
Received 27 July 2024, accepted 6 August 2024, date of publication 15 August 2024, date of current version 2 September 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3444330

Enhancing Frequency Response Characteristics
of Low Inertia Power Systems Using
Battery Energy Storage
AKM KAMRUL HASAN 1, MOHAMMED H. HAQUE 1, (Life Senior Member, IEEE),
AND SYED MAHFUZUL AZIZ 1,2,3, (Senior Member, IEEE)
1UniSA STEM, University of South Australia, Mawson Lakes, SA 5095, Australia
2University of South Australia (UniSA-STEM), Mawson Lakes, SA 5095, Australia (On leave)
3BRAC University, Dhaka 1212, Bangladesh

Corresponding author: Akm Kamrul Hasan (a_k_m_kamrul.hasan@mymail.unisa.edu.au)

The work of Akm Kamrul Hasan was supported in part by Australian Government for awarding Research Training Program (RTP)
Scholarship, and in part by the University of South Australia (UniSA).

ABSTRACT This paper investigates the use of a battery energy storage system (BESS) to enhance the
frequency response characteristics of a low-inertia power system following a disturbance or active power
mismatch. A simple control strategy of the BESS is proposed to improve the inertia response and primary
frequency response of the system. The effectiveness of the proposed control strategy is evaluated on
two test systems, which have been modified by replacing some fossil fuel-based generators with solar
photovoltaic (PV) systems to create low inertia systems. A BESS is then added to provide additional
system inertia. The DigSILENT PowerFactory software is used to model these modified systems with the
BESS and to generate the corresponding frequency response characteristics under various power imbalanced
conditions. Simulation results indicate that the BESS, with the proposed control strategy, can improve the
system rate-of-change of frequency (ROCOF), frequency nadir (minimum frequency), and final steady-state
frequency. In the 3-machine system, replacing a traditional power plant with a solar PV farm decreases the
frequency nadir from 49.34 Hz to 48.69 Hz following a sudden load increase of 60 MW. However, adding
a 30 MW BESS improves the frequency nadir to 49.48 Hz, which is better than the original system. In the
4-machine system, replacing two traditional power plants with solar farms increases the initial ROCOF to
0.55 Hz/s, exceeding the acceptable limit of 0.50 Hz/s for a severe disturbance. However, incorporating a
BESS reduces the initial ROCOF to 0.44 Hz/s.

INDEX TERMS Battery energy storage system, inertia, inertia response, photovoltaic systems, primary
frequency response, rate of change of frequency.

NOMENCLATURE
Abbreviations and acronyms

AEMC Australian Energy Market Commission.
AEMO Australian Energy Market Operator.
BESS Battery Energy Storage Systems.
DFIG Doubly Fed Induction Generator.
FCAS Frequency Control Ancillary Services.
ISP Integrated System Plan.

The associate editor coordinating the review of this manuscript and

approving it for publication was Nagesh Prabhu .

IR Inertia Response.
LFC Load Frequency Control.
NEM National Electricity Market.
NOFB Normal Operating Frequency Band.
PFC Primary Frequency Control.
PFR Primary Frequency Response.
PLL Phase Lock Loop.
PSCAD Power Systems Computer Aided Design.
PV Photovoltaic.
PWM Pulse Width Modulation.
ROCOF Rate of Change of Frequency.
SFC Secondary Frequency Control.

VOLUME 12, 2024

 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/ 116861

https://orcid.org/0000-0002-8144-7140
https://orcid.org/0000-0002-8084-7695
https://orcid.org/0000-0002-9627-7594
https://orcid.org/0000-0001-8181-0387


A. K. Hasan et al.: Enhancing Frequency Response Characteristics of Low Inertia Power Systems Using BES

SFR Secondary Frequency Response.
SOC State of Charge.
SOCmax Maximum State of Charge.
SOCmin Minimum State of Charge.
TFC Tertiary Frequency Control.
TFR Tertiary Frequency Response.
UFLS Under Frequency Load Shedding.
WT Wind Turbines.

Parameters

df/dt Rate of change of frequency.
dPIR Output of IR controller.
dPPFR Output of PFR controller.
D1ω Frequency-sensitive load change.
Ek Kinetic energy stored in generator’s rotating

mass.
f System actual frequency.
f0 System nominal frequency.
fgrid Grid frequency.
fref Reference Frequency.
1fs Steady state frequency deviation.
H Inertia Constant of a Synchronous Generator.
Hsys Inertia constant of the system.
HB Inertia provided by BESS.
id in Output of the P- (active power) controller.
id ref Direct axis reference current.
ia, ib, ic abc frame current.
J Moment of inertia of the rotating mass.
kb Battery gain factor.
Pg Active power generation.
Pl Load demand.
1PIRb Battery power to support IR.
1Pref Power reference set point.
1PM The output of governor-turbine block.
1Pe Load-speed characteristics of the system.
1PL Non-frequency sensitive load change.
1PPFRb Battery power to support PFR.
Pmaxb Maximum allocated capacity of BESS for IR.
R Droop constant of all generators.
RB Droop constant of BESS.
Ssys System Common Base in MVA.
Sr Rated apparent power of the generator.
ω Angular velocity.
1ω Change in the rotor speed (frequency).
τb Single time constant of low pass filter.
ξ Power-frequency characteristics.
τG Governor time constant.
τT Turbine time constant.

I. INTRODUCTION
A. BACKGROUND AND MOTIVATION
Conventional power plants rely on fossil fuels, contributing
to greenhouse gas emissions and air pollution [1]. In accor-
dance with the Paris Agreement, Australia has committed to
reduce emissions by 43% below the 2005-level by 2030 and

achieve net zero emissions by 2050, as mandated by the
Climate Change Act 2022 [2]. The electricity sector is a
major contributor to greenhouse gas emissions, requiring
the replacement of traditional fossil fuel-based power plants
with renewable sources to meet these emission targets. For-
tunately, Australia possesses abundant renewable sources,
primarily solar and wind, and has significantly increased
its renewable energy penetration in recent years. In 2023,
renewables accounted for 39.4% of Australia’s total elec-
trical energy generation [3]. The Australian Energy Market
Operator’s (AEMO) ‘2020 Integrated System Plan (ISP)’
report forecasts the need for an additional 26 to 50 GW of
new renewable energy generation in the National Electric-
ity Market (NEM) [4]. AEMO also predicts that by 2025,
there will be periods when the entire energy demand in the
NEM will be met by renewables sources [5]. Unlike fos-
sil fuel-based power plants, where synchronous machines
can provide inertial response to frequency deviations, most
renewable sources cannot provide inertial response or partic-
ipate in frequency regulation [6], because they are connected
to the grid through power electronics-based converters. Con-
sequently, the replacement of conventional power plants with
renewable sources reduces the rotational inertia of mod-
ern power systems. If a minimum level of inertia is not
maintained, the system becomes vulnerable to frequency
instability.

Renewable sources, such as solar andwind, are intermittent
and non-dispatchable, presenting a significant challenge for
system operators to maintain the balance between supply
and demand. To address this challenge, upcoming large-scale
renewables in the NEM will be complemented by approx-
imately 19 GW of new dispatchable resources, including
large-scale batteries, pumped hydro, gas turbines, and dis-
tributed batteries [4], [7]. By the end of 2023, 27 large-scale
battery sites are under construction with a combined capacity
of approximately 5 GW/11 GWh [3]. Batteries are usu-
ally connected to the grid through bi-directional DC/AC
converters with very short response times (in the order of
milliseconds). Thus, the batteries and their associated con-
verters, when equipped with suitable controls, can provide
synthetic inertia to the system. This motivates the authors
to investigate the improvement of frequency response of a
power system with high penetration of renewable sources by
leveraging large-scale battery storages and associated fast-
acting converters.

B. LITERATURE REVIEW
Frequency response in a power system encompasses inertia
response (IR), primary frequency response (PFR), sec-
ondary frequency response (SFR), and tertiary frequency
response (TFR) [10]. Maintaining adequate inertial response
is increasingly crucial due to reduction of system iner-
tia caused by rapid penetration of renewable sources [11].
When the system inertia reduces below a certain level, main-
taining system frequency during transient periods due to
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significant power imbalances becomes challenging. Exces-
sive frequency excursions can lead to undesirable cascading
failures of system components or even large-scale sys-
tem blackouts [12]. Additional services should be incor-
porated into the power systems having large renewable
sources so that effective frequency regulation can be
maintained [13].

Reference [11] proposed IR and PFR controls using BESS.
While the entire life cycle of BESS was considered, the
control strategy of the associated converter was not spec-
ified. In [12], frequency derivative-based inertia emulation
was proposed for standalone renewable systems connected
through converters. Model predictive control based synthetic
inertia control was suggested for wind farms in [14], and step-
wise inertia control from wind turbines was studied in [15].
A torque limit-based method for inertial response from wind
turbines was modified in [16]. In [17], a virtual inertia control
approach was discussed for doubly fed induction genera-
tor (DFIG)-based wind farms. However, primary frequency
response services and the contribution from power converters
in the absence of renewables were not addressed in these
studies.

Reference [13] reviewed primary frequency response tech-
nologies for Wind farms. Droop control based primary
frequency regulation for renewables (i.e. solar, wind) with-
out energy storage was investigated in [18]. Active power
balancing, an approach to ensure frequency response ser-
vices by controlling the pitch angle of wind turbines, was
discussed in [19]. An intelligence-based control scheme
for renewables (i.e. wind) to participate in primary fre-
quency control services was proposed in [20]. None of these
studies incorporated the inertia response control in their
approach.

BESS-based approaches to enhance frequency stability
were proposed in [21], but this study only considered the
improvement of power transfer capability of the system and
did not address inertia response and primary frequency con-
trol. The sizing of BESS for both inertia response and primary
frequency control was discussed in [22], while optimal sizing
to improve frequency dynamics was proposed in [23]. How-
ever, these studies did not discuss the converter control of the
BESS.

Short term BESS-based primary frequency control was
proposed in [24]. Optimal sizing of BESS for primary fre-
quency control in an islandedmicrogrid systemwas discussed
in [25]. PFR-based control for BESS, considering uninter-
ruptible load supply, is proposed in [26]. However, these
studies did not consider the inertia control. Reference [27]
proposed a probabilistic determination-based capacity to
achieve an acceptable grid inertial response, and BESS based
virtual inertia control for a microgrid was discussed in [28].
The shortfall of inertia inmodern power systems and potential
frequency service was reviewed in [29]. Subsequent primary
frequency control and the associated converter control were
not discussed in these studies.

Reference [30] proposed a long-term dispatch-based
inertia-constrained planning model for a renewable-rich
power system. The model considered the operational con-
straints of the system including generation and energy storage
technologies. The generation planning expansion model was
also discussed in [31] with offshore wind farm and rotational
inertia as constraints. The relationship between synchronous
rotational inertia and ROCOF was also derived. These two
papers mainly focused on the planning aspect rather than
operational prospects of the problem. However, the control
strategies proposed in this paper are integrated into the LFC
block diagram and implemented into the converter model of
the BESS.

With the increasing integration of inverter-based renew-
able energy sources, maintain frequency control following
a power imbalance event has become challenging. Ensuring
an inertia response is crucial to address the initial frequency
deviation. Subsequently, primary frequency response ser-
vices are essential to restore the frequency to its normal
operational region. Further studies are needed to efficiently
implement both inertia response and primary frequency
response control. Few studies have investigated the associ-
ated converter control with both IR and PFR in the control
loop. This paper proposes a coordinated approach that con-
siders both inertia response and primary frequency response
control, incorporate it into a load frequency control (LFC)
based frequency enhancement technique. The proposed con-
trol approach is implemented in the model of a bi-directional
DC/AC converter. Conducted literature review is summarized
in Table 1.

TABLE 1. Comparison of proposed study with existing literature.
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C. CONTRIBUTIONS
The objective of this paper is to improve the frequency
response of a low inertia system following a power imbalance
event. The key contributions of the paper can be summarized
as follows:

• Proposing simple control schemes for BESS to enhance
IR and PFR services, and integrating these control
schemes into the traditional LFC block diagram.

• Implementing the proposed control schemes into the
bi-directional DC/AC converter model of BESS in
DIgSILENT PowerFactory software.

• Evaluating the effectiveness of the proposed control
schemes in improving frequency response on two mod-
ified test systems. These test systems are created by
replacing some traditional power plants with solar
farms to reduce inertia and adding a BESS to compen-
sate for the loss of inertia.

D. ARTICLE ORGANIZATION
The structure of the remaining part of the paper is as follows:
Section II provides the background on frequency response
characteristics in the NEM of Australia. Section III describes
the proposed BESS control schemes to support IR and PFR
services. The incorporation of the proposed control schemes
into the traditional load frequency control loop is detailed
in Section IV. Section V explains the implementation of
the proposed control schemes in the bi-directional DC/AC
converter into the DigSILENT PowerFactory software. Sim-
ulation results obtained using the proposed control schemes
on two test systems are presented in Section VI and further
discussions are given in Section VII. The conclusions are
provided in Section VIII. Advantages of this study and the
further way to improve are given in Section IX.

II. BACKGROUND ON FREQUENCY RESPONSE
CHARECTERISTICS
Synchronous generators are commonly used in conventional
fossil fuel-based power plants, and they contribute inertia
to the system. The inertia constant (H ) of a synchronous
generator can be defined as [10], [22], [28]:

H =
Ek
Sr

=
0.5Jω2

Sr
(1)

where,Ek represents the kinetic energy stored in the generator
rotating mass, J is the moment of inertia of the rotating mass,
ω is the angular velocity, and Sr is the rated apparent power
of the generator. Inertia, often refer to as the ability of an
electric power system to withstand frequency changes. The
inertia typically originates from a power generating unit or
other equipment that are electromagnetically coupled to and
synchronized with the power system frequency. For a power
system with n number of generators, the equivalent inertia
constant of the system (Hsys) can bewritten as [22], [28], [32]:

Hsys =

∑n
j=1HjSj
Ssys

(2)

where,Hj and Sj denote the inertia constant and rated apparent
power, respectively, of j-th generator. Ssys and Hsys represent
the system common base MVA and inertia constant, respec-
tively. The dynamic equation describing the system frequency
response can be written as [10], [22], [28], [33]:

2Hsys
df
dt

=
f0
Ssys

(
Pg − Pl

)
(3)

where, f and f0 represent the system actual frequency and
nominal frequency, respectively. Pg and Pl are the active
power generation and load demand, respectively. The differ-
ence between generation and load demand can be denoted as
1P (= Pg – Pl). From (3), the rate of change of frequency
(df/dt) due to a power difference of 1P can be expressed
as [32]:

df
dt

=
f01P

2HsysSsys
(4)

Equation (4) indicates that the system rate of change of
frequency (ROCOF) is directly proportional to the power
difference (1P) and inversely proportional to system inertia
constant (Hsys). In other words, the ROCOF can be considered
as an index representing the ratio of system power difference
to inertia constant.

Frequency control in a power system refers to the ability
of the system to arrest and stabilize frequency deviations
caused by power difference between generation and demand.
With the increasing integration of inverter-based renewable
resources such as solar PV and variable-speed wind tur-
bines (WT) to the grid, frequency control has become a
challenging task for power system operators, particularly
for islanded systems. Fig. 1 illustrates a typical frequency
response following a power imbalance event in the Aus-
tralian power system (i.e. NEM-national electricity market
region), which comprises three stages or time scales. In the
first stage, the conventional generators release (or absorb)
their stored kinetic energy to mitigate frequency deviations,
known as inertia response (IR). The level of IR depends
on the amount of stored kinetic energy in the rotating mass
of the conventional generators [33], [34]. In the second stage,
the system tries to stabilize the frequency through generator
governor action known as primary frequency control (PFC).
In the third stage, frequency stabilization is achieved through
slow and delayed controls and is divided into two parts:
secondary frequency control (SFC) and tertiary frequency
control (TFC). At the end, the frequency stabilizes to a new
steady-state value. The NEM or interconnected power system
in Australia operates at a nominal frequency of 50 Hz. The
system securely and safely transfers power from generators
to consumers when the frequency deviation of the system is
within a few hundred millihertz (±150 mHz) on either side
of nominal frequency [35], [36]. In other words, the AEMO
is obligated to maintain the frequency within the normal
operating frequency band (between 49.85 Hz and 50.15 Hz)
as shown in Fig. 1.
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FIGURE 1. Typical frequency response for a sudden power imbalance in Australian power system [29], [34].

The AEMO expects that the control schemes of IR and
PFR should fully be activated within 6 s and 300 s, respec-
tively. The deployment of IR affects the frequency nadir,
representing the lowest frequency point in Fig. 1. Primary
frequency control assists in stabilizing the frequency there-
after. The overall ROCOF is influenced by both inertia and
primary frequency controls [22]. This paper mainly focuses
on inertia response and primary frequency response parts of
the frequency dynamics in post-contingency period. The use
of BESS in enhancing both IR and PFR in a low inertia
power system is also explored in this study. However, the
secondary and tertiary frequency controls, which are more
energy-oriented and have longer operating times, are beyond
the scope of this paper.

III. PROPOSED BESS CONTROL SCHEME TO SUPPORT IR
AND PFR
The BESS is a fast-acting device with a response time in the
order of milliseconds. Therefore, BESS can provide both IR
and PFR services following a large sudden power imbalance
in the system. The control scheme proposed in this study to
support IR and PFR services is described in the following.

A. INERTIA RESPONSE
As mentioned, for a given power imbalance (1P), the initial
ROCOF is inversely proportional to the system inertia Hsys.
Thus, in a low inertia or high renewable energy penetration

system, the initial ROCOF may become unacceptably high,
and the system frequency may quickly deviate beyond the
acceptable limit, known as the under-frequency load shed-
ding (UFLS) set point. This situation may cause involuntary
load shedding and leaving very little time to activate the
existing frequency control practices. However, if the BESS
power is controlled by df/dt signal (or ROCOF), it is expected
that the BESS will come into operation before the frequency
reaches the UFLS set point and attempt to prevent not
only involuntary load shedding but also improve the system
ROCOF. Thus, the battery power 1PIRb (injected or absorbed)

to support IR can be considered as [22], [32],

1PIRb =
kb

1 + sτb

(
df
dt

)
(5)

where, kb is the gain, and it depends on allocated capacity
of the BESS to support IR. The response time of the BESS,
including a low pass filter, is represented by a single time
constant, τb. With the above control, the additional inertia
provided by the BESS (HB) can be expressed as follows [28]

HB =
f01PIRb
2 dfdt

(6)

With the above additional inertia, the improved ROCOF of
the system can be written as:(

df
dt

)
im

=
f01P

2HsysSsys
−
f01PIRb
2Hsys

(7)

With comparison of (4) and (7) indicates that, for a given
power imbalance 1P, the battery injected positive power
1PIRb can decrease the system ROCOF by increasing system
inertia. A detailed derivation of (7) is given in Appendix.

B. PRIMARY FREQUENCY RESPONSE
In a traditional power system, a sudden power deficit is
initially supplied by the kinetic energy stored in the rotating
mass of the generators. The reduction in kinetic energy results
in a decrease in speed and hence frequency. The generators
respond to the frequency changes by adjusting their output
power according to their frequency-power characteristics,
which typically have a negative slope and is also referred as
droop constants or speed regulations [22], [37]. For the j-th
generator, the speed regulation or droop constant Rj can be
expressed as [37]

Rj = −

1f/
f0

1Pj
/
Pgj

(8)

Here, 1f /f0 represents the per unit change in frequency
and 1Pj/Pgj is the per unit change in generator power. In a
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large power system with multiple interconnected genera-
tors, it is the network power-frequency characteristic (ξ ) that
relates the change in frequency to the change in active power
generation required. The network power-frequency character-
istic ξ can also be determined from the droop constant (R) of
all generators in the system, and is given by [37]

ξ = −
1P
1fs

=

∑n

j=1

Pgj
Rjf0

(9)

In addition to inertia response service, AEMO rec-
ommends the inclusion of mandatory primary frequency
response service for all new BESS units in order to support
frequency control ancillary services (FCAS) in theNEM [38].
Therefore, it is necessary to integrate PFR service with IR
service in the frequency control scheme of BESS.

The PFR control adheres to the standards established by
the AEMO. PFR control is activated when the frequency
deviates from the nominal value. AEMO expects that the
PFR should be capable of providing the service for at least a
couple of minutes. Both AEMO and Australian energy mar-
ket commission (AEMC) have defined the normal operating
frequency band (NOFB) as 49.85 – 50.15 Hz [39]. Therefore,
the minimum desired value for steady state frequency fs,
following a certain power deficit, 1P (such as sudden loss
of generation or addition of load), is 49.85 Hz. To facilitate
the PFR service, a droop control scheme can be incorporated
into the BESS active power control loop.

The PFR control service of BESS can assist in achieving
the desired steady state frequency. The BESS droop control
scheme, along with the droop controls from all available
generators, works to return the frequency within the nor-
mal operating band. For a given BESS droop constant RB,
if the system experiences larger frequency deviation, the PFR
control of BESS will supply power (1PPFRb ) which can be
expressed as,

1PPFRb =
1f
RBf0

(10)

According to the AEMO guideline, if a BESS participates
in FCAS in NEM, the minimum allowable droop setting,
RB of any BESS with a nameplate rating of 5 MW or above
should be 1.7% [40]. A typical droop trend for a 50 MW
BESS participating in FCAS market in NEM is shown in
Fig. 2. From the trend, it can be observed that BESS does
not participate in FCAS market unless frequency goes out of
the normal operating frequency band (NOFB).

IV. INCORPORATION OF PROPOSED BESS CONTROL
INTO TRADITIONAL LFC LOOP
The traditional load frequency control (LFC) loop of an
isolated generator is shown in the lower part of Fig. 3(a) in
black [41]. The input to the governor and turbine units is the
difference between the power reference set point (1Pref ) and
the feedback signal from the speed control regulation (droop
control) block. The governor is modelled by a single time
constant τG. The simplest non-reheat steam turbine model is
used and also represented by a single time constant τT .

FIGURE 2. Typical droop trend for a 50MW BESS, participating FCAS
market in NEM [40].

FIGURE 3. Incorporation of the proposed IR and PFR controllers of BESS
in the load-frequency control (a) an isolated generator;
(b) a multi-generator system.

The output of the governor-turbine block represents
the mechanical power adjustments 1PM . The load-speed
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characteristic of the system composite load can be modelled
as [41]

1Pe = 1PL + D1ω (11)

whereD1ω denotes the frequency-sensitive load change, and
1PL represents the non-frequency-sensitive load change. The
generator block in the forward path represents the rotating
generator. HereHsys is the per unit (pu) inertia constant of the
generator. The output1ω is the change in frequency (or rotor
speed) in pu.

The proposed BESS control strategy for IR and PFR ser-
vices is represented by (5) and (10), respectively. These
controls are implemented by two simple loops as shown in the
upper part of Fig. 3(a) in red. For IR support, the BESS power
is controlled by the rate of change of frequency (df/dt). The
response time of the BESS including the low pass filter is rep-
resented by a single time constant τb which can vary between
0.01s and 0.05s [22]. When the time constant τb is neglected,
the BESS power for IR control can be approximated as:

1PIRb ≈ kb

(
df
dt

)
;

∣∣∣1PIRb ∣∣∣ ≤ Pmaxb (12)

Here, Pmaxb is the maximum allocated capacity of the BESS
for IR service.

For the PFR service, the battery power is controlled by the
change in frequency (1ω) through the droop constant RB as
can be seen in (10). A dead band is used to ensure that the
PFR provides output only for larger frequency deviation as
shown in Fig. 2. The battery power from the IR and PFR
controllers are then added and passed through a limiter before
being added to the power summation block, as shown in the
upper part of Fig. 3(a) in red.
The period of interest for IR and PFR controls depends

on their operating time scale. However, these two controls
may have partially or fully overlapped operating regions. The
complete LFC of an isolated generator, with the proposed IR
and PFR controls of BESS, can be represented by Fig. 3 (a).
Similarly, for a large system with multiple generators, the
composite LFC of the systemwith a BESS can be represented
by Fig. 3(b) [42], [43].

V. IMPLEMENTATION OF THE PROPOSED BESS
CONTROL IN POWERFACTORY
In general, a BESS is connected to an AC grid through a
three-phase bi-directional DC/AC converter, also known as
a pulse width modulation (PWM) converter. The schematic
diagram of the BESS converter used in DigSILENT Power
Factory is shown in Fig. 4, and its operation is well described
in [44]. The proposed IR and PFR control blocks of the
BESS are added to the diagram (highlighted in red). The
grid frequency fgrid serves as an input to both IR and PFR
controllers. Moreover, the PFR controller requires the ref-
erence frequency fref as an additional input, which is also
shown in the diagram. The outputs from the IR controller
(dPIR) and PFR controller (dPPFR) are then added and
passed through a P-controller (or active-power controller).

The detailed coordination between the IR-controller, PFR-
controller, and P-controller is separately shown in Fig. 5.

In the IR-controller of Fig. 5, the grid frequency first
passes through the first order lag differentiator to obtain
its derivative and then multiplied by the gain kb to get the
value of dPIR. In the PFR-controller, the frequency deviation
1f (= fref – fgrid ) signal is first passes through a dead-band
and then to the droop control to get the value of dPPFR. The
outputs of the above two controllers are then combined to
obtain the value of dPref , which acts as an input to the P
(active power) controller. The input signal first passes through
a low pass filter and then through a PI block. The output of
the P-controller is the direct axis current (id in) which serves
as an input to the BESS charge controller. Note that the
objective of this study is to enhance the frequency response
of the system by controlling active power of the BESS, which
depends on the direct axis current and voltage. The reactive
power control, which primarily regulates voltage, is beyond
the scope of this paper, and thus, the control of reactive
current is not considered.

FIGURE 4. Schematic diagram of BESS controller including the proposed
IR and PFR controllers.

FIGURE 5. Block diagram of BESS IR, PFR and P-controller.

Fig. 6 shows the block diagram of BESS charge controller,
including its built-in current controller with a phase lock
loop (PLL). The charging/discharging signal of the PWM
converter is generated by the charge controller based on the
incoming d-axis current reference value and the available
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FIGURE 6. Co-ordinated charge with adaptive SOC and current controller
with PLL.

state of charge (SOC) of BESS. For normal operation, the bat-
tery SOC should remain within the upper (SOCmax) and lower
(SOCmin) limits. When SOC≥ SOCmax , the battery cannot be
charged. Similarly, when SOC ≤ SOCmin, the battery cannot
be discharged. To generalize the SOC operation, an adaptive
SOC control is incorporated into the charge controller model.
This adaptive control allows the battery to self-charge or self-
discharge during inactive periods, thereby helping tomaintain
the SOC level within the operating range. A current limiter
is also employed in the charge controller to regulate the
d-axis current, ensuring compliance with the design limits
and preventing overloading of the PWM converter. In this
study, the well-known resistive model of BESS is used. This
is based on the PSCAD model of Tesla BESS (BESTES136
Powerpack) [45]. A detailed model of the battery pack is
described in [46].

If θ is the reference angle (obtained from phase lock
loop-PLL in Fig. 6), the direct and quadrature axis input refer-
ence currents to the built-in PI block in the current controller
can be expressed as [44]

id ref _in = id ref +
2
3

[
iacosθ + ib cos

(
θ −

2π
3

)
+ic cos

(
θ +

2π
3

)]
(13)

iqref _in = −
2
3

 iasinθ + ib sin
(
θ −

2π
3

)
+

ic sin
(
θ +

2π
3

)  (14)

The built-in PI block, including the feedbacks and PLL,
provides a faster response compared to a simple current
controller as used in [47] and [48]. This feature helps the
system to avoid fluctuations and ensures effective return to
its set point. The use of a PLL makes the system robust and
reliable in the event of deep voltage sags. Without the PLL,
convergence problems may occur during low voltage events.

VI. SIMULATION RESULTS
The effectiveness of the proposed controllers of a BESS in
enhancing the frequency response of a low inertia power
system has been evaluated on the following two test systems:

A. 3-machine, 9-bus system
B. 4-machine, 12-bus system

The simulation results obtained in the aforementioned test
systems are briefly described below:

A. 3-MACHINE, 9-BUS SYSTEM
The single line diagram and data of the well-known
3-machine, 9-bus system are given in [49]. In this study,
the generator data of the system is slightly altered, as given
in Table 2, and the corresponding system is referred to as
the base system. This system is also available in the Pow-
erFactory library. The base system is modified to create a
low inertia scenario and to include a BESS for improving
the frequency response of the system. The details of these
modifications are outlined below:

• Replace generator G3 and its associated transformer (at
bus 9) by a solar PV farm and its associated transformer
to create a low inertia system. This configuration is
designated as Case 1.

• Add a BESS at bus 9 in the modified system of Case 1 to
support IR and PFR services. This configuration is des-
ignated as Case 2.

TABLE 2. Altered generator data of the 3-machine, 9-bus system.

FIGURE 7. Single line diagram of the modified 3-machine 9-bus system.

The single-line diagram of the modified system is shown
in Fig. 7. The base and modified systems are modelled in
DIgSILENT PowerFactory. The replacement of generator G3
by a PV plant (in Case 1) reduces the system inertia by 2.77 s.
However, inclusion of BESS (in Case 2) can provide synthetic
inertia and improve the frequency response of the system.
First the frequency response of the base system as well as
the modified systems (Case 1 and Case 2) is obtained for a
sudden addition of an industrial load of 60 MW at bus 6, and
the results found are shown in Fig. 8.

It is evident from Fig. 8, that the base system experiences
a frequency nadir (minimum frequency) of 49.34 Hz. Even
though the governor of all three generators attempt to restore
the system frequency to the nominal value, they eventually
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FIGURE 8. Frequency response in 9-bus system for different cases.

TABLE 3. A summary of the results of the 3-machine, 9-bus system.

stabilized the frequency at around 49.82 Hz after 45 s. How-
ever, in Case 1, the frequency nadir significantly decreases to
48.69 Hz due to loss of inertia from G3, and the system even
fails to reach a steady-state condition at 45 s. Upon extending
the simulation time, it is observed that the system reaches a
steady state frequency of 49.6 Hz at 120 s. In Case 2, the
proposed control with a BESS size of 30 MW improves the
frequency nadir to 49.48 Hz, surpassing the performance of
the base case. Furthermore, the BESS mitigates frequency
oscillations, compared to base case, as can be seen in Fig. 8.
In this case, the system reached a steady-state frequency of
approximately 49.83 Hz at 45 s. A summary of the above
results is given in Table 3. The power-frequency characteristic
co-efficient ξ for all three cases is determined using (9), and
the results are also presented in Table 3. It can be noticed
in Table 3 that, for all three cases, the system frequency is
stabilized below the AEMO permissible operating limit of
49.85 Hz, and only for Case 1 the frequency nadir drops
below 49 Hz.

B. 4-MACHINE, 12-BUS SYSTEM
The 4-machine, 12-bus system was originally developed for
renewable source integration study. The network data of the
system is given in [22]. In this system, Generator G4 rep-
resents an equivalent representation of six generating units
of 79 MVA each. The generator data of the system is given in
Table 4.
In this study, the above system is referred as the base

system. The base system is then modified to incorporate
renewable sources. In the modified system, generator G3 is
fully replaced by a solar farm PV-1, and generator G4 is

partially (5 out of 6 generating units) replaced by another
solar farm PV-2. Thus, the inertia of the modified system
is reduced by 12.49 s compared to the base system. The
single-line diagram of the modified system is shown in Fig. 9.
To improve the frequency response of the system, a BESS
is then added to the modified system at bus 6. The base
system and the modified systems (with and without BESS)
are modelled in DIgSILENT PowerFactory to investigate the
frequency response of the systems.

FIGURE 9. Single line diagram of the modified 4-machine, 12-bus system.

TABLE 4. Generator data of the 4-machine, 12-bus system.

TABLE 5. A summary of results of the 4-machine system (base and
modified cases).

First, the frequency response of the base system and the
modified system (without BESS) is evaluated for a sudden
addition of an industrial load of 60 MW at bus 2 and the
results are shown in Fig. 10. The initial ROCOF is found as
0.06 Hz/s and 0.10 Hz/s in the base system and the modified
system, respectively. From Fig. 10, it is evident that the fre-
quency nadir of the base system is 49.57 Hz, which is reduced
to 49.41 Hz for the modified system due to the reduction of
system inertia. In both cases, the system frequency eventually
stabilizes just above the AEMO’s operating limit of 49.85 Hz.
To improve the frequency nadir of the modified system,
a 48MWBESS is added at bus 6. A comparison of frequency
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response of the modified system, with and without BESS,
is shown in Fig. 11 and it indicates that the BESS improves the
frequency nadir from 49.41 Hz to 49.62 Hz. Remarkably, the
frequency nadir found in the modified systemwith the battery
is better than that of the original system. In addition, the
BESS improves the final steady state frequency to 49.91 Hz.
The power-frequency characteristic ξ of the base system is
found 750MW/Hz, which reduces to 500MW/Hz in themod-
ified system (without BESS). However, inclusion of BESS
increases the value of ξ to 667 MW/Hz. These results are
summarized in Table 5.
Themodified system is then tested for a severe contingency

or power imbalance condition. For this purpose, an additional
70 MW load is added to bus 2 (in addition to previously
added 60 MW load), while outage of the remaining gener-
ating unit of G4 is also considered. Outage of this generating
unit not only reduces the power generation by 50MWbut also
further decreases the system inertia by 1.11 s. The frequency
response of the system, with and without the BESS, is shown
in Fig. 12. In this case, the size of the BESS is increased
to 150 MW.

FIGURE 10. Single Comparison of frequency response of the 4-machine
system (base and modified cases).

FIGURE 11. Comparison of frequency response of the 4-machine
modified system (with and without a BESS).

It can be observed in Fig. 12 that, without the BESS,
both the frequency nadir and steady state frequency are

significantly reduced to 46.8 Hz and 49.3 Hz, respectively.
The network power frequency characteristic, ξ is also reduced
to 257 MW/Hz. The initial ROCOF is found to be 0.55 Hz/s,
exceeding the protection relay limit of 0.50 Hz/s as set by
the AEMO operations in NEM [50]. This triggers opera-
tion of the protection relays, potentially leading to system
blackout. However, with the BESS, the initial ROCOF is
found to be 0.44 Hz/s (< 0.50 Hz/s), avoiding tripping of
protection relays. In this case, the frequency nadir and ξ

of the system are found to be 48.8 Hz and 6000 MW/Hz,
respectively. The system ultimately reaches the steady state
frequency of 49.97 Hz (within the normal operating fre-
quency band). A summary of these results is provided
in Table 6.

FIGURE 12. Comparison of frequency response of the 4-machine
modified system (with and without BESS) under severe contingency.

FIGURE 13. Battery power dispatch during IR and PFR services in the
4-machine system following a severe contingency.

The variation of battery power during the IR and PFR
services is shown in Fig. 13, and it indicates that the battery
power increases to themaximum value of 150MW (or 1.5 pu)
during the IR service. However, during the PFR service, the
battery dispatches a maximum power of 96 MW (or 0.96 pu).
After reaching the steady state frequency at about 85 s,
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no power is dispatched by the battery for both IR and PFR
services.

TABLE 6. A summary of results of the 4-machine modified systems (with
and without bess) under severe contingency.

FIGURE 14. Active power dispatch of generators and battery of the
4-machine system under severe contingency.

The active power dispatched by the remaining genera-
tors (G1 and G2) and the BESS are also determined and
their variations are shown in Fig. 14. It can be noticed in
Fig. 14 that the BESS dispatches power up to the rated
value of 150 MW to counteract the power imbalance cre-
ated by the severe contingency. Following the contingency,
the active power of generator G1 and G2 also experiences
a sudden increase (by a small amount), but after some
oscillations, they reach new steady state values which are
slightly higher than that of the corresponding pre-contingency
values.

VII. DISCUSSIONS
The proposed control is tested in two modified test sys-
tems, where a static generator (i.e. solar PV) replaces the
synchronous generator. This replacement reduces the over-
all system inertia, leading to adverse effects on frequency
dynamics following a contingency or power imbalance event.
For example, after a 60 MW power imbalance, the fre-
quency nadir decreases to 48.69 Hz (below 49 Hz) in the
3-machine system and 49.41 Hz in the 4-machine sys-
tem. By using a 30 MW BESS with the proposed IR and
PFR controllers in the 3-machine system, the frequency
nadir improves to 49.48 Hz. Similarly, with a 48 MW
BESS, an improvement in frequency nadir is observed in the
4-machine system. The proposed control also enhances
the initial ROCOF. For instance, in the 4-machine system,

the ROCOF improves from 0.1 Hz/s to 0.06 Hz/s. The embed-
ded PFR controller helps restore the steady state frequency
to normal operating frequency band. Furthermore, the BESS
with proposed control improves the power frequency charac-
teristics (ξ ) in both systems. Following a severe contingency
or a larger power imbalance event, the initial ROCOF in
the modified 4-machine system exceeds the AEMO accepted
limit (0.50 Hz/s). However, with BESS, the ROCOF can
be reduced to 0.44 Hz/s, thus preventing protection relay
tripping.

VIII. CONCLUSION
This paper proposes simple control strategies of a BESS to
enhance the inertia response and primary frequency response
of a low-inertia power system. The rate of change of fre-
quency and the frequency deviation are used as control
signals for the inertia response controller and the primary
frequency response controller, respectively. The effectiveness
of the proposed control strategies was evaluated on two test
systems, consisting of 3- and 4-machine, using DigSILENT
PowerFactory software. The main findings of the paper are as
follows:

1. The proposed control strategies of BESS can sig-
nificantly improve the various performance metrics
of frequency response characteristics, such as initial
ROCOF, frequency nadir, power-frequency character-
istic coefficient, and the final steady-state frequency.

2. When one of the traditional power plants in the
3-machine system is replaced by a solar farm, the
system experiences an unacceptable frequency nadir
(below 49 Hz), for a sudden load increase of 60 MW,
due to low inertia of the system. However, the addi-
tion of a 30 MW BESS with the proposed control
strategies significantly improves the frequency nadir
to 49.48 Hz.

3. The power-frequency characteristic coefficient (ξ )
of the low inertia 3-machine system is found to
be 150 MW/Hz, which increases to 353 MW/Hz with
the proposed BESS control strategies.

4. The initial ROCOF and frequency nadir of the orig-
inal 4-machine system are found to be 0.06 Hz/s
and 49.57 Hz, respectively, for a sudden 60 MW
load increase. When 500 MW of its traditional
power plants are replaced by solar farms, both the
initial ROCOF and frequency nadir deteriorated to
0.10 Hz/s and 49.41 Hz, respectively. However, with
the addition of a 48 MW BESS and the pro-
posed control strategies, the initial ROCOF and fre-
quency nadir improve to 0.06 Hz/s and 49.62 Hz,
respectively.

5. For a severe disturbance (an additional 70MW load and
simultaneous outage of a 50MWunit) in the 4-machine
system, initial ROCOF exceeds AEMO’s accept-
able limit without any BESS, potentially triggering
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undesirable outages of system components. However,
with the help of a 150 MW BESS and the proposed
control strategies, the initial ROCOF is brought back
within acceptable limit, avoiding undesirable outages
of system components.

IX. ADVANTAGES AND THE WAY FORWARD
The proposed controllers for the inertia response and primary
frequency response use the rate of change of frequency and
the frequency deviation as input signals. These controllers can
be easily integrated into the load-frequency control block dia-
gram. The primary objective these controllers is to improve
the system’s frequency response by carefully regulating
the BESS output power. The BESS is typically connected
to a system through a bi-direction AC/DC converter, and
the model of the converter for traditional energy arbitrage
is readily available in DigSILENT powerfactory software.
An additional advantage of the proposed controllers is their
ease of implementation into the existing converter model with
minor modifications. It is important to note that the proposed
controllers enhance only the inertia and primary frequency
responses, not the secondary and tertiary responses. There-
fore, further work is needed to improve the secondary and
tertiary responses. In addition, the proposed controllers were
tested on two relatively small systems, so further investiga-
tions on larger systems are necessary to accurately evaluate
their effectiveness.
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APPENDIX
Considering the BESS inertia (HB) the total system inertia
becomes (H sys + HB). Thus (4) can be rewritten as,

df
dt

=
f01P

2(H sys + HB)Ssys
(A1)

Substituting the value of HB from (6) into (A1), the above
equation becomes,

df
dt

=
f01P

2HsysSsys +
f01PIRb

df
dt

Ssys
(A2)

df/dt of (A2) can be considered as the system improved
ROCOF, which can be rewritten as,(

df
dt

)
im

=
f01P− f01PIRb Ssys

2HsysSsys
=

f01P
2HsysSsys

−
f01PIRb
2Hsys

(A3)
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