operating in the
islanding mode [1].

There are several ways of alleviating this problem.
Firstly, a synchronous condenser can be employed to
provide sufficient inertia to power the system and
has been used for some time in several countries.
For example, Australian grid operators employ the
synchronous condenser to keep the inertia level secure
[3, 4]. It improves the system frequency and RoCoF
as well as increasing the penetration level of re-
newable energy sources (RES). Another increasingly
common option for maintaining system frequency
stability is demand-side management which is used
for thermostatically controlled loads such as in
air conditioners and refrigerators. As a result,
when the generated power decreases unintentionally,
these loads can decrease their consumption rate to
balance the power. According to previous research
carried out in Great Britain, this method could
reduce the RoCoF [5]. Moreover, batteries and
ultra-capacitors, mostly connected to systems via
an inverter, have recently become a popular energy
storage, which could increase the power response
performance if properly controlled. Other researchers
used a combination of equipment for the efficient
management of the power imbalance [6–8]. The
reason for combining components is that the use of
a battery alone could subject it to stress, while the
combined method can reduce such stress and increase
battery life [9].

There are various control patterns in an inverter-
based generation unit and these can roughly be
divided into five forms. The first pattern, namely the
inducverter [10], mimics induction machine behavior.
The plus point is that the inducverter can self-start
and automatically synchronize, without the use of
other devices. The second pattern is dubbed the
synchroverter. It is an inverter which emulates the
total synchronous machine characteristics including
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the swing equation to provide inertia to the system
[11, 12]. However, due to the complexity of the
equations used to control the inverter, significant
computational effort is required, causing software
instability in some cases. Thirdly, the virtual
synchronous machine (VISMA) is controlled by using
the fifth-order synchronous generator model [13]
while [14, 15] use the seventh-order model. The
VISMA can operate in both grid-connected and
islanded modes [16], while also providing inertial
response to the system when power mismatch occurs.
The fourth pattern is VSYNCH’s VSG [13]. This
algorithm uses a phase-lock-loop block, which may
adversely affect performance, and uses energy storage
to mimic inertia to the system [17]. Lastly, [18,
19] use the droop equation to control inverters in
response to frequency deviation.

This paper proposes a state-of-the-art method
to connect ESS to the power system via inverters
with the desired dynamic behavior to increase the
frequency response performance using the linear
quadratic regulator (LQR) technique, commonly
known as adaptive virtual inertia. The advantage
of this method is that it is simple and practical
to implement in a real microgrid without needing
significant computational effort and system modifica-
tion. Moreover, this method offers freedom in terms
of controlling frequency deviation and the RoCoF
individually. In some power systems, depending
on the components involved, the nadir frequency
may not violate the frequency standard but RoCoF
exceeds the limit. In contrast to the proposed
methods, inverters controlled by constant inertia
cannot deliberately reduce the only one index that
exceeds the limit. The proposed method is also
easy to implement and can guarantee stability during
transient conditions.

This paper is outlined as follows: Section 2
presents the fundamental knowledge, while the
controller design using the LQR technique and
implementation procedure is elaborated in Sections 3
and 4, respectively. The test system parameter and
procedure are described in Section 5, while the results
are detailed in Section 6. Finally, Sections 7 and
8 present the sensitivity analysis and conclusion,
respectively.

2. FUNDAMENTAL KNOWLEDGE

This section describes the control process of the
ESS to the moment of inertia. The LQR technique
is then introduced and the frequency response
performance indices described.

2.1 VIRTUAL INERTIA

In each synchronous generator, the moment of
inertia is inherent because it involves a rotating
part. The moment of inertia is one of the most

Fig. 1: ESS dynamic model.

important factors in helping the power system
respond to frequency deviation when disturbances
occur. Specifically, it represents the ability of the
power system to resist any changes in frequency. The
following swing equation describes the behavior of the
rotor:

2H

ωs

d∆ω

dt
= Pm − Pe (1)

where H denotes the inertia constant of both turbine
and generator, ωs denotes synchronous angular
velocity, ∆ω is the relative angular velocity, Pm and
Pe signify the mechanical power and electrical power
in each unit, respectively.

Due to the high penetration present in renewable
energy power plants, they do not usually respond to
frequency deviation, resulting in frequency response
performance impairment. This is because these power
plants are connected to the power system by invert-
ers, which have no moment of inertia. It should be
noted that this assumption is based on the situation
that synchronous generators are replaced by PV
plants. Therefore, researchers attempt to create some
degree of inertia in non-intrinsic-inertia generators
to increase the frequency response performance. For
instance, the swing equation can be modified slightly
to make it suitable for ESS application as follows:

∆PESS = −2HESS
d∆ω

dt
(2)

where HESS signifies the virtual moment of ESS
inertia, ∆PESS is the ESS power deviation during
a disturbance period, and ∆ω denotes system
frequency deviation. Fig. 1 presents a dynamic model
for ESS.

2.2 Linear Quadratic Regulator Technique
The LQR technique is a negative feedback control

method, representing a trade-off between the relative
importance of error and expenditure in controlling
energy use. Fig. 2 shows the model used in this
technique. The objective function of the LQRmethod
is [20]:

min J =
∫ ∞

0
xT Qx + uT Ru dt (3)

whereas the constraint equations are

ẋ = Ax + Bu (4)
u = −Kx (5)
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Fig. 2: Negative feedback control scheme.

This technique represents a trade-off between
states and expenditure by adjusting the state-cost
weighted matrix (Q) and input-cost weighted matrix
(R); the dimensions of which depend on state space.
The dimension of matrix Q equals the dimension
of the dynamic matrix (A), and is the positive
definite, whereas the dimension of matrix R equals
the dimension of the input matrix (B).

The output of this technique is optimal gain (K)
corresponding to matrices Q and R. There are two
steps to obtaining matrix K. Firstly, matrix P is
solved from a reduced-matrix Riccati equation, as
follows:

AT P + PA − PBR−1BT P + Q = 0 (6)

Matrix K will subsequently be solved from

K = R−1BT P (7)

2.3 Frequency Response Performance Indices

When disturbances occur, the system frequency
deviates from the nominal level, which might trigger
the frequency protection system at the power plant.
The objective of frequency protection for synchronous
generators in power plants is to prevent them
and their prime mover from being damaged. For
instance, the synchronous generator may be subject
to over-fluxing while operating outside the nominal
speed, causing mechanical damage to the turbine and
generator bearings, while a low steam flow rate in
the turbine may lead to a hot spot on the near-last
state turbine blades. The most popular criteria for
achieving frequency relay are the nadir frequency
and RoCoF. Therefore, these criteria are chosen as
the frequency response performance indices in this
paper. However, the criteria are different depending
on the country or standard involved. For instance,
according to the System Performance Under Single
Contingency Standard of the Electricity Generating
Authority of Thailand (EGAT) [21], the frequency
deviation should be less than ±0.5Hz, and this is
therefore used as the criterion in this paper.

Fig. 3: Flow chart controller design procedure.

3. CONTROLLER DESIGN USING THE
LQR TECHNIQUE

3.1 Procedure Overview
This section describes the procedure for designing

the optimal gain (K) of the ESS controller in the
microgrid using the LQR technique. Fig. 3 presents
a simple flow chart of the procedure which starts
with the gathering of all dynamic parameters of each
system component. To maintain microgrid frequency
stability at all times, the disturbance ∆PL, could
represent any of the following: the maximum power
in the tie-line before the disturbance occurs, the
maximum power of the biggest generator-tripping
contingency, or the loss of the largest load when a
short-circuit fault occurs in a feeder. The procedure
then follows the ensuing sections in order.

3.2 Test System Components and the Dy-
namic Model

Several tools can be used to study transient
stability and result verification, but this paper uses
the time-domain simulation method. The results can
be used to analyze system stability without significant
computational effort. However, to obtain accurate
results, the dynamic model used in the simulation
should firstly reflect the exact behavior of the power
system. Due to the rapid increase in PV generation
in Thailand and its low wind power production
potential, the test system in this paper consists of a
group of synchronous generators, PV power plants,
an energy storage system, and a lumped load as
demonstrated by the microgrid scheme in Fig. 4. This
microgrid is connected to the main grid via a tie-line.

The simplified dynamic model suitable for study-
ing the frequency stability of the system in Fig. 4
is shown in Fig. 5. The model represents all vital
components in this test system consisting of the
synchronous generator, turbine, governor, and the
mechanism for regulating system frequency. Hsys and
Dsys are the lumped inertia and damping coefficient
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Fig. 4: Single line diagram.

of the system, respectively. Rsys is the droop
constant of the governor, while T1 and T2 represent
the turbine and governor time constants, respectively.
It should be noted that this model ignores the
dead-band in the governor and does not yet include
the model of ESS.

The primary and secondary responses regulate the
system frequency in the power system. The objective
of the former is to halt system frequency deviation.
The parameters relating to the primary response
performance are mainly the system inertia and droop
constant of each governor. The objective of the latter
is to bring the deviated system frequency back to the
nominal level by changing the real power reference
signal of each generator from the control center.
However, in this paper, the secondary response to
frequency deviation is neglected because it focuses
on the effect of the primary response parameters,
especially system inertia.

To ensure the dynamic model shown in Fig. 5
represents the power system (comprising conventional
generators and ESS), the simplified model of ESS is
added as presented in Fig. 6. The dynamic model of
ESS is described in [22], and depends on a dominated
time constant in the control loop, which in this paper
is TESS , and the time delay of ESS. HESS signifies
the virtual inertia constant of ESS while DESS is the
virtual damping coefficient of ESS. It should be noted
that the time constants of the turbine and governor,
namely T1 and T2, are combined to produce T .

3.3 Mathematical Model for the LQR Tech-
nique and Linearization [23]

It is clear that the application of the LQR
technique to control the virtual inertia of ESS,
according to the mathematical model in Fig. 6, must
be rearranged into a state-space representation. The
transfer function of the simplified model in Fig. 6 can

Fig. 5: Conventional dynamic model.

Fig. 6: Dynamic model for the controller design.

be written as

F (s) = ∆ω(s)
∆PL(s) =

RsysTs + 1
RsysH̃Ts2 + Rsys

(
H̃ + T

)
s + RsysD̃ + 1

(8)

where

H̃ = Hsys + HESS (9)

D̃ = Dsys + DESS (10)

Therefore, the state-space representation of the
model is

[
ω̇
ω̈

]
=

 0 1

−RsysD̃ + 1
RsysH̃T

−H̃ + T

H̃T

[ωω̇
]

+

 0
∆PL

H̃T


(11)

y =
[
1 0
0 1

] [
ω
ω̇

]
(12)

Using the LQR technique to control the virtual
inertia of ESS, the control input (u) is selected as

u = ∆H̃ = H̃ − H̃0 = −
[
K1 K2

] [ω
ω̇

]
(13)
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Fig. 7: Inertia calculation block diagram.

Consequently, the equations representing the micro-
grid system become nonlinear and must be linearized
as

[
∆ω̇
∆ω̈

]
= 0 1

−RsysD̃0 + 1
RsysH̃0T

−H̃0 + T

H̃0T

[∆ω
∆ω̇

]
+

 0
∆PL

H̃2
0 T

∆H̃

(14)

where H̃0 is the total system inertia comprising
the synchronous machine inertia and the virtual
inertia from ESS before the disturbances occur, D̃0
is the total system damping coefficient comprising
the synchronous machine damping and the virtual
damping from ESS before the disturbances occur.

3.4 Weighted Parameters
The weight-parameter group is used in the LQR

technique, imposed as matrices Q and R. According
to Eqs. (13) and (14), these matrices can be written
as

Q =
[
Q1 0
0 Q2

]
(15)

R = [R1] (16)

According to Eq. (3), it is noticeable that Q1,
Q2, and R1 independently affect ∆ω, ∆ω̇, and ∆H̃,
respectively. Therefore, it should be noted that the
values of each weighted parameter are related to each
other in terms of proportion. There are various
methods for imposing these weighted parameters to
achieve the desired system performance, but this
paper uses the trial-and-error method.

4. IMPLEMENTATION PROCEDURE
So far, the matrix K is achieved using the

LQR technique. Fig. 7 presents a block diagram
demonstrating the method for calculating ESS inertia
according to Eq. (13). The input of the block diagram
is the angular velocity while the output is the change
in ESS inertia. The parameters K1 and K2 represent

Fig. 8: Complete dynamic model.

the elements of matrix K. The adaptive virtual
inertia of ESS in Eq. (2) is therefore modified for
implementation as

∆PESS = −2
(

H̃0 + ∆H̃
) d∆ω

dt
(17)

Fig. 8 shows the complete dynamic model after
inclusion of the adaptive virtual inertia. The total
ESS inertia is the signal from the inertia calculation
block diagram combined with the initial ESS inertia
proposed in Eq. (17). The value of each parameter in
Fig. 8 are subsequently described in Sections 5.1 and
5.2.

It can be observed that this model is incredibly
simple and practical to implement on a real micro-
grid. The adaptive virtual inertia can guarantee
that frequency stability and security is maintained in
the microgrid, whether operating in a grid-connected
or islanding mode. However, since governors of
synchronous generators in each microgrid system are
multifarious, the time constants of the governor and
turbine in the dynamic model should be selected
corresponding to their behavior.

5. TEST SYSTEM PARAMETER AND
PROCEDURE

5.1 Test System Parameter
All main components are described superficially to

formulate an accurate dynamic control model. In this
section, all related parameters of those components
in the microgrid test system shown in Fig. 4 are
presented in detail. Firstly, the system base is
selected as 10MVA. The maximum load demand in
this microgrid is 10MW and the installation capacity
of the PV power plant is 10MW. There are two
synchronous generators in this microgrid and the
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Table 1: Test system parameters.
Parameter Value
Inertia of Generator 1 (H1) 5 s
Inertia of Generator 2 (H2) 5 s
Damping Coefficient of Generator 1 (D1) 0
Damping Coefficient of Generator 2 (D2) 0
Droop Constant of Generator 1 (R1) 0.05
Droop Constant of Generator 2 (R2) 0.05
Initial Inertia of ESS (H0) 0 s
Turbine Time Constant (Tt) 0.2 s
Governor Time Constant (TG) 0.3 s
ESS Time Constant (TESS) 0.01 s

Table 2: Test system parameter for Case 1.
Component Real Power (MW)
Synchronous Generator 1 1.25
Synchronous Generator 2 1.25
PV Plant 6
Tie-Line 1.5 (Import)
Load Demand 10

Table 3: Test system parameter for Case 2.
Component Real Power (MW)
Synchronous Generator 1 1.25
Synchronous Generator 2 1.25
PV Plant 9
Tie-Line 1.5 (Export)
Load Demand 10

rating of each is 5MVA. The moment of inertia,
damping coefficient, and droop constant of each
generator are 5 s, 0, and 0.05, respectively. It should
be noted that the three parameters are based on
their machine rating. The time constants of the
turbine, governor, and ESS are 0.2, 0.3, and 0.01 s,
respectively. All parameters are presented in Table 1.

5.2 Test Procedure
This paper demonstrates the performance of the

proposed method using three case studies, each with
different disturbance patterns: tie-line tripping while
importing real power into the microgrid, tie-line
tripping while exporting real power to the main
grid, and generation tripping while operating in the
islanding mode. Although the uncertainties caused
by the variation in renewable power generation is
one form of disturbance, these are generally small
compared to those described above.

In Case 1, the disturbance is tie-line tripping
caused by a fault on the tie-line while importing
real power into the microgrid, meaning that the
microgrid is transferring from the grid-connected to
the islanding mode. The operating point of all
components prior to the disturbance is shown in

Table 4: Test system parameter for Case 3.
Component Real Power (MW)
Synchronous Generator 1 2
Synchronous Generator 2 2
PV Plant 9
Tie-Line 3 (Export)
Load Demand 10

Table 5: Test system parameter for Case 4.
Component Real Power (MW)
Synchronous Generator 1 1
Synchronous Generator 2 1
PV Plant 8
Load Demand 10

Table 2.
Matrices A and B in Eq. (11) represent the

dynamic system used for calculating the control
parameter in Case 1 as

A =
[

0 1
−8 −2.2

]
(18)

B =
[

0
−0.06

]
(19)

In Case 2, the disturbance is tie-line tripping when
exporting real power to the main grid, which results
from exceeding the real power from the PV plant.
The cause of tripping is the same as in Case 1.
The operating point of all components prior to the
disturbance is shown in Table 3. Since the difference
between Cases 1 and 2 is the sign of the disturbances,
matrices A and B in Eq. (11) remain the same as in
Case 1.

In Case 3, the disturbance is also tie-line tripping.
The operating point is similar to Case 1 except that
the power from each synchronous generator increases
from 1.25 to 2MW. As a result, the tie-line power is
3MW in the export direction. Table 4 displays all
the operating points in Case 3.

Matrices A and B in Eq. (11) represent the
dynamic system used for calculating the control
parameter in Case 3 as

A =
[

0 1
−8 −2.2

]
(20)

B =
[

0
0.12

]
(21)

In Case 4, the disturbance is generator tripping
when operating in the islanding mode. In this case,
the conventional moment of inertia decreases to half
that in Case 3. This is because only one machine
provides the moment of inertia and primary response
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to the frequency deviation. The operating point of
all components prior to the disturbance is shown in
Table 5.

Matrices A and B in Eq. (11) represent the
dynamic system used for calculating the control
parameter in Case 4 as

A =
[

0 1
−16 −2.4

]
(22)

B =
[

0
−0.08

]
(23)

The weighted parameters are different in each,
depending mainly on the disturbance severity and
dynamic system parameters. They are adjusted
until the system frequency and RoCoF meet the
system frequency standard. Moreover, since the
generator inertia is generally based on its machine
rating, the system inertia (Hsys) must be computed
as well as the system droop constant (Rsys). In
the realistic microgrids, the most severe disturbance
should be used to guarantee that the microgrid
can operate seamlessly in both grid-connected and
islanded modes.

6. RESULTS
In each case, the disturbances occur at 1 s and

consist of three subcases: 1) without virtual inertia,
2) the LQR technique with only Q1 tuned, and 3)
the LQR technique with both Q1 and Q2 tuned.
Specifically, in the subcase without the virtual inertia,
the ESS does not respond to the system frequency
deviation (the Base Case), while the LQR technique
with only Q1 tuned refers to the subcase where only
the weighted parameter Q1 is adjusted and Q2 is
fixed (Subcase 1), and the LQR technique with both
Q1 and Q2 tuned refers to the subcase where both
weighted parameters are tuned (Subcase 2).

6.1 Case 1
The weighted parameters Q1 and Q2 are selected

as 800,000 and 100,000, respectively. Accordingly, the
optimal gains K1 and K2, as the output parameters
of the LQR technique, for Subcase 1 are −448.88 and
−145.94, whereas the optimal gains K1 and K2 for
Subcase 2 are −448.88 and −273.20. Fig. 9 shows the
frequency deviation during the disturbance period.
The nadir frequencies for the Base Case, Subcase 1,
and Subcase 2 are −0.5866, −0.4602, and −0.4506Hz,
respectively. Fig. 10 illustrates the RoCoF, for
which the maximum values are −0.73, −0.5644, and
−0.4838Hz/s for the Base Case, Subcase 1, and
Subcase 2, respectively. Fig. 11 depicts the ESS
power when responding to the frequency deviation.
The maximum power is 604 kW and energy used can
be calculated as 11.75 kWh. The power from both
synchronous generators is plotted in Fig. 12, while

Fig. 13 shows the PV power, and Fig. 14 the adaptive
ESS inertia.

6.2 Case 2
The weighted parameters Q1 and Q2 are selected

as 800,000 and 100,000, respectively. Accordingly, the
optimal gains K1 and K2 for Subcase 1 are 448.88
and 145.94, whereas the optimal gains K1 and K2 for
Subcase 2 are 448.88 and 273.20. Fig. 15 shows the
frequency deviation during the disturbance period.
The nadir frequencies for the Base Case, Subcase 1,
and Subcase 2 are 0.5866, 0.4602, and 0.4506Hz,
respectively. Fig. 16 illustrates the RoCoF, for
which the maximum values are 0.73, 0.5644, and
0.4838Hz/s for the Base Case, Subcase 1, and
Subcase 2, respectively. Fig. 17 depicts the ESS
power in response to the frequency deviation. The
maximum power is 604 kW and the absorbed energy
can be calculated as 11.75 kWh. The power from both
synchronous generators is plotted in Fig. 18, while
Fig. 19 shows the PV Power and Fig. 20 the adaptive
ESS inertia.

6.3 Case 3
The weighted parameters Q1 and Q2 are selected

as 800,000 and 100,000, respectively. Accordingly, the
optimal gains K1 and K2 for Subcase 1 are 621.18
and 153.62, whereas the optimal gains K1 and K2 for
Subcase 2 are 621.18 and 308.54. Fig. 21 shows the
frequency deviation during the disturbance period.
The nadir frequencies for the Base Case, Subcase 1,
and Subcase 2 are 1.172, 0.802, and 0.792Hz,
respectively. Fig. 22 illustrates the RoCoF, for which
the maximum values are 1.5, 0.94, and 0.7765Hz/s
for the Base Case, Subcase 1, and Subcase 2,
respectively. Fig. 23 depicts the ESS power in
response to the frequency deviation. The maximum
power is 1.661MW and the absorbed energy can
be calculated as 12.86 kWh. The power from both
synchronous generators is plotted in Fig. 24, while
Fig. 25 shows the PV power and Fig. 26 the adaptive
ESS inertia.

6.4 Case 4
The weighted parameters Q1 and Q2 are selected

as 800,000 and 100,000, respectively. Accordingly,
the optimal gains K1 and K2 for Subcase 1 are
−724.74 and −150.66, whereas the optimal gains K1
and K2 for Subcase 2 are −724.74 and −313.48.
Fig. 27 shows the frequency deviation during the
disturbance period. The nadir frequencies for the
Base Case, Subcase 1, and Subcase 2 are 0.5866,
0.5211, and 0.5108Hz, respectively. Fig. 28 illustrates
the RoCoF, for which the maximum values are 0.998,
0.6007, and 0.4723Hz/s for the Base Case, Subcase 1,
and Subcase 2, respectively. Fig. 29 depicts the ESS
power in response to the frequency deviation. The



VIRTUAL INERTIA DESIGN PROCEDURE FOR ENERGY STORAGE SYSTEMS 253

Fig. 9: Frequency deviation for Case 1.

Fig. 10: RoCoF for Case 1.

Fig. 11: ESS power for Case 1.

Fig. 12: SG power #1 and #2 for Case 1.

Fig. 13: PV power for Case 1.

Fig. 14: ESS inertia for Case 1.

maximum power is 585 kW and the energy used can
be calculated as 14.23 kWh. The power from both
synchronous generators is plotted in Fig. 30, while
Fig. 31 shows the PV power and Fig. 32 the adaptive
ESS inertia. The power through tie-line is always
0MW as shown in Fig. 33.

6.5 Discussion

It can immediately be observed that the nadir
frequency and RoCoF of the system with the ESS
controlled by the LQR technique are less than those
of the system without the virtual inertia when
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Fig. 15: Frequency deviation for Case 2.

Fig. 16: RoCoF for Case 2.

Fig. 17: ESS power for Case 2.

Fig. 18: SG power #1 and #2 for Case 2.

Fig. 19: PV power for Case 2.

Fig. 20: ESS inertia for Case 2.

disturbances occur. Therefore, it could be said
that the ESS controlled by the LQR technique
helps the system to increase its frequency response
performance in both grid-connected and islanding
modes. Moreover, in the case where the ESS is
controlled by the LQR technique, the weighted pa-

rameter could be adjusted independently. According
to Section 3.4, the weighted parameter Q1 relates
to the frequency deviation, whereas Q2 relates to
the RoCoF. In addition, remarkably, although the
weighted parameter Q1 in Subcase 2 is equal to that
in Subcase 1, the nadir frequency of Subcase 2 is lower
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Fig. 21: Frequency deviation for Case 3.

Fig. 22: RoCoF for Case 3.

Fig. 23: ESS power for Case 3.

Fig. 24: SG power #1 and #2 for Case 3.

Fig. 25: PV power for Case 3.

Fig. 26: ESS inertia for Case 3.

than that of Subcase 1. This is because the nadir
frequency and the RoCoF are reciprocally related.
Specifically, it is impossible for the RoCoF to be
lower, whereas the nadir frequency remains the same.
In realistic systems, the procedure for tuning the
weighted parameters should involve adjusting the Q1

first. Then, if the RoCoF still exceeds, the Q2 will
subsequently be adjusted to meet the standard.

Since the ESS inertia is adaptive and time-varying,
it is adjusted after disturbances occur. In a steady
state condition, the ESS inertia is meaningless
because its power is determined by the multiplication
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Fig. 27: Frequency deviation for Case 4.

Fig. 28: RoCoF for Case 4.

Fig. 29: ESS power for Case 4.

Fig. 30: SG power #1 and #2 for Case 4.

Fig. 31: PV power for Case 4.

Fig. 32: ESS inertia for Case 4.

of RoCoF and ESS inertia. When the RoCoF is zero,
the ESS power is also zero, regardless of the existence
of ESS inertia. The synchronous generator power in
Cases 1–4, during ESS actuation, is less oscillated in
comparison to the subcase without ESS inertia. This
is another advantage since the physical oscillation of

the synchronous generator can be avoided to prevent
mechanical damage to the generation unit.

In some small power systems, it is highly possible
that once disturbances occur, the frequency deviation
might not violate the standard, although the RoCoF
is higher than limitation. Therefore, the method
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Fig. 33: Tie-line power for Case 4.

proposed in this paper is suitable for this kind
of power system. This is because the weighted
parameters can be freely adjusted, thereby affecting
the adaptive inertia. Characteristically, the ESS
needs to inject or absorb a considerable amount of
power but the amount of energy is rather small.
A battery type ESS could be used. According to
the results, the minimum size of the ESS for this
application would be 604 kW and 14.23 kWh, selected
from the maximum values. However, the battery
capacity is very small since it is used for only a short
time, and can be employed in other applications.
The typical rating of a battery energy storage system
is around 1 kW–100MW, which is suitable for the
proposed virtual inertia application [24, 25].

7. SENSITIVITY ANALYSIS
In this section, the relationship between the

weighted parameters Q1 and Q2 and frequency
response performance indices (nadir frequency and
RoCoF) is investigated. There are two scenarios in
this section. In both scenarios, all system parameters
are equal to those in Case 1 in Section 5. The
disturbance type and severity are also the same as
those in Case 1. The only change relates to the
weighted parameters Q1 and Q2. In scenario 1,
the weighted parameter Q1 increases from 500,000
to 800,000 with an increment of 100,000, but Q2 is
fixed at 1. In scenario 2, the weighted parameter Q2
increases from 100,000 to 400,000 with an increment
of 100,000, but Q1 is fixed at 1. Figs. 34 and 35
illustrate the frequency deviation and RoCoF for
scenario 1, whereas Figs. 36 and 37 illustrate the
frequency deviation and RoCoF for scenario 2.

Furthermore, the results illustrate that the ESS
controlled by the LQR technique can improve both
frequency response performance indices. Since the
lower inertia in the microgrid makes the frequency
stability more sensitive, it is unclear whether the
nadir frequency or the RoCoF violates the grid

Fig. 34: Frequency deviation for scenario 1.

Fig. 35: RoCoF for scenario 1.

code first. Another advantage is that the weighted
parameters of ESS controlled by the LQR technique
could be fine-tuned to make them suitable for each
microgrid. Finally, it is apparent from the results
that the control performance indices are not coupled,
but seem to support in the same direction.

8. CONCLUSION
Since the system inertia tends to be lower due to

the higher penetration of PV in the microgrid, the
frequency stability seems to deteriorate. The issued
frequency response performance indices are nadir and
RoCoF. This is because they are critical indices in the
frequency protection system, both for synchronous
generator protection and stepping load shedding.
The ESS is seemingly becoming more popular for
solving other problems in the microgrid and could be
controlled to have virtual inertia using the LQR tech-
nique. Using the proposed procedure—calculating
the proper weighted parameters for each system—the
microgrid could be guaranteed to maintain frequency
stability in the event of an abrupt disturbance while
connected to the main grid or operating in the
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Fig. 36: Frequency deviation for scenario 2.

Fig. 37: RoCoF for scenario 2.

islanding mode, as demonstrated by the results.
Furthermore, another advantage of the proposed
procedure is that the weighted parameter could
be fine-tuned independently to suit each microgrid
identity. According to Bloomberg NEF, the cost of a
four-hour duration lithium-ion battery system in 2020
was $320 per kWh, predicted to decrease to $104 per
kWh by 2050.

Future work could involve the identification of an
algorithm to effectively tune the weighted parame-
ters. Moreover, droop control of inverter-based gen-
eration and reactive power management in microgrids
should be further investigated.
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