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ABSTRACT Battery energy storage system (BESS) will play important roles in the operation of future
power systems integrated with high penetration of renewable energy sources. In this work, battery energy
storage system (BESS) is equipped with a frequency controller to provide additional inertia support in a
power system network made of wind power renewable energy and conventional sources. Several scenarios
such as magnitude of power imbalance, transmission line length, variation in wind power penetration level,
battery sizing, varying grid inertia were investigated to understand their impacts on the effectiveness of
BESS in providing additional inertia support during power system contingencies. Time-domain simulation
results of the studied network show that when the transmission line lengths are doubled, the rate of change
of frequency (RoCoF) decreased by about 76% resulting in the minimum frequency rising from 49.39Hz
to 49.85Hz during the power system disturbance. Besides, by increasing the size of BESS from 50MW
to 130MW, the RoCoF was improved from −0.43876Hz/s to −0.30668Hz/s thereby raising the minimum
frequency from 48.98Hz to 49.67Hz. Further results from the simulations show that when the magnitude of
power imbalance was increased from 150MW to 375MW, the BESS could not effectively provide additional
support as the output power from the power converter remained fairly constant at about 60MW.

INDEX TERMS Battery energy storage system (BESS), frequency response, inertia response, rate of change
of frequency (RoCoF), wind power.

I. INTRODUCTION
The power system has undergone massive transformation
in recent years. Prominent among this transformation is the
structural change in the power system network with a massive
deployment of renewable-based power plants (i.e., wind and
solar power plants) resulting in the reduction in the num-
ber of the conventional power plants (CPPs). The CPPs are
mainly operated by fossil-fuels which are highly environ-
mentally unfriendly. The renewable energy sources (RESs)
have little or no adverse effects on the environment and have
a high economic value although they are not dispatchable
[1]. Other technical challenges that may arise with increased
penetration of these renewable energy sources include low
fault ride through capability, increased degree of uncertainty,
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a decrease in generation reserve and poor quality of power
produced [2].

It is well-known that CPPs which are synchronous gen-
erator based can naturally release inertia to sudden change
in frequencies [3], [4], however, this is not the case with
inverter based RESs. The connection of RES-based plants to
the power grid is through electronic power converter interface
thereby the grid frequency is decoupled from the rotational
speed of the machines. Therefore, integrating inverter-based
RES plants in a massive proportion could lead to reduced
grid inertia [4], thereby creating frequency stability issues
due to high rate of change of frequency (RoCoF) [4], [5].
In the literature, many new controllers have been designed
to ‘‘imitate’’ the behavior of the synchronous-based gener-
ator for better system frequency response. Some of these
controller-based techniques are de-loading technique, iner-
tia response (IR) method, droop control method and energy
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storage technique [2]. The de-loading technique utilizes the
wind’s capability of making provision of reserve power to
mitigate the deviations in the frequency [2], whereas in the
inertia response method, the stored kinetic energy in the
rotating masses is released through the help of special con-
trollers [6]. In the droop controller method, the output power
is adjusted in line with the changes in the system frequency
according to the setting of the droop. Energy storage systems
have been successfully deployed for inertia support as pre-
sented in [7] and [8] and for primary frequency regulation [9].
The energy storage technique of producing additional inertia
support involves the use of controllers to enable the con-
trolled discharge of the energy storage system [1]. Frequency
controllers and active power injectors are used to produce
synthetic inertia from BESS [1], [5].

Frequency response according to [1] and [7] is catego-
rized into inertial response, primary frequency control (PFC),
secondary frequency control (SFC) and tertiary frequency
control (TFC). The three main indicators used in the study of
power system frequency response are the frequency nadir (the
minimum frequency), the steady state frequency, and rate of
change of frequency (ROCOF) [4], [5], [6]. The primary and
the secondary frequency control are provided by the turbine
governor and automatic generation control (AGC), respec-
tively. According to [9], there are two fast responses that
make up the primary frequency control. These are the inertia
response and the governor control. The governor control can
be made available by ensuring that the active power provided
by the dispatched online generators are sufficiently increased
while the IR is continuously getting reduced because of the
increased non-synchronous generation sources such as wind
and solar photovoltaic [10], [11]. IR is primarily due to the
stored kinetic energy in rotating masses of load motors and
synchronous generators. In the case of any power system
contingencies, this kinetic energy is released to compen-
sate for the change and keeps the system from going under
limits [4], [12]. Thus, IR is a fast frequency response, and
plays a key role in power system stability especially dur-
ing the initial stage of a frequency event in power system.
When non-synchronous generation sources are connected
via converters to the grid, they do not naturally contribute
inertia to the grid but could be enabled through appropriate
controllers to produce inertia called emulated or synthetic
inertia [4], [5].

Energy storage systems with fast response time could be
used to provide for declining inertia [13]. The main reasons
for the integration of these storage devices in power system
is because of the need to meet the necessary balance between
production and usage of electricity and for the maintenance
of the required power quality despite the intermittency of
these weather -based power generations [14]. In considering
the feasibility of these energy storage devices for application
in the grid, the applications technical requirements such as
response time, power and energy capacities are of utmost
importance. Energy storage systems suitable for inertia sup-
port in the grid includes battery energy storage, flywheel,

supercapacitors, etc. This is due to their noticeably short
response times (in milliseconds) and higher power capacities.

Considering the works in the literature, several authors
have done extensive research on enabling inertial response
from BESS. The impacts of the magnitude of power system
disturbance, and system robustness, have been examined to
some extent [1]. However, to the best of our knowledge, noth-
ing has been done on how transmission line length affects the
rate of change of frequency during power system contingency
and also how the magnitude of power system disturbances
affects the effectiveness of BESS in providing additional
inertia support during contingencies.

The main contributions of this paper are summarised as
follows:

• The study brought to light the impacts of transmission
line lengths in the effectiveness of BESS providing fre-
quency support during power system contingency. This
should be taken into consideration in the sizing of BESS
for inertia support in a transmission network in order to
avoid over-sizing of the BESS due to the inherently low
RoCoF of longer transmission lines.

• Moreover, the work reveals that BESS may be inef-
fective in providing inertia support once the converter
maximum output power is exceeded. This is very critical
because at that level (when the maximum output power
of the converter is attained) the output active power
injected by BESS will remain fairly constant despite
further increase in the size of the disturbance, thus mak-
ing BESS to become ineffective in providing additional
inertia support to curtail frequency deviations.

It should be mentioned that the simulations in this paper are
carried out using DigSILENT Power Factory.

The paper is structured as follows: section II introduces
details of inertial response controllers for BESS. Section III
presents overview of the BESS’s controllers used in this work
for enabling inertia response. The power system model used
for this study as implemented in DIgSILENT Power factory
is presented in Section IV while the methodology deployed
for the work is given in Section V. Simulations results are
discussed in Section VI while conclusion forms the content
of the last section.

II. INERTIAL RESPONSE CONTROLLERS FOR BESS
The power system frequency changes continuously and
its derivative shows the balance between consumed and
produced electricity [5]. In the event of power system distur-
bance, the balance between generation and demand will be
lost and the system frequency will respond at a rate initially
determined by the total system inertia [15]. The total system
inertia is the sum of all the kinetic energy stored in the rotating
masses of all the machines connected to the grid. In the case
of contingency, for example sudden large load increase, the
system inertia will be injected into the grid as fast active
power to compensate for the loss in the generated power,
In the case that the system inherent inertia is insufficient,
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FIGURE 1. Block diagram of the frequency controller [17].

energy storage systems and power sources that are integrated
into the grid could be enabled (through the use of full-rated
power converter) to produce synthetic inertia [16], [17]. For
BESS, synthetic inertia can be produced when the battery is
discharged in a controlled manner to provide an additional
inertial power [4], [15].

A. FREQUENCY/INERTIA CONTROLLER
The inertia controller could be described as a simple loop that
increases the active output power of the power converter at
the early stages of a significant under frequency event [4].
It activates the discharge of BESS in a controlled manner
producing an additional inertia support with power that could
be evaluated using the equivalent of the swing equation of a
synchronous machine as given in (1) [16], [18], [19]:

1P = 2fHSYN
df
dt

(1)

where 1P is the load generation imbalance in MW, f is
the frequency in Hz, df

dt is the rate of change of frequency
(ROCOF) in Hz/s and HSYN is the synthetic inertia in second
(s).The block diagram of the frequency controller is shown in
Fig 1.

The synthetic inertia (HSYN) represents the gain of the
frequency controller [2]. The gain of the frequency controller
affects the rate of the discharge of the BESS. When the
inertial controller gain is high, the BESS discharges quickly
producing excessive heat built-up (thermal runaway) andmay
degenerate into a second frequency disturbance event because
of the drop in the BESS power injection [6], [15]. However,
by increasing the synthetic inertia, the inertial response is
improved, and a better frequency support is realised [20].

B. FAST ACTIVE POWER CONTROLLER
The fast active power injection/absorption (FAPIA) controller
is a frequency response model in the modern power con-
verter [5], [21]. During under frequency event in power
system, FAPIA could be used to inject active power to the
system or to take out active power from the system for an
over frequency condition [22]. The control actions used in this
frequency response model are the proportional and derivative
control actions [22]. The derivative control is proportional to
the rate of change of frequency (ROCOF) as given in (2) [22],
[23], [24].

1Pinj/abs = Kd
df
dt

(2)

where Kd represents the gain of the derivative controller,
and f is the measured frequency and 1Pinj/abs represents

FIGURE 2. BESS model [7], [26].

the injected/absorbed power by the FAPIA controller. The
dynamic performance of both control actions can be com-
bined as shown in (3) according to [5] and [21].

1Pinj/abs = Kp1f − Kd
df
dt

(3)

where,

Kp = (
2K d

1f
)(
df
dt

)

whereKp represents the gain of the (K-f) control of the FAPIA
controller and the term Kd denotes the inertial contribution
of the active power. The effect of Kd term is equivalent to an
increase in system’s kinetic energy; therefore, it reduces the
initial RoCoF [5], [22].

III. OVERVIEW OF A BESS MODEL FOR INERTIA SUPPORT
The Battery energy storage model developed by DIgSILENT
Power Factory has been used in many studies relating to
frequency stability [17]. This model has been adopted for
this work and the details can be found in [25]. Fig 2 shows a
block diagram of this model which consists of a battery bank,
a frequency controller, a charge controller, an active/reactive
power controller and a converter. These subunits are dis-
cussed as follows:

A. BATTERY MODEL
The battery model described in [25] which is lithium-ion
based is used in this work. It is a double polarization model.
The block diagram is shown in Fig 3a, where
RO is the internal resistance of the battery cell,
RTS is the separation polarization process resistance,
K is the number of cells in parallel,
SoC0 is the initial state of charge,
Ri is the cell internal resistance,
Cbat is the battery capacity,
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FIGURE 3. (a) Block diagram of the battery model [25]. (b) Equivalent
circuit of a battery cell.

Lim is the limiter,
Vcell is the terminal voltage of cell,
1
sTc is the integrator with time constant,
Vmax is the maximum voltage of the cell,
Vmin is the minimum voltage of the cell,
Ns is the number of cells in a string,
Ibat is the battery rated current,
Vt is the terminal voltage of the battery,
Vnom is the voltage rating of the connected DC-busbar,
Icell is the rated current of a single cell,
SOC is the state of charge,
CTS is the separation polarization process capacitance,
RTL is the electrochemical polarization process resistance,
CTL is the electrochemical polarization process capaci-

tance,
VOC is the open circuit voltage of the cell,
RSD is the self-discharge resistance.
These parameters of the equivalent circuit depend on the

state of charge (SoC). The state-of -charge estimation is given
by (4),

SoC = SoC0 −
1

Ccell

∫ t

0
Icell dt (4)

where, SoC0 is the initial state of charge, Ccell is the capacity
of the battery cell and Icell is the rated current of the single
cell. Once the SoC is found from (4), the other parameters
of the equivalent circuit can be obtained. From Fig 3b, the
terminal voltage of the cell is evaluated as in (5)

Vcell = Voc − IcellR0 − UTS − UTL (5)

The charging/discharging current can be obtained from
the separation polarization process or the electrochemical

TABLE 1. Battery model parameters [26].

FIGURE 4. Frequency controller [27].

TABLE 2. Frequency controller parameters [26].

polarization process. Thus,

Icell =
UTS
RTS

+ CTS
dUTS

dt
(6)

where, UTS is the separation polarization process voltage.
Then,

dUTS

dt
=
Icell
CTS

−
UTS

RTSCTS
(7)

Similarly,

Icell =
UTL
RTL

+ CTL
dUTL

dt
(8)

dUTL

dt
=
Icell
CTL

−
UTL

RTLCTL
(9)

where, UTL is the electrochemical polarization process volt-
age. Considering a complete battery pack, the number of cells
in a string, ns is given by (10)

ns =
Ubatt
Vcell

(10)

where Ubatt is the DC voltage level of the battery.
Knowing the power requirement of the battery (Pbatt ), the

battery rated current (Ibatt ) could be calculated using (11).

IBatt =
Pbatt
Ubatt

(11)

The number of strings that must be connected in parallel
(nP) to obtain the rated of the battery is provided in (12)

np =
Ibatt
Icell

(12)

where, Icell is the rated current of a single cell.
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FIGURE 5. (a) PQ controller (active part). (b) PQ controller (reactive
power part) [26].

A detailed modelling of the battery is provided in [25] and
the values of the circuit parameters are given in Table 1.

B. FREQUENCY/INERTIA CONTROLLER
The block diagram of the frequency controller for BESS
is shown in Fig 4. It consists of the frequency control and
the frequency droop. The frequency control depends on the
rate of change of frequency (RoCoF). The frequency droop
coefficient is calculated using (13)

Rdroop =
1

Kdroop
=

1f
1p

(13)

1p is the active power change of the battery and it is deter-
mined by Rdroop, where Kdroop is the frequency droop and
1f is the change in frequency. The output of the frequency
droop/RoCoF controller loop is an active power change signal
for the PQ controller [8]. For under frequency contingency
it will be positive, and the BESS will switch to discharging
mode and for over frequency event, it will be negative, and
the BESS will switch to charging mode. The active power
change is related to RoCoF according to (14),

1p = Krocof
df
dt

(14)

where Krocof is slope of the frequency change.
The frequency controller enables a controlled discharge

of the battery. It serves as a simple loop that increases the
electrical active power output of the power conversion system
during a frequency disturbance event and is calculated using
the equivalent swing equation of a synchronous generator
according to [4] and [8] as given in (1). More detailed
modelling of the inertia controller used in BESS model in

TABLE 3. PQ controller parameters [26].

FIGURE 6. A charge controller model [26].

DIgSILENT Power Factory could be found in [25] and [26]
and the model parameters are given in Table 2.

C. PQ CONTROLLERS
The controllers for the active and the reactive power are
known as the PQ controllers as shown in Fig 5a and Fig 5b
respectively. It is defined in the dq axis current reference.
The input signals to the PQ controller are the reference power
from the frequency controller (Pref), the ac power and voltage
Pac and Uac from the grid. Two loops are in this block. One
control loop for the active power and the other for the reactive
power control. The dq current signals for the charge controller
are produced from the PQ controllers. The model parameters
for the PQ controllers are as given in Table 3.

D. CHARGE CONTROLLERS
The model of the battery charge controller consists of two
parts, namely the charging logic and the current limiter. The
purpose of the charge controller is to achieve the boundary
conditions of the battery storage such as the state -of- charge
(SOC), minimum and maximum cell voltage. The dq current
reference from the charge controller (Id(s) Iq(s)) is used in
controlling the power converter. The block diagram of the
charge controller model is shown in Fig 6 while the charge
controller model parameters are as given in Table 4.
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TABLE 4. Charge controller parameters [26].

TABLE 5. Transformer data for modified 12-bus system [10].

TABLE 6. Conventional power plants (CPPs) for the modified 12-bus
system [10].

TABLE 7. Line data for the modified 12-bus system [10].

E. POWER CONVERTER SYSTEM
A power converter system transforms the direct current (DC)
voltage from the storage unit into the alternating current
(AC) voltage required in the power network. The converter
is equipped with appropriate controllers to help it perform
specific functions and interfaces the energy storage device
and the grid. The power converter is controlled using the dq
axis current reference from the charge controller. The output
signals from the power converter are the ac power (Pac) and
ac current (Iac).

IV. TEST SYSTEM MODEL
Figure 7 shows a modified 12-bus test model with system
frequency of 50Hz. The original 12-bus system in [10] has
been modified by two wind power plants at buses 3 and 4
and a battery energy storage at bus 12. The maximum and
minimum frequency limits are 51Hz and 48.75Hz respec-
tively [27]. Table 5 to Table 9 are the summary of the network
parameters.

TABLE 8. Bus data for 12-bus system [10].

TABLE 9. Wind power plant and bess parameters.

FIGURE 7. Modified 12-Bus test system model.

V. METHODOLOGY
This work investigates the effectiveness of BESS in providing
inertia support in a grid network during a power system con-
tingency. The test system and its parameters were provided
in Section IV. The BESS model described in [25] is deployed
and the whole network (Fig 7) modelled using DIgSILENT
Power Factory for the demonstration of the simulations and
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for the study of the impacts of BESS in supplying addi-
tional inertia support for frequency stability during system
frequency events. Several scenarios (such as variation in
transmission line lengths, variation in wind output power,
battery sizes and varying grid inertia) were investigated to
understand their impacts on the effectiveness of BESS in
providing additional inertia support during contingencies.For
every of these grid conditions, the test system is simulated for
10 seconds with the activation of a power system contingency
event at 5 seconds after the commencement of the simulation.
The simulations are in two phases. The first phase is without
BESS providing additional inertia support while the second
phase is with BESS providing additional inertia support.
Thereafter, the impacts of BESS are examined by studying the
frequency nadirs and the rate of change of frequency attained
during the simulations.

VI. SIMULATIONS AND RESULTS
The modelling and simulation of the modified 12-bus test
system was carried out in the DIgSILENT Power Factory
environment with the purpose of enabling the battery energy
storage to produce inertia response for frequency support
during a sudden load change. According to [2], the most
severe case of load increase for the test system model is
300MW. After five seconds of starting the simulation, a
300MW load increase was activated. The total time for the
simulation is 10 seconds. The frequency response indica-
tors used in this work are the minimum frequency (reached
during the 10seconds simulations) and the rate of change
of frequency (ROCOF) at 200 milliseconds time window.
Simulation results were obtained considering the following
scenarios:

A. EFFECTS OF USING BESS FOR ADDITIONAL INERTIA
SUPPORT DURING A SUDDEN LOAD INCREASE OF
300MW ON THE SYSTEM
The purpose of this simulation is to investigate the effec-
tiveness of BESS in providing inertia support and improving
frequency stability during a power system contingency of
sudden load increase. The load increase was activated 5s after
the commencement of the simulation and the total simulation
time was 10 seconds.

1) MINIMUM FREQUENCY
The minimum frequency reached during the load frequency
event is one of the indicators of the frequency response of
the system during contingency. In the frequency response
curves shown in Fig. 8, the minimum frequencies attained
during the 300MW sudden load increase (at 5seconds after
the start of the simulation) are 47.19Hz when the BESS is not
in operation and 49.18Hz when the BESS is operating. This
shows that the BESS has helped in preventing the frequency
from falling to a level that may result in underfrequency
load shedding. This is because of the active power supplied
by the BESS during the sudden load increase as shown in
Fig. 9. At the instant of the 300MW load increase, that is

FIGURE 8. Frequency response plot with and without BESS (300 MW load
increase).

FIGURE 9. Active power injections (from G2, G3 and BESS top to bottom)
during the sudden load increase of 300MW.

5 seconds after simulation started the BESS delivered an
active power from 30MW to 83MW, releasing 53MW for
inertial support. Fig. 9 also shows the active power outputs
from the synchronous generators G2, G3, and BESS during
the sudden load increase. Table 10 is a summary of the active
power contributions from the synchronous generators and the
BESS during the sudden load increase.
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TABLE 10. Summary of the active powr contributions during the 300MW
load increase.

TABLE 11. Summary of the RoCoF values for the modified 12-bus test
system (after 300MW load increase).

2) RATE OF CHANGE OF FREQUENCY (ROCOF)
The rate of change of frequency (RoCoF) is another indica-
tor of the frequency response of a system. The value gives
insights regarding how the system frequency rises or falls dur-
ing load/generator contingency event. According to the grid
code from ENTSO-E [28], RoCoF protection relay should
not be greater than 0.5Hz/s. In this work, the RoCoF for
the simulation evaluation is computed as an average value
of the derivation in a period between 0 to 200milliseconds
after the sudden load increase of 300MW. For this work, the
value of RoCoF obtained for the modified network when the
BESS is working and when it is inactive are −0.468Hz/s and
−0.613Hz/s respectively. These values show that when the
BESS is inactive, the value of the RoCoF is higher, resulting
in the frequency falling rapidly during the load event as
compared to when the BESS is working. The values of the
RoCoF during the load increase of 300MW are summarized
in Table 11.

B. EFFECTS OF USING BESS FOR ADDITIONAL INERTIA
SUPPORT DURING A SUDDEN LOSS OF 410MVA
GENERATING UNIT ON THE SYSTEM
In this scenario, the use of BESS for additional inertia sup-
port and frequency improvement in the test model during a
sudden loss of a generating unit is investigated. The gener-
ating unit, G3 (474 MVA) was delivering an active power
of about 403MW and 74Mvar to the power network prior
to the contingency which occurred at 5seconds after the
commencement of the simulation. The active power output
of G3 during the 10 seconds simulations is shown in Fig. 10
while Fig. 11 shows the frequency plots (with and without
BESS) during the sudden outage. The release of active power
from the BESS helped in keeping the minimum frequency
at 48.44Hz, whereas without the BESS, the frequency fell to
47.79Hz. The graphs of the active power injections from the
synchronous generator G2 and BESS (during the generation
outage contingency) are shown in Fig. 12 and the actual val-

FIGURE 10. G3 output active power (before and after outage).

FIGURE 11. Frequency plots (with and without BESS) during the sudden
outage of G3.

TABLE 12. Summary of the active powr injections during the outage of
G3.

TABLE 13. Summary of the system frequency during the outage of G3.

ues of active power injected are summarised in Table 12while
Table 13 is a summary of the system minimum frequencies
during the outage of G3.

C. USING BESS FOR FREQUENCY SUPPORT DURING A
SUDDEN LOAD DECREASE (LOSS OF 300MW LOAD)
In this test study, the impacts of BESS on frequency during
a power system over frequency disturbance is investigated.
A sudden load decrease of 300MW was activated in the test
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FIGURE 12. Active power injections (G2 (TOP) and BESS, (bottom)) during
the sudden outage of G3.

network 5seconds after the commencement of the simula-
tion (without and with BESS providing necessary frequency
support). Thewhole simulation lasted for 10seconds. At 5sec-
onds after the start of the simulation, due to the sudden load
decrease of 300MW, the balance between the generation and
the load was lost and the generation became higher than
the load and then BESS began a charging operation. Con-
sequently, the system frequency rises as clearly seen in the
frequency plot shown in Fig 13a.

Through the operation of the frequency controllers, the
BESS starts a charging process and absorb energy from the
grid, thereby helping in keeping the frequency from rising
above limits. Examining this test scenario with that studied
in Section VI (subsection A), the effectiveness of BESS
in keeping the system frequency within limits during both
underfrequency and over frequency contingency events is
clearly demonstrated. In the case of the underfrequency event
(see Section VI, subsection A), at the sudden load increase
of 300MW, the BESS discharges active power into the grid,
thereby keeps the frequency from falling blow the limits that
may activate underfrequency loadshedding. For the sudden
load decrease of 300MW, the BESS, through its charging
process absorbs about 96MW from the grid (see the active
output power plots for BESS and the synchronous generators
Fig 13b – Fig13d). With this power absorbed from the grid,
the system frequency at the end of the 10 seconds after
simulation was 50.94Hz. However, without BESS providing
useful inertia support during contingency, the frequency at
end of the 10seconds simulation was 51.52Hz. This may lead
to over frequency loadshedding if not properly addressed.
Table 14 is a summary of the system frequencies attained
during the 10seconds simulations for 300MW load decrease
with the BESS in operation and without the service of the

FIGURE 13. (a) Frequency response plot of the network with and without
BESS during the loss of 300MW load. (b) Active power output plot of the
BESS during the loss of 300MW load. (c) Active power output plot of G2
during the loss of 300MW load. (d) Active power output plot of G3 during
the loss of 300MW load.
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TABLE 14. Summary of the system frequencies during the loss of 300MW
load.

TABLE 15. Summary of the active power drawn from the grid during the
loss of 300MW load.

TABLE 16. Summary of the frequency nadirs of the network having
different sizes of BESS.

BESS. The summary of the active power absorbed from the
grid by BESS and the synchronous generators are presented
in Table 15.

D. EFFECTS OF BESS SIZE ON THE SYSTEM INERTIA AND
FREQUENCY DURING CONTINGENCY
In this section, the impacts of BESS size on synthetic inertia
and frequency during contingency are investigated. Accord-
ing to [29], grid-scale BESS with capacity greater than
50MW placed on transmission network has the potential to
provide quick (in milliseconds) standby power sources to
meet up demand and to absorb electricity at a time when its
production is more than the demand. For this study, several
sizes of BESS are chosen ranging from 50MW to 130MW
in a step increase of 20MW. Contingency event of sudden
load increase of 300MW) was activated and impacts of BESS
size on the grid inertia and frequency were studied. The test
system was simulated for 10 seconds. A load increase of
300MW was activated with different sizes of BESS ranging
from 50MW to 130MW at 5 seconds from the commence-
ment of the simulation for each size of BESS. Fig 14 presents
the frequency plots for the simulation for the different sizes
of BESS and Table 16 gives the summary of the RoCoF and
frequency nadirs during the load increase contingency.

FIGURE 14. Frequency response plot of the network with different BESS
sizes providing inertia support.

FIGURE 15. A plot of frequency nadirs and BESS sizes.

From the simulation results obtained, there is approxi-
mately a linear relationship between the size of BESS and
the magnitude of the frequency nadir attained during the load
increase contingency (see Fig 15). Consequently, signifying
that as the size of BESS increases from 50MW to 130MW,
for the 300MW sudden load increase the rate of change
of frequency, RoCoF decreases and being inversely propor-
tional to the system inertia according to the swing equation,
more inertia is released during the disturbance event and
the frequency nadir is improved from 48.98Hz to 49.67Hz.
The increase in the frequency nadir is because of the addi-
tional provision of inertia from increasing the BESS capacity.
Though, increasing the size of BESS capacitymakes room for
more inertia to be injected (to compensate for power deficit
during contingency) but it also increases the cost of the BESS.
Therefore, there may be need to consider using the BESS for
multi-purpose applications.

However, it should be noted that the rise in frequency after
about 9 seconds from the commencement of simulation was
because the primary frequency reserve was not provided to
restore the system to steady state frequency since our focus is
on the inertia response.
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E. EFFECTS OF TRANSMISSION LINE LENGTH ON THE
FREQUENCY RESPONSE DURING THE 300MWLOAD
INCREASE
In this instance, the effects of the transmission line lengths
on the frequency response of a power system during a sud-
den load increase of 300MW is investigated. The purpose
of this investigation is to ascertain if during power system
contingency, the length of a transmission line has any effect
on the inertia contribution from BESS. The length of the
transmission lines is varied in three different scenarios (as
shown in Table 18) and in each case, a sudden load increase of
300MW is activated using the load event contingency in the
DIgSilent Power Factory. After each load increase event, the
minimum frequency and the RoCoF are obtained. It should
be noted that the RoCoF is taken as the average of the rate
of change of frequency for 200ms from the instant of the
contingency as shown in Table 17 while Table 18 shows the
summary of the values of the various frequency response
indicators. Fig. 16 – Fig. 17 are the frequency response curves
for the investigated scenarios.

From Table 18, it is also clearly seen that when the trans-
mission line lengths were increased, the values of the RoCoFs
were lower and consequently the higher the values of the
minimum frequencies. Therefore, the effectiveness of the
BESS in providing inertia support for frequency stability for
longer transmission lines is minimal. The lower values of
the RoCoF for longer transmission lines could be explained
based on the magnitude of the active power released by
the synchronous generators and BESS at the instant of the
sudden load increase. It should be noted that the longer the
transmission line, the higher the value of the line reactance
(line reactance is proportional to transmission line length) and
this reduces the active power transferred from the output of
the power converter (in ac power transfer, the power trans-
ferred is inversely proportional to the line reactance). Thus,
when the transmission line is long, the line reactance is more
and consequently the active power transferred is low. This
means that the available active power from the BESS and
the synchronous generators (G1 and G2) to compensate for
the load increase is low as shown in Table 11. Thus, the net
effect of this power on the power imbalance will result in a
lower value of the rate of change of frequency restraining the
frequency from falling deeper.

A sample calculation for the total active power injected
by BESS, G2 and G3 within the 200ms load increase for a
transmission length of ‘‘L’’ is shown in Table 19. DBESS is
the power injected by BESS between two consecutive time
intervals, DG2 is the power injected by generator 2 between
two-time intervals and DG3 is the power injected by G3
between two-time intervals.

F. EFFECTS OF THE MAGNITUDE OF SUDDEN CHANGE IN
LOAD DEMAND ON FREQUENCY RESPONSE
This test scenario shows the response of the system frequency
to sudden change in themagnitudes of load increase. Ten con-

TABLE 17. Sample of RoCoF calculation for transmission line
length ‘‘L’’ km.

tingency events of load increase from 30MW to 375MWwere
investigated. Two frequency response indicators namely min-
imum frequency and RoCoF were used to study the response
of the modified 12-bus system under these contingencies.
In Table 20, 1PL is the sudden increase in load, PO(PC) is
the output active power from the power converter (released
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TABLE 18. Summary of the active power delivery from the BESS, G2, and
G3 and their corresponding frequency response values under different
transmission line lengths.

TABLE 19. A sample calculation of the total active power injected by
BESS, generator 2 and generator 3.

by BESS at the instant of the sudden load increase) FMIN is
the minimum frequency of the system because of the sudden
increase in load and RoCoF is the rate of change of frequency
with respect to time because of the sudden increase in load.
Results from the simulations clearly show that the size of the
power imbalance has a direct and significant effect on the grid
frequency which agrees with [1]. That is, as the magnitude of
the power disturbances increases the RoCoF also increases
and consequently, the frequency falls deeper. It is also impor-
tant to note that as the size of the power imbalance increases,
the power injected by the BESS, that is PO(PC) also increases

FIGURE 16. Frequency response curve (with transmission line ‘‘L’’ km and
1.5L for 300MW load increase.

FIGURE 17. A curve of active power delivery from BESS (when the
transmission line length of ‘‘L’’ and ‘‘1.5L’’ for 300MW load increase.

until it reaches its maximum value of about 62.4 MW and
then declines (see Table 20 and Fig 10) This shows that
once the maximum output power of the power converter is
reached (about 62.4MW in this study) further increase in the
size of the disturbance will not result in an increase in the
active power injected by the BESS. Therefore, at that level
the BESS will not be effective in managing the frequency
deviations resulting from any further sudden increase in the
load. The graph showing the relationship between the sizes
of disturbances (in MW) and the corresponding output power
of the power converter (in MW) is shown in Fig 18.

G. EFFECTS OF THE VARITION IN THE WIND OUTPUT
POWER ON THE ADDITIONAL INERTIA SUPPORT FROM
BESS
One of the challenges in the use of wind and solar pho-
tovoltaic as renewable energy sources of generation of
electricity is their dependency on weather for power genera-
tion. Thus, the output power production is variable. This test
study investigates the effects of the intermittency of power
generation fromwind power plants on the inertia contribution
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TABLE 20. A summary of frequency response during sudden increase in
load.

FIGURE 18. A graph showing the relationship between the active power
injected by BESS (MW) and power imbalance (MW).

from BESS during power system disturbance event. The test
model (Fig 7) has twoWPPs. For this investigation, the output
power from each of the WPP is considered to vary from
50MW to 150MW in steps of 20MW. For each output power
from the WPPs, the test system is simulated and a sudden
load increase of 300MW is activated after five seconds from
the commencement of the simulation for each of the power
output from the WPPs, two scenarios are considered: BESS
providing inertia support during contingency and BESS not
providing inertia support. Presented in the simulation results
are presented in Table 21.

The results show that the variableness of the output power
from the WPPs does not affect the frequency nadir during
the contingency. When the test system has BESS working,
the frequency nadir was approximately 49Hz during the load
increase contingency. The minimum frequency did not show
appreciable change as the output power from theWPPs varies
between 50MW to 150MW. The same also applies for the
case when BESS was not working in the test system. The
minimum frequency was about 47Hz as the output power

FIGURE 19. Frequency response plot for WPP with variable power output
during system disturbance.

changes from 50MW to 150MW. These agree with the lit-
erature that WPPs do not naturally account for the overall
grid inertia during frequency events except when they are
specifically controlled to provide such, for example by using
the methodology of maximal power point tracking (MPPT).
The system frequency nadir fell to about 47Hz when BESS
was not working but rose to about 49Hz when BESS was
connected to the test system. The results showed the effec-
tiveness of BESS in the provision of additional inertia support
during frequency event. In Fig 19, the frequency response
is compared for the maximum and minimum power output
from the WPP (with and without the BESS). When the BESS
was working, the minimum frequency was almost the same
though the power output from the WPP was 50MW and
150MW. The plots of the active power injected by the CPPs
and BESS during the load increase contingency for 50MW
power output generation fromWPP1 are presented in Fig 20a
to Fig 20c. Fig20d shows that no active power was injected
byWPP1 at the instant of the load increase contingency while
Fig 20e shows a similar case of no power injection for WPP2
during contingency.

H. EFFECTS OF SUDDEN LOAD INCREASE OF 300MW
UNDER VARYING GRID INERTIA
The power system grid inertia refers to the stored kinetic
energy of the rotating masses of the synchronous generators
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FIGURE 20. (a) Power(active) injection by the synchronous generator G2 during the load increase contingency (WPPS delivering an output power of 50MW
each). (b) Power(active) injection by the synchronous generator G3 during the load increase contingency (WPPS delivering an output power of 50MW
each). (c) Power(active) injection by the BESS during the load increase contingency (WPP delivering an output power of 50MW each). (d) WPP1 Injecting
no active power at the instant (5s) of load increase contingency. (e) WPP2 Injecting no active power at the instant (5s) of load increase contingency.

and motors connected to it [30], [31], [32], [33], [34].
To study the effects of sudden load increase on varying grid

inertia, the inertia of the grid network is varied by decreas-
ing the number of the synchronous-based power plants at
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TABLE 21. Frequency nadirs for the test system during 300MW load
increase contingency (WPP delivering variable power output).

FIGURE 21. Frequency response plots for different wind penetration
levels (varying grid inertia) BESS not working.

the same time increasing the number of the wind power
plants. Thus, as the penetration of the wind power generation
increases, its grid inertia is varied. For this test scenario,
five different wind penetration levels (WPLs) are considered.
Each value of WPL (in percentage) is evaluated based on the
wind generation (MW) with respect to the total generation
(MW) of the test model (that is, [ wind generation/total gener-
ation] x 100). The test model under eachWPL is activated for
a load increase contingency after 5s from the commencement
of simulation. The simulations are run for 10 seconds, and two
conditions of the network are investigated, (1) the network
has no additional inertia form BESS and (2) the network has
additional inertia from BESS. The frequency plots are shown
in Fig. 21 and Fig. 22 while the results are summarised in
Table 22.

The simulation results show that as the wind penetration
level increases (thereby varying the grid inertia), the rate
of change of frequency (RoCoF) increases during the load

FIGURE 22. Frequency response plots for different wind penetration
levels (varying grid inertia) BESS working.

TABLE 22. Effects of a sudden 300MW increase in load under varying grid
inertia.

increase contingency. The increase in the RoCoF will cause
the frequency nadir to fall in such a way that if not addressed,
may trigger under frequency load shedding. At the wind
penetration levels of 13% and 26%, with the BESS giving
additional inertia, the RoCoF values (see Table 22) were
about 50% lower than the values obtained when BESS was
not working. The additional inertia supplied by BESS helped
in sustaining the frequency nadir to about 49Hz.

However, when the WPL increased to 42% and 56%, the
BESS could not effectively supply enough inertia to address
the rise in the rate of change of frequency (RoCoF). This
resulted in the frequency nadir falling to a very low value of
47.27Hz (for the 56%WPL). One possible way of solving this
problem is by increasing the size of the BESS and the con-
verter capacity (as discussed in section V-E) correspondingly
so that more inertia could be released during the contingency
event. However, increasing the capacity of the BESS will
also increase its cost and may result in more power losses
in the network. Therefore, optimal sizing and placement of
BESS is required for the full benefit of BESS installation
to be realised. Moreso, further tuning of the active part of
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the PQ controllers (Kp and Tip) may be required for bet-
ter frequency response and more active power provision by
the BESS. Finally comparing the simulation results for the
two conditions of the test network (that is with and without
BESS), from Fig. 21 and Fig 22, the impact of BESS is also
seen as it helped in maintaining the frequency close to 50Hz
prior to contingency event in the varying grid inertia in the
network.

VII. CONCLUSION
This work has demonstrated that BESS could be enabled
through a frequency controller to provide inertia support
during frequency contingency in a power system network.
The various case studies investigated showed that transmis-
sion line lengths, magnitude of power imbalance, battery
sizes, and varying grid inertia play significant roles in the
effectiveness of BESS providing synthetic inertia support to
a transmission network during power system contingencies.

Firstly, the results of this work showed that increasing the
size of the BESS from 50MW to 130MW, the rate of change
of frequency (RoCoF) was reduced from −0.43876Hz/s to
−0.30668Hz/s and consequently the system frequency was
improved from 48.98Hz to 49.67Hz. This agrees with the
literature, that at a higher capacity of BESSmore active power
will be injected by the BESS to compensate for the power
deficit during the contingency event. However, it should be
noted that increasing the size of BESS may increase the
power losses in the network if appropriate measures such as
optimal sizing and placement of the BESS are not taken into
consideration.

Besides, this study emphasized the significance of BESS
for inertia support in a network of varying grid inertia. As the
wind penetration level in the studied network increased from
13% to 56% (as a result of the replacement of the synchronous
based power plant with the wind power plants), the rate
of change of frequency (RoCoF) during the load increase
contingency increased from −0.8012Hz/s to −1.7035Hz/s
(without BESS) and as a result the system frequency fell
from 46.84Hz to 45.52Hz respectively. However, with BESS
providing additional inertia support, the rate of change
of frequency (under the same study conditions) was from
−0.3934Hz/s to −0.9586Hz/s with corresponding frequency
range of 49.02Hz to 47.27Hz.This also, is in line with results
of studies in the literature which confirm that as the wind
penetration level increases in a network, the system inertia is
reduced and if appropriate steps are not put into consideration
(such as using BESS for additional inertia support) such a
network may be prone to frequency instability on the event
of power system disturbances.

Moreso, the impact of transmission line lengths on the
effectiveness of BESS in providing frequency support during
contingency was brought to light through this study. The
results of this work showed that a longer transmission line
has a lower RoCoF value when compared to a shorter trans-
mission line when both lines are having the same loadings
and are subjected to the same contingency event (sudden

load increase). This is supported by the simulation results
which revealed that when the transmission line lengths are
doubled for the studied network, the rate of change of fre-
quency (RoCoF) decreased by about 76% resulting in the
system frequency increasing from 49.39Hz to 49.85Hz during
the power system load increase of 300MW in the studied
network. We would like to highlight that this should be taken
into consideration in the sizing of a BESS for inertia support
in a transmission network, in order to avoid over-sizing of
the BESS because of the inherently low RoCoF of longer
transmission lines.

Lastly, the investigation conducted in this work brought to
light the ineffectiveness of BESS in providing inertia support
once the converter maximum power is exceeded. It should be
noted that there is a positive linear relationship between the
magnitude of power imbalance and the active power injected
by the BESS during sudden load increase contingency. That is
as the power imbalance increases, the active power released
by the BESS (to compensate for the power imbalance dur-
ing load increase disturbance) via the power converter also
increases. However, once the maximum power output of the
converter is reached, further increase in the magnitude of the
power imbalance will not result in a corresponding increase
in the active power injected by the BESS. Which means that
at the maximum power output of the power converter, the
active power injected by the BESS remains fairly constant
even when the magnitude of the disturbance is increased.
This is extremely critical because at that level (when the
maximum output power of the converter is attained) the
active power injected by BESS will remain fairly constant
despite further increase in the size of the disturbances, thus,
becoming ineffective in providing additional inertia support
to curtail frequency deviations. Therefore, it is necessary
that the power converter capacity should be calculated based
on the maximum size of the disturbance (that the network
is designed to accommodate) and other system parameters
rather than using only simulation convergence.

Thus, this study through the simulations and the results
obtained has laid the foundation required for a BESS to be
effective in providing additional inertia support in power
system network with high renewal energy sources.
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