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Abstract: To deal with the technical challenges of renewable energy penetration, this paper focuses on
improving the grid voltage and frequency responses in a hybrid renewable energy source integrated
power system following load and generation contingency events. A consolidated methodology
is proposed to employ a battery energy storage system (BESS) to contribute to voltage regulation
through droop-type control and frequency regulation by assimilated inertia emulation (IE) and
droop-type control. In addition, a novel frequency-dependent state-of-charge (SOC) recovery (FDSR)
is presented to regulate BESS power consumption within the FDSR constraints and recharge the
battery during idle periods whenever needed. The efficacy of the proposed BESS controller is
demonstrated in an IEEE-9 bus system with a 22.5% photovoltaics (PV) and wind penetration level.
The simulation results obtained manifest the satisfactory performance of the proposed controller in
regulating simultaneous voltage and frequency in terms of lower rate of change of frequency and
better frequency nadir. Furthermore, the proposed FDSR demonstrates its superiority at the time of
SOC recovery compared to the conventional approach.

Keywords: battery energy storage system; frequency control; inertia emulation; voltage control;
SOC recovery

1. Introduction

A large amount of renewable energy sources (RESs), mainly wind and photovoltaic (PV) power
plants, has been installed throughout Europe, the USA, and Asia. A European Network of Transmission
System Operators for Electricity (ENTSO-E) forecast stated that fossil fuelled conventional power plants
(CPPs) are closing down following increased RES penetration in the grid [1]. With the replacement of
CPPs by fundamentally intermittent wind and PV sources, several inevitable technical challenges are
being introduced that can have a significant impact on the stability and security of the power system.
The conventional synchronous generators inherently provide inertial response to frequency deviation
and can participate in load-frequency control (LFC) according to their droop characteristics, given that
sufficient spinning reserves are accessible. Therefore, increased penetration of RESs significantly
reduces system inertia as RESs have the limitation of providing fundamental inertial and primary
frequency control (PFC) response. This eventually affects the rate of change of frequency (ROCOF)
and the maximum/minimum frequency limit during post-contingency periods, and therefore, the
provision of frequency control becomes a challenging task.

The smart grid-oriented future power system with dominant infiltration of power electronics
has led to a significant amount of research on emulating the behaviour of synchronous machines by
exploiting the control mechanism of the power electronics converter at RES farms [2]. Different control
strategies are proposed to provide grid frequency control including under-frequency load-shedding [3],
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regulating DC voltage in HVDC [4], and demand-side management [5]. Typically, RES plants
are regulated to produce the maximum output power at a given wind speed and solar radiation.
The research conducted by Engleitner et al. [5] proposed that wind farms can take part in regulating
grid frequency through the use of their stored kinetic energy. To some extent, PV systems can also
demonstrate frequency response capability [6]. However, such control approaches require curtailing
power generation at their terminal, which is not desirable. Moreover, the implicit weather-dependent
nature of RESs makes it unreliable to rely on adopting such control approaches. A new research
trend of an electric vehicle (EV) acting as a power reserve to regulate frequency was proposed by
Aliabadi et al. [7] and Liu et al. [8]; nevertheless, the vehicle-to-grid infrastructure to control grid
frequency is not yet accessible. Moreover, different energy storage technologies are available to
contribute both inertial [9] and primary frequency control [10].

The power-frequency droop control of BESS has been reported to have significant improvement
in primary frequency response [11,12]. Li et al. [13] demonstrated that a droop-controlled hybrid
storage system suppressed significant frequency oscillations and offered robust stability responses.
Virtual inertia offers an added benefit to the system dynamics by delivering the required power
imbalance. An inertia emulation (IE) performance analysis of an energy storage system (ESS) [14] and
BESS [9] in a microgrid (MG) was demonstrated to deliver robust frequency stability. A combination
of BESS for PFC and an ultra-capacitor for IE was proposed by Fini and Golshan [15] to improve
the frequency stability of an MG. Different optimal energy storage methods have been proposed to
enhance frequency variation for the required IE [16] and PFC in an MG using battery overloading
features [17]. The research by Toma et al. [18] considered BESS to provide virtual inertia and PFC in a
two-area power system considering 100% renewable generation. However, the battery state-of-charge
(SOC) was completely overlooked in the earlier studies [14,15,18–20]. ESS provides IE and PFC to
regulate grid frequency with high wind penetration [20]. Fast acting BESS is utilized for IE and
PFC to participate in unit-commitment and improve frequency dynamics under contingencies [21].
The optimal sizing of BESS considering the BESS contribution as IE and PFC was presented in [22].
The study by Brogan et al. [23] demonstrated that improvements in frequency nadir and ROCOF
were visible when BESS was activated with less time delay and high BESS power input following the
changes. Nevertheless, all the aforementioned studies of IE and IE with PFC were based on active
power regulation of BESS and did not provide any insight into the voltage regulation capability of
BESS. A charge/discharge management of BESS was proposed by Zeraati et al. [24] via a droop control
method in order to regulate distribution network voltage with high PV penetration.

In [25], BESS was proposed to regulate voltage and frequency in an MG. Nonetheless, battery
SOC was considered for the droop component only. As demonstrated by Alhejaj and Longatt [26],
battery SOC discharge is inversely related to the BESS inertia constant; hence, ignoring SOC for the
inertia component is an inaccurate assumption in designing BESS for IE and PFC. An autonomous
SOC recovery was proposed in [27] that suggested the regulation of the terminal voltage of the
super-capacitor (SC) to maintain SOC defined constraints of SC from the battery. A similar SOC
recovery was proposed by Xiao et al. [28] for voltage regulation and SOC recovery as long as the
power capacity of energy storage devices was available. Nevertheless, these studied did not provide
any insight into the impact of SOC recovery on the frequency of the grid. On the contrary, the study by
Zhu and Zhang [29] proposed an SOC recovery strategy that could minimize the penalty costs due to
the failure of frequency regulation. Variable SOC recovery strategies were proposed by Datta et al. [30]
depending on the value of the charging current. However, the impact of SOC management on the
performance of the controller and grid frequency was not considered by Zhu and Zhang [29] and by
Datta et al. [30].

This paper therefore proposes an IE-and PFC-regulated BESS to achieve enhanced frequency
dynamics in a power system with high shares of non-synchronous renewable generation. In addition,
the droop control is selected to regulate reactive power and enhance the voltage dynamics. Hence,
the main contributions of this paper include: (1) the proposed combined inertia- and droop-controlled



Energies 2020, 13, 2003 3 of 18

frequency regulation and droop-controlled voltage regulation, which have not been studied in the
earlier literature; (2) a novel frequency-dependent SOC recovery (FDSR) strategy to ensure sufficient
SOC is available for future events without affecting the grid frequency. The proposed control approach
regulates BESS active and reactive power considering BESS operation within the defined SOC
constraints when participating in IE ad PFC.

2. System Inertia and Frequency Response

The inertia of rotating masses of synchronous machines and turbines responds to immediate
frequency changes, due to power deficit, by regulating power flows (injection/absorption). There are
several stages in frequency control following a power imbalance from a contingency event: the inertia
response to regulate ROCOF, which is an uncontrolled response, primary control, secondary control,
and tertiary control to mitigate frequency deviations, as shown in Figure 1. In the inertia control stage,
power imbalance is met by the implicit kinetic energy release of synchronous machines during periods
of 0–10 s [14]. PFC takes over this stage, once the controller is activated, mainly during periods of
0–30 s, and stabilizes the frequency to a new steady-state point. Then, the secondary and tertiary
control recovers frequency to the non-operating frequency boundary if required, and the feature is
available for a duration of 30 s–30 min [31]. The minimum grid frequency response followed by
power imbalance is influenced by the deployment and the intensity of virtual inertia control and PFC,
which depends on the available physical inertia and power/energy regulation capability of the system.
The overall system inertia constant was defined in [32] as:

Hsys =
Ekinetic

Ssys
=

1
2

J · ω2

Ssys
(1)

where Hsys is the total system inertia and Ekinetic is the total stored kinetic energy of all rotating machines
with their rotational speed (ω), moment of inertia (J), and rated base power of the system (Ssys).

Figure 1. Frequency response stages by the European Network of Transmission System Operators for
Electricity (ENTSO-E) [1].

The power imbalance (∆Pim) during a contingency is determined by Equation (2):

∆P = Pg − Pl =
dE
dt

= J ω
dω

dt
(2)

where Pg and Pl are total generated and total load power, respectively. Substituting the value of J
from (2) into (1), the swing equation describing the relationship of system inertia (Hsys) and ROCOF
due to power imbalance can be defined as in (3) [32]:

d f
dt

=
∆Pim
Ssys

fgrid

2 Hsys
(3)



Energies 2020, 13, 2003 4 of 18

where fgrid is the nominal system frequency. It can be observed that ROCOF (df/dt) is inversely related
to the system inertia, which implies that with a lower inertia value, the grid has a weaker frequency
response capability during the abrupt changes in the power balance between power generation and
demand and results in higher ROCOF.

At present, the grid code defines the ROCOF value for the Australian Energy Market Operator
(AEMO) and ENTSO-E to be ≤0.5 Hz/s [33,34]. A faster ROCOF may activate protection relays and
may cause tripping of generators [33]. On the other hand, rapid initial ROCOF may contribute a large
frequency deviation, which can result in generator trip and load shedding [33]. In the Australian
National Electricity Market (NEM), the maximum allowable frequency deviation in the post-fault
condition is 50 ± 0.5 Hz for a load event and generation event with 50 ± 0.15 Hz as non-critical
frequency operating ranges [35].

Synchronous inertia plays a fundamental role in minimizing the faster changes of frequency
(df/dt). Synchronous machines respond to power deficit instantly by releasing kinetic energy as they
are coupled with the grid frequency. On the contrary, generators on renewable farms are connected to
the grid via a power electronics interface; hence intrinsically, they are not providing inertia response
as they are decoupled from the grid frequency. Therefore, with increased penetration of asynchronous
renewable generation, the power system has lower inertial response capability.

3. Proposed IE and Droop-Regulated BESS Control Schemes

The proposed BESS structure and its control system are discussed in this section. The control
schemes regulate power flow between the battery and the grid via a voltage source converter (VSC).
The measurements for voltage and frequency controllers are taken locally to control BESS operation.
BESS regulates active and reactive power independently by governing its current controller in the d
and q axes, and the total power is delimited by BESS converter capacity.

3.1. Frequency Controller for IE and PFC

BESS contributes towards frequency regulation by altering active power through the point of
common coupling (PCC). At PFC, reduced system inertia affects power-frequency droop and thus
influences the stability of the power system. Figure 2 illustrates the block diagram of the frequency
controller to provide IE and PFC. The goal of the proposed frequency controller is to enhance the
damping of frequency oscillations and reduce the value of ROCOF and frequency deviation. BESS
is designed to emulate the behaviour of a conventional synchronous generator and provide both the
inertial response and primary frequency control.

The expression of the suggested frequency controller can be written as in (4):

dPre f = ∆PPFC + ∆PIE (4)

where dPre f is the total BESS output power reference and ∆PPFC and ∆PIE are the changes in BESS
active power output based on power-frequency droop characteristics and inertial response capability
following the variation in grid frequency respectively and can be expressed as in (5) and (6):

∆PPFC =
1

RP− f
∆ f (5)

∆PIE = HBESS.
d
dt

fgrid (6)

where ∆ f (pu) is the frequency deviation resulting from a disturbance and calculated as the difference
between the reference frequency ( fre f ) and the grid frequency ( fgrid), RP− f is the power-frequency
droop value, and HBESS is the BESS inertia constant. The positive and negative values of ∆ f define
BESS power injection and absorption, respectively. RP− f in (5) specifies the demand of BESS active
power adjustment in response to frequency error. The deadband restricts BESS operation for any minor
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frequency changes and within the grid defined inactive region. The PFC feature is activated if the
actual frequency differs by ftol = ±150 MHz from the nominal value according to NEM criteria [35].
The BESS power is regulated linearly with the variation of frequency error, and the droop value RP− f
is selected as 0.006 pu in order to activate the nominal BESS power for the frequency deviation of
±300 MHz. BESS operates at its maximum rated power when frequency deviation exceeds ±300 MHz.

Figure 2. Block diagram of BESS for the inertia emulation (IE)- and primary frequency control
(PFC)-regulated frequency controller.

The changes in active power during inertial response are regulated by the derivative of frequency
error and the BESS inertia constant as in (6). The value of the inertia constant controls the sensitivity
of the BESS controller according to the changes in ROCOF value. Theoretically, HBESS can be infinite
as the physical concept of limiting the inertia constant is not applicable for BESS. However, the
inertia constant value defines the intensity of active power participation, i.e., an increased HBESS
value generates increased BESS power output, as mentioned in [26]; therefore, the value needs to be
determined according to the capacity of the BESS converter. Hence, considering an amalgamated
application, the value of HBESS was selected as 20 s, which defines the activation of nominal BESS
active power for a total d f /dt of 0.15 Hz/s. The inertial deadband value was selected as 0.05 Hz/s
according to [22]. As the deadband for inertial response is smaller than droop response, BESS inertial
power is activated for a small deviation in system frequency. Although Duckwitz and Fischer [36]
presented that a certain delay may be essential in the control chain in order to avoid control instability
when synthetic inertia (i.e., df/dt) control is performed, this study considered no delay for df/dt as in
the studies [22] proposed by Knap et al. and [25] proposed by Serban and Marinescu.

The frequency fluctuations are dealt with by varying BESS active power output in charging,
discharging, and inactive modes as shown in (7):

Mode/ f =


Inactive if fre f − fgrid ≤ ftol

Charge if fgrid > ( fre f + ftol)

Discharge if fgrid < ( fre f − ftol)

(7)

The battery storage operates in charging mode if the grid frequency is higher than the reference
frequency and in discharging mode if the reference frequency is higher than the grid frequency,
considering the SOC of the battery is usable as per the defined battery operating range. The battery
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can be charged when BESS remains in the inactive region. A low-pass filter is used to filter out the
noise in the BESS active power reference. The error between the active power reference dPre f and
active power output at BESS AC terminal Pmeas generates updated active current reference in the d
axis. The difference of the charge controller input and output as ∆id is added with the d axis current
reference. POPR is the external power reference input by the operator.

3.2. Voltage Controller

The grid voltage is affected by the penetration of inverter-based RESs. As BESS can regulate active
and reactive power separately, it can be easily utilized to draw/inject reactive power. The voltage
control can be accomplished by regulating reactive power sharing according to conventional reactive
power-voltage (Q-V) droop. The block diagram of the proposed voltage controller is shown in Figure 3.
The figure shows how the reactive power reference is generated in response to the changes in voltage
at the BESS AC terminal. QOPR is the external power reference input by the operator. The tracking
error is used as an input to the PI controller.

Figure 3. Block diagram of the BESS voltage controller.

The voltage droop controller can be expressed as in (8):

dQre f =
1

RQ−V
∆V (8)

where ∆V is the difference between voltage reference Vre f (pu) at steady state and grid voltage Vgrid
(pu) and dQre f defines the reactive power reference according to the Q-V droop characteristics. RQ−V is
the measure of reactive power intensity, which was selected as 10, defining the nominal reactive power
activation for a voltage deviation of 0.1 pu with a voltage tolerance of Vtol = ±0.01 pu. The lower
slope for the reactive power-voltage drop is preferred to avoid overloading of BESS.

BESS absorbs/injects reactive power according to three level structures as shown in (9):

Mode/V =


Inactive if Vre f −Vgrid ≤ Vtol

Absorb if Vgrid > (Vre f + Vtol)

Inject if Vgrid < (Vre f −Vtol)

(9)
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A low-pass filter is used to filter out the noise in the BESS reactive power reference, and the
current reference in the q axis is generated using a PI controller. The error between the charge
controller input and output as ∆iq is added with the updated reactive current reference. This reference
is calculated from the error of reactive power reference dQre f and the reactive power output at the
BESS AC terminal Qmeas that generates the reactive current reference in the q axis. The associated
BESS parameters are given in Appendix A. The initial battery SOC was considered as 0.8 pu. As this
study focuses on short-term transients, the smaller size of BESS capacity was selected for simulation
purposes. The nominal source voltage and the internal resistance of the battery were selected as in [37].
PI parameters were tuned on a trial-and-error basis.

3.3. Proposed FDSR-Based Charge/Discharge Management

The BESS charge/discharge management (BCDM) encompasses coordinated operation between
grid demand and accessible BESS power. BESS participates in frequency control by exchanging energy
during over-frequency and under-frequency events resulting from power transients. It is worth noting
that an effective control strategy is indispensable to avoid unwanted deep discharge and over-charge
operation of BESS. The direction of current flow selects the appropriate SOC condition to fulfil and
manage battery charge/discharge to deliver the required BESS output if the SOC condition is met.
BESS operates in discharging mode if battery SOC is greater than the minimum SOC and charging
mode if present battery SOC is less than the maximum SOC. The minimum and maximum battery SOC
were selected as 0.2 pu and 1 pu, respectively. Battery SOC changes throughout the power exchanging
periods (increase/decrease). Therefore, BESS functions in SOC recovery charging mode if battery SOC
drops lower than the threshold or the minimum SOC value according to the conditions specified in (10).
However, according to the proposed FDSR, the battery will only be recharged if the grid frequency
is equal to or higher than the minimum limit of the nominal frequency limit, i.e., 0.997 pu. This can
avoid the deep discharge of the battery and secure BESS availability for the upcoming events without
affecting grid frequency stability.

ich =


ich if id−re f <1e− 3 and SOC ≤ 0.5

or SOC ≤ SOCmin and fgrid ≥ 0.997pu

0 otherwise

(10)

Figure 4 illustrates the battery charging or discharging mechanism, highlighting the various
control levels of BESS action. BCDM governs the response of BESS to the changes in frequency
controller output and mandatory charging recovery, if applicable.

Figure 4. Block diagram of BESS charge/discharge management.
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BCDM determines whether the generated active power reference is executable from BESS
according to available and specified SOC operating values. BESS operates in power curtailment
mode when the SOC of the battery reaches the defined minimum and maximum range. The overall
BESS charge/discharge approach can be defined as in (11):

id−in =


id−re f SOC ≥ SOCmin

−id−re f SOC ≤ SOCmax

−ich if Equation (10) is satisfied

(11)

As the active and reactive power of BESS is limited by its apparent power, a well regulated power
allocation is imperative to avoid competition between these two and thus avoid saturation when
the grid demands a large amount of active and reactive power at the same time. The current limiter
calculates the total BESS current at its output to make sure active and reactive power do not exceed
the rated capacity of BESS and can be calculated as shown in Figure 5. The active power is given
preference over the reactive power, which can be calculated as in Figure 5a. The reactive power output
is limited by the remaining BESS capacity and can be calculated as illustrated in Figure 5b where the
value of y can be calculated as in (12).

y =
√
|1− i2d−in| (12)

Figure 5. Active (a) and reactive (b) power calculation at converter output.

3.4. Battery Model and SOC Calculation

Unlike the previous work in [25], SOC is calculated based on the total power output of BESS,
which is the proper method of calculating battery SOC in this study. The selected battery model is an
equivalent Rint model, which was widely used in the previous studies [38–40].

The battery SOC can be calculated as follows:

SOCk = SOCk−1 +
∫ k

k−1

η Ib
3600 Cb

dt (13)

where η is the Coulomb efficiency, Ib is the battery current, Cb is the rated battery capacity, and k is the
time of SOC calculation. Furthermore, η = ηC at the charging stage and η = ηD at the discharging stage,
which is 0.98 and one, respectively, as in [41], and the temperature dependency for Coulomb efficiency
is not considered in this study.

3.5. Current Controller on the d and q Axes

The current control loop, an internal level control, provides the reference voltage at BESS output
(AC side) for regulating the VSC. The input of the current controller is the external control loop
generated current reference in the d (id−re f−out) and q (iq−re f−out) axes and the measured d and q axis
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current from the internal control loop. The phase-locked-loop (PLL) provides the necessary reference
phase angle to the d-q transform value in the three phase reference for regulating DC/AC converter.

4. Attributes of the Test System

The performance of the proposed BESS model was investigated on an IEEE 9 bus standard
test network, as shown in Figure 6, with 22.5% renewable energy penetration. The synchronous
generator G1 was considered as the reference generator. The generators were dynamically modelled
as hydro- (G1), gas- (G2), and coal-type (G3) power plants with a capacity of 250 MW, 255 MW, and
230 MW, respectively. All the generators were designed with a turbine governor and automatic voltage
regulator (AVR). The connected RES farms at buses 5 and 9 were solar PV-type, whereas at buses 6 and
8, they were doubly-fed-induction generator-based wind-type. The RESs farm was integrated with
the grid via a step-up transformer. The BESS was connected to the network via a 0.4/230 kV step-up
transformer. The studied model was designed and simulated in Powerfactory, and the renewable
generation parameters are given in Appendix A.

Figure 6. IEEE 9 bus standard test network with installed BESS and RES. G, generator.

Three case studies were investigated to evaluate the performance of the proposed BESS for IE and
PFC and to achieve a grid code compatible outcome. The considered case studies were as follows:

1. Case 1: Load change event
2. Case 2: Generation event
3. Case 3: BESS recharging with FDSR
4. Case 4: Single-phase-to-ground fault

BESS was integrated to provide additional system damping and improve the transient response
of the system with increased RES penetration.

5. Results and Discussion

The dynamic responses of the proposed BESS were evaluated in a hybrid power system following
multiple disturbance scenarios. The performance of the proposed BESS was assessed in accordance
with fulfilling the NEM criteria as mentioned in [35].
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5.1. Load Change Event

In this section, the objective is to assess BESS efficacy in strengthening the frequency response
of the grid following an abrupt change in load demand at a particular bus. A temporary 50% step
increase in load demand at Load A (bus 5) was applied during t = 0–0.75 s. The applied transient load
event would create frequency oscillations due to temporary imbalances between the electrical and
mechanical power of each generator.

Figure 7 depicts that without a BESS, the frequency of generator G1 dropped to a value of
49.416 Hz, which was beyond the grid defined limit (49.5–50.5 Hz) for a load event. Therefore, a 27 MW
BESS was incorporated at bus 4 to provide added oscillation damping to the system. The frequency
response of generator G1 illustrated in Figure 7 demonstrated that BESS in inertia or droop control
mode failed to achieve the minimum allowed frequency value for the load event. However, droop
control (49.478 Hz) performed better than the inertial control (49.435 Hz) of BESS in terms of lowest
frequency drop. On the contrary, combined IE- and PFC-regulated BESS delivered sufficient damping
to the system and recovered the frequency response within the minimum grid frequency periphery
(49.518 Hz). The frequency responses of generators G2 and G3 demonstrated similar performance.
As BESS was connected at the generator G1 terminal, the improvement in the case of G2 and G3 was
not as prominent as G1. The ROCOF values for different scenarios are outlined in Table 1. The aim was
to provide the same values of the inertia constant and droop to demonstrate comparative performances
in different frequency controller configurations. BESS as IE support showed a higher ROCOF value as
the considered inertia constant of BESS was small. It could be observed that there was a noticeable
improvement in slowing down the frequency drop, i.e., lowest ROCOF and highest fmin value that
defined the effectiveness of the proposed combined control of BESS.

Figure 7. The frequency (pu) oscillation of generators with the load event.

Table 1. The frequency results of G1 with the load event.

Mode No BESS IE PFC IE + PFC

PBESS (MW) N/A 12.343 26.589 27.2
QBESS (MVar) N/A 4.029 4.389 4.442
EBESS (MWh) N/A 0.00558 0.0137 0.0241
df/dt (Hz/s) 0.627 0.548 0.473 0.43

fmin (Hz) 49.416 49.435 49.478 49.518
SOC (pu) N/A 0.798 0.774 0.772

The response of PCC voltage presented in Figure 8 shows that BESS with combined control
performed better than without a BESS and independent of the IE-/PFC-controlled BESS, resulting in
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lower voltage drop during the load event periods. However, droop control demonstrated a slightly
better outcome right after the end of the load event. It is worth noting that as voltage was regulated
through droop control only, hence, the voltage responses in all three cases were very similar.

Figure 8. The voltage (pu) at the point of common coupling (PCC) with the load event.

The active and reactive power output of BESS is presented in Figure 9. As demonstrated in
Figure 9 and Table 1, BESS with IE and PFC provided better performance by delivering more power to
the system during the transient periods. However, the reactive power output was nearly the same
for all the control modes as the voltage control was droop-based regulation only. The sum of the total
energy exchange of BESS during transient periods (discharging as positive and charging as negative
value), as indicated in Table 1, exhibited that IE and PFC mixed control delivered more energy than
others and thus reflected lower SOC at the end of the transient periods. Therefore, the results indicated
that the proposed BESS control performed better and efficiently regulated the voltage and frequency
of the power system following an abrupt load change event.

Figure 9. The active and reactive power of BESS with the load event.

5.2. Generation Contingency Event

PV power output is subjected to intermittent and uncertainty, which require a sufficient level
of contemplation to maintain system reliability and security. To evaluate further the efficacy of the
proposed BESS control, the dynamic behaviour of the network was investigated following a temporary
reduction of the largest PV farm output. A 85% reduction of PV farm output was applied for the
duration of 0.2–3.2 s, and the comparative performance of the different BESS control modes was
evaluated. Figure 10 demonstrates that without a BESS, the minimum frequency reached the lowest
value of 49.307 Hz and thus exceeded the grid operating standards. On the contrary, the incorporated
BESS effectively supplied additional damping to the system that regulated the frequency deviation of
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the generators within ±0.5 Hz. Nevertheless, IE- and PFC-regulated BESS manifested a slightly better
frequency outcome, and this was clearly noticeable by taking a closer look at the lower minimum
frequency and ROCOF value, as shown in Table 2. This was an expected result, as IE provided an
immediate response to the frequency deviation before the droop controller came into action, and then,
the droop controller took control linearly; therefore, the combination of IE and PFC contributed to
providing better attenuation of the frequency derivative and minimum frequency nadir.

Figure 10. The frequency (pu) oscillation of generators with the generation event.

Table 2. The frequency results of G1 with the load event.

Operation Mode No BESS IE PFC IE + PFC

PBESS (MW) N/A 7.01 18.66 17.24
QBESS (MVar) N/A 0.145 0.326 0.271
EBESS (MWh) N/A −0.00136 0.05772 0.08961
df/dt (Hz/s) 0.833 0.526 0.433 0.394

fmin (Hz) 49.307 49.522 49.592 49.617
SOC (pu) N/A 0.8001 0.7602 0.7501

The voltage response at PCC shown in Figure 11 illustrated that the PCC voltage was not affected
much during the generation event. Therefore, the reactive power contribution was relatively small, as
illustrated in Figure 12. The BESS active power exhibited in Figure 12 showed that droop-controlled
BESS provided the maximum active power (18.66 MW) at a certain time. However, the overall
performance was not better than the combined IE- and PFC-regulated BESS control. The sum of total
energy supplied by BESS in different operation modes revealed that a higher amount of energy was
supplied by the assimilated IE- and PFC-regulated BESS, which also demonstrated better frequency
dynamic behaviour.

Figure 11. The voltage (pu) at PCC with the generation event.
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Figure 12. The active and reactive power of BESS with the generation event.

5.3. BESS Recharging with FDSR

Battery SOC changes due to the exchange of BESS power with the grid and also the inherent
self-discharging characteristics of the battery. Therefore, SOC recharging facility is required to ensure
the battery is charged enough to participate in exchanging power whenever it is needed. A 15 Ah
battery capacity and a charging current of 0.05 pu were used to demonstrate the proposed SOC
recovery strategy (FDSR). In order to simulate the SOC recovery strategy, a permanent 20% load
growth was applied at Load A at time t = 0 s. This would result in a reduction in grid frequency, and
as the frequency dropped lower than the deadband limit, BESS action took place. BESS would inject
power to the grid to improve grid frequency as long as it had sufficient SOC. Once battery SOC reaches
the minimum SOC, battery needs to be charged. The comparative results of the conventional approach
and the proposed SOC recovery strategy are demonstrated in Figure 13a–d.

Figure 13. Generator frequency (a,b) and battery SOC (c) and bus voltage (d) with the SOC
recharging strategy. FDSR, frequency-dependent SOC recovery; LB, large BESS.

Figure 13c shows that at approximately t = 15 s, battery SOC reached the minimum SOC and the
battery stopped injecting power to the grid according to the design constraints, as in (11). As the battery
reached the minimum SOC, this resulted in a frequency reduction to 49.83 Hz before it finally recovered
to the deadband boundary. With the conventional SOC recovery method (w/out FDSR), the battery
started to recharge immediately as soon as the battery reached the minimum SOC. The battery would
consume energy from the grid to be recharged, and this dragged down more the already lowered
frequency to 49.82 Hz for the generators (G1, G2), as illustrated in Figure 13a,b. However, with the
proposed FDSR, the battery did not participate in battery recharging, i.e., it consumed energy from
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the grid until the grid frequency reached the deadband boundaries ( fgrid ≥ 0.997 pu), i.e., within the
nominal grid operation limit, which was at about t = 37.5 s. It can be seen that there were ups and
downs in the frequency response during FDSR-based charging. This was due to the fact that when
the frequency was equal to or greater than 0.997 pu, the battery attempted to charge and consumed
energy from the grid; this caused the frequency to drop below 0.997 pu, and battery stopped charging
immediately and waited until the frequency reached 0.997 pu. This continued until SOC reached the
maximum SOC.

In order to further demonstrate the effectiveness of the proposed FDSR approach, a higher
charging current and rated BESS power capacity were applied, which exemplified the high power
capacity of BESS for SOC recovery. The large BESS (LB) converter (50 MW) with a battery capacity
of 2.5 Ah and in response to the same load growth frequency response was slightly better, but at
the expense of a faster reduction in battery SOC. With LB and a charging current of 0.5 pu and
without FDSR (LB), the battery started consuming energy immediately (approximately at t = 20.4 s)
for recharging. It can be seen that due to the consumption of higher energy from the grid, the grid
frequency considerably reduced to a lower value (49.745 Hz). However, with the proposed FDSR
(LB), BESS delayed its battery charging until the grid frequency satisfied the FDSR constraints and
thus avoided impacting the grid frequency negatively during SOC recovery. In addition to grid
frequency, PCC voltage was also affected by the uncontrolled battery charging (w/out FDSR (LB)).
Without the proposed FDSR, the PCC voltage reduced to 1.0047 pu from its pre-charging voltage
of 1.0075 pu, as depicted in Figure 13d. On the contrary, PCC voltage drop was limited to 1.0069
with FDSR (LB), which showed a significant improvement in the grid voltage. These observations
clearly indicated that without the proposed FDSR, SOC recovery could hamper the performance
of the controller and degrade grid performance instead of enhancing it. With larger BESS capacity,
the consequences could be severe for the already seriously affected grid in terms of frequency and
voltage. On the contrary, FDSR ensured that battery recharging took place when the grid frequency
was stable and thus overcame the negative impact of the conventional SOC recovery strategy on both
voltage and frequency.

5.4. Single-Phase-to-Ground Fault

In order to demonstrate the efficacy of the proposed BESS control design in fault conditions,
a single-phase-to-ground fault event was carried out. The fault was applied at bus 4 for a duration of
t = 0–150 ms. The performance of the generators, the bus voltage at bus 4, and BESS power output are
illustrated in Figures 14–16. The frequency of generators G1 and G2 as shown in Figure 14 indicated
that the system experienced the highest rise and lowest drop in frequency without a BESS. However,
it was observed that the comparative performance of various BESS control approaches was a mix
of experience in terms of frequency rise and drop throughout the transient periods. The droop and
combined control of BESS demonstrated a similar level of superior performance compared to the
inertia-controlled BESS in terms of frequency rise and without a BESS condition. It is worth noting that
for the studied contingency event, the frequency did not violate the mandatory grid limit of ±0.5 Hz
for both the frequency and df/dt, as illustrated in Table 3.

On the contrary, the inertia and combined control manifested slightly better response in regards
to the voltage drop between t = 0.6–0.75 s. In contrast, the droop and combined control exhibited
a superior frequency drop response during t = 1.3–1.45 s, as shown in Figure 14. Furthermore,
the proposed method established the superior performance for df/dt having the lowest value.
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Figure 14. The frequency (pu) oscillation of generators with a single-phase-to-ground fault.

Table 3. The frequency results of G1 with a single-phase-to-ground fault.

Operation Mode No BESS IE PFC IE + PFC

PBESS (MW) N/A 26.595 12.98 22.163
QBESS (MVar) N/A 26.147 26.781 23.167
EBESS (MWh) N/A −1.924 −0.539 −1.922
df/dt (Hz/s) 0.335 0.275 0.307 0.269

fmin (Hz) 49.678 49.715 49.7 49.71
SOC (pu) N/A 0.8001 0.7602 0.7501

The voltage responses as shown in Figure 15 exhibited that BESS provided enhanced performance
as compared to without a BESS in all control modes, and the voltage response was almost identical
for all control designs throughout the transient periods. Nonetheless, droop-controlled BESS handled
the frequency rise more effectively than the combined-controlled BESS. The amount of reactive power
participation was substantial as the voltage oscillations were very high for this particular contingency
event, as shown in Figure 16. BESS active power as shown in Figure 16 delineated that the inertia and
combined control regulated the output more effectively than the droop control, which was reflected in
the frequency of generators and df/dt, as shown in Figure 14 and Table 3, respectively.

Figure 15. The voltage (pu) oscillation of generators with a single-phase-to-ground fault.
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Figure 16. The active and reactive power of BESS with a single-phase-to-ground fault.

6. Conclusions

In this paper, BESS was designed to provide voltage and frequency support and improve the
stability of the grid. An enhanced consolidated IE- and PFC-regulated frequency controller and
droop-regulated voltage controller were presented for supporting both the frequency and voltage
stability with a high penetration of renewable sources. In addition, a novel frequency-dependent
battery SOC recovery strategy was also suggested that allowed the battery to be recharged without
imposing a negative impact on grid frequency. The battery was recharged when BESS was in idle
mode and SOC was above the specified threshold or below the minimum SOC.

The simulation results of the comparative performances demonstrated that in comparison to
individual IE or PFC service, the proposed amalgamated frequency controller performed the best in
regulating the frequency response. The lower ROCOF and higher minimum frequency values were
achieved with the proposed controller. As expected, IE with PFC service entailed a higher energy
rating of BESS as this required BESS operation for longer periods. Furthermore, BESS exhibited a lower
voltage drop than without a BESS during the contingency periods. Moreover, without FDSR, SOC
recovery could have a severe impact on grid frequency and voltage as the battery consumed energy
from the grid, which could be severe with high battery capacity and poor grid frequency. Nevertheless,
the proposed FDSR demonstrated effective SOC recovery without negatively affecting either the grid
frequency or voltage as FDSR delayed the battery recharging until the grid frequency was restored to
the nominal operation limit.
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Appendix A

Battery parameters: Initial SOC = 0.8 pu, battery cell capacity = 200 Ah, parallel cells = 65, nominal
source voltage = 0.9 kV, internal resistance (Ω) = 0.001 pu. PI parameter: kd = 1.5, Tid = 0.01, kq = 2,
Tiq = 0.01, ich = 0.035. Current controller PI parameter: kd = kq = 1, Tid = Tiq = 0.001.

Network parameters: PV Farm A = 69 MW, PV Farm B = 45 MW, Wind Farm A = Wind Farm
B = 50 MW.
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