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Power systems would face issues in system frequency stability when high scales of
variable renewable energy generation are integrated in them. Battery energy storage
systems (BESSs) with advanced control capability and rapid control response have
become a countermeasure to solve the issues in system frequency stability. This
research addresses a flexible synthetic inertial control strategy of the BESS to enhance
the dynamic system frequency indices including the frequency nadir, settling frequency,
and rate of change of the system frequency. To this end, the control loops based on the
frequency excursion and rate of change of the system frequency are implemented into the
d-axis controller of the BESS. The adaptive control coefficient of both control loops could
be adjusted according to the instantaneous state of charge (SOC) so that it can inject more
power to the grid at a higher SOC. The benefits of the proposed combined inertial control
strategy are investigated with various sizes of disturbance and SOCs of the BESSs.
Results successfully illustrate that the proposed combined inertial control strategy of the
BESS is capable of enhancing the system frequency stability so as to promote variable
renewable energy accommodation.

Keywords: variable renewable energy, synthetic inertial control strategy, BESS, power system control, dynamic
frequency indices

INTRODUCTION

As air pollutants and energy shortage have become significant around the world, variable renewable
energy with characteristics such as sustainability and low/zero pollution, which includes wind power
generation and photovoltaic power generation, is broadly applied to the electric power grid
(Ackermann, 2012; Xiong et al, 2020). This growing trend, however, has raised security
challenges on the power gird, e.g. frequency stability, voltage stability, and dynamic supporting
capability issues (Xiong et al., 2022; Huang et al., 1109; Machowski et al., 2008). Variable renewable
energy units connect to the electric power grid through power electronic devices in order to achieve
advanced control capability such as maximum power point tracking operation (MPPTO) and
decoupled control between the active power and reactive power (Ajjarapu et al., 2010; Yang et al.,
2018). However, the units of variable renewable energy are limited in providing the dynamic
frequency support capability including inertial response and primary frequency regulation (Kim
etal, 2019a; Yang et al., 2022). This is because these units are decoupled to the system frequency and
operate in MPPTO; as a result, the dynamic system frequency indices (DSFIs) including the
frequency nadir, maximum rate of change of the system frequency, and settling frequency become
worse (Lee et al., 2016; Dreidy et al., 2017). With increasing penetration levels of renewable power
generation, this phenomenon becomes more severe that the underfrequency load shedding relays
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FIGURE 1 | Frequency regulation strategies of a synchronous generator
(Tto, 2010).

might be activated to avoid system frequency collapse due to the
larger frequency nadir and maximum rate of change of the system
frequency (Concordia et al., 1995; Ye et al.,, 2019). Frequency
instability has become an issue that needs to be solved urgently.

The use of battery energy storage systems (BESSs) can be a
feasible solution for enhancing the DSFIs because BESSs have
rapid control response, advanced control capability, and
bidirectional regulation capability (Zhao et al, 2015; Kim
et al., 2019b). Mercier et al. (2009) suggested a control strategy
of a BESS to provide frequency regulation with the purpose of
minimizing the use of the BESS. In another study (Ma et al,
2017), the authors suggested that the SOC of the BESS should be
retained within a stable range to avoid unexpected damage when
performing frequency regulation. To address such limitations, an

Enhanced Inertial Control Strategy of BESS

SOC feedback control strategy is suggested in the study by Stroe
et al. (2017) and Shim et al. (2018) to avoid overcharging/
discharging of the BESS. The authors of another study (Obaid
et al., 2020) suggested a hierarchical control strategy of the BESS
to provide frequency regulation capability; however, the control
coefficient is fixed, which might limit the benefits of improving
the DSFIs and result in overcharging of the SOC.

To solve the issue of reduction in the inertia time constant and
capability of the primary frequency regulation when a large
amount of renewable power generation is integrated in a power
grid, this study addresses an SOC-based flexible synthetic inertial
control strategy of the BESS with the aim of improving the DSFIs.
To do this, the control loops based on the frequency excursion and
df/dt are applied to the controller of the BESS. The adaptive control
coefficient of both control loops is adjusted according to the
instantaneous SOC so as to inject more active power to the grid
at a higher SOC. Based on the EMTP-RV (electromagnetic
transient program restructured version) simulator, the benefits
of the proposed flexible synthetic inertial control strategy are
explored under various sizes of disturbance and SOCs of the BESS.

FREQUENCY REGULATION OF A
SYNCHRONOUS GENERATOR

If a severe disturbance happens in a power grid, the synchronous
generators inherently release their rotational energy to
counterbalance the power deficit as inertia response (IR) so that
the system frequency declines. The system inertia time constant
determines the initial df/dt (Kim et al, 2019¢c); after that, the

Inverter

i,

-
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FIGURE 2 | Control system of the BESS.
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FIGURE 3 | Combined inertial control strategy of the BESS.

synchronous generators with primary frequency regulation (PFR,
governor response) increase their mechanical input power to arrest
the frequency decay and stabilize the dynamic system frequency; the
control coefficient of the PFR determines the frequency nadir (f,,,4:)
and settling frequency (Tto, 2010); then, the synchronous generators
with secondary frequency regulation (SFR) increase their
mechanical input power further to remove the frequency error,
as illustrated in Figure 1. The processes of the IR and PFR can be
represented as in the following equations:

d sys
APin, SG = 2Hsys%a (1)
A
APdmop,SG = _f> (2)
RSG

where Hg,, fo)»» and Rgg are the system inertial time constant,
system frequency, and control coefficient of the PFR, respectively.
AP;, sg and APg.,. sg are the power variation of the
synchronous generator during IR and PFR, respectively. Af is
the system frequency excursion.

CONTROL OF THE BESS

As illustrated in Figure 2, the grid voltage-oriented vector control
scheme is implemented in the BESS to achieve decoupled control

Jos
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FIGURE 4 | Proposed combined inertial control strategy of the BESS
with an adaptive control coefficient.

between the d-axis and q-axis by adjusting the currents of the d-axis
and g-axis (Wu et al, 2017). The d-axis component and qg-axis
component focus on regulating the active power and reactive power
injected to the electric power grid, respectively. The inertial control
strategy generates the active power reference for the outer power
controller of the d-axis. Furthermore, as shown in Figure 2, a phase-
locked loop is used to detect the grid voltage and angle frequency in
order to passively synchronize the BESS with the electric power grid.

PROPOSED COMBINED INERTIAL
CONTROL STRATEGY OF THE BESS

Influences of the Large-Scale Variable
Renewable Power Generation Penetrated
Power System on the Dynamic System

Frequency Indices
The inertia time constant of a synchronous generator can be
represented as (Kundur, 1994).

2
) 3)

where Js; and wgg are the moment of inertia and rated rotational
speed of the synchronous generator, respectively. Hgg and Sgg are
the inertia time constant and capacity of the synchronous
generator, respectively.

When large scales of variable renewable power generation (wind
power and photovoltaic power) are integrated, the equivalent inertia
time constant of the power system can be rewritten as

1 2 1 2
3 scWsg + 3 ReWrg

He u =
a Ssc + Sgre

(4)
where Jpr and wgp are the moment of inertia and rated
rotational speed of the variable renewable power generation,
respectively. Sggp is the capacity of the variable renewable
power generation.

The control coefficient for the governor response of the
synchronous generator is represented as

Af

RSG ="
AP droop, SG

(5)
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FIGURE 5 | Modified IEEE 14-bus system embedded with a wind farm,

photovoltaic power plant, and BESS.

TABLE 1 | Summary of case 1 and case 2.

Indices Control Schemes Case 1 Case 2
Maximum df/dt (Hz/s) Proposed -0.315 -0.663
Fixed (50) -0.340 -0.735
Fixed (20) -0.349 -0.773
No control scheme -0.364 -0.781
Maximum frequency excursion (Hz) ~ Proposed 59.521 59.007
Fixed (50) 59.455 58.861
Fixed (20) 59.432 58.808
No control scheme 59.395 58.771
Settling frequency (Hz) Proposed 59.792 59.559
Fixed (50) 59.782 59.5637
Fixed (20) 59.778 59.529

No control scheme 59.773 59.524

The control coefficient of the governor response in per unit
(the base value is Sgg) is represented as

Af/fx  Af xS

R, = - .
5 APclroop,SG/SSG fN X APdroop,SG

(6)

In a large scale of variable renewable power generation integrated
power system, the equivalent control coefficient of governor
response with a base value of Sgg + Sggr can be expressed as
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FIGURE 6 | Resullts for case 1. (A) System frequency. (B) Output power
of the BESS. (C) SOC of the BESS. (D) Control coefficient for control loops.

R = Af/fN _ Af x (Ssg + Ssc) )
SG = = :
APgro0psa / (Ssc +Sre) SN X APuroopsc

During the traditional control logic, the photovoltaic power
generation and wind power generation units are operating in
MPPTO, so they are unable to participate in inertia and governor
responses. In Eq. 4, there are two components in the molecule,
which are the components of the synchronous generators and
variable renewable energy units, respectively. Once the variable
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FIGURE 7 | Results for case 2. (A) System frequency. (B) Injected power of the BESS. (C) SOC of the BESS.

renewable energy units are unable to provide inertia control and
primary frequency responses, the molecule becomes small so that
the equivalent inertia constant becomes weak. Similar to (4), the
denominator of (7) becomes small so that the control coefficient

becomes large, and furthermore, the primary frequency
regulation capability becomes weak. As a result, the dynamic
indices of the system frequency including maximum df/dt,
frequency nadir, and settling frequency become worse. This
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phenomenon becomes severe with increasing penetration of the
renewable power generation.

Inertial Control Strategy of the BESS

As mentioned above, the BESS has advanced control capability
and rapid control response; due to the use of power electronic
devices, it would become a countermeasure to solve the issues in
system frequency stability. This implies that the BESS can
inject additional power to the grid or absorb the power from
the grid when the BESS is in the discharging mode or
charging mode.

To strengthen the frequency stability, a combined inertial
strategy including the rate of change of the system frequency
(df/dt) control loop and frequency deviation (Af) control loop
is implemented in the d-axis of the BESS, as shown in
Figure 3.

As studied in by Hwang et al. (2016), in the initial period
of disturbance, df/dt has the maximum value while Af is
almost zero, so the df/dt control loop is dominant for
supporting the dynamic frequency; as time goes on, df/dt
decays to zero and while Af becomes maximum value at the
frequency nadir, so the Af control loop is dominant for
supporting the DSFIs.

As shown in Figure 3, the output of the top control loop
(AP;,,), which emulates the inertia response of the synchronous
generator, is able to be written as

d f sys
dt -
The output of the bottom control loop (APg,0p), Which

emulates the droop control of a synchronous generator, can be
expressed as

AP;, = -Kj, - fsys ' (8)

APdroop = _Kdroop(fsys - fnom)

9
= _KdroopAf) ( )

where Af and f,,,, are the system frequency excursion and the
rated frequency represented in per unit, respectively.

During the inertial control period, the injected power (Pggss)
from the BESS to the frequency drop can be represented as

Pt = Ppgss = Pip + Pdroop

df oy (10)

= _Kin'fsys' dt

- KdroopAf-

There are two components in Eq. 10, which are the outputs of
the df/dt control loop and frequency deviation control loop. The
discharging mode is taken as an example; the signs of df/dt and
frequency deviation are negative, so the negative sign is included
in Eq. 10; the BESS can feed the power to the grid with a
decreasing SOC, which is defined as the ratio of the
instantaneous charge to the total charge in a fully charged
state. The BESS retains the stable operation of the SOC, and
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this means that the SOC should be betweeen SOC,,,, and SOC,i,
(Ma et al., 2017). The incremental power of the BESS depends on
the control coefficients (Kj, and Kg.oop) in Eq. 10. Thus, to
improve the inertial control capability, when designing the
control coefficients, the df/dt control loop and Af control loop
should be considered (See in Figure 4).

K = K, (SOC - SOC in), (11)

where SOC minus SOC,,,;, means the potential for inertial control;
Ky is the adjustable factor for the inertial control strategy of
the BESS.

In Eq. 11, there are two characteristics of the proposed control
coefficient. The first characteristic is that the control coefficient
increases with the SOC so as to flexibly utilize the capability of the
BESS. The second characteristic is that the control coefficient
decreases with the SOC; when SOC= SOC,,,, the control
coefficient is zero, so the BESS would not feed the active
power to the power grid; thus, the SOC would not decrease
below SOC.;, and further prevent the BESS from
overdischarging. The control coefficients in Eq. 11 can be used
for the df/dt control loop and Af control loop; thus, the
proposed combined inertial control strategy of the BESS
employing the adaptive control coefficient is able to improve
the system frequency stability and prevent the BESS from
overdischarging under low SOC conditions.

MODEL SYSTEM

Figure 5 illustrates the modified IEEE 14-bus system integrated
with variable renewable energy generations, which is used to
explore the benefits of the proposed combined inertial control
strategy of the BESS based on an EMTP-RV simulator. It
includes an aggregated doubly-fed induction generator
(DFIG)-based wind farm, photovoltaic power plant, and
BESS, five traditional synchronous generators, and static
loads. The total static load for all buses is set to 600.0 MW
and 57.4 MVAr. All traditional synchronous generators are
modeled as steam turbine generators by employing the
IEEEGI1 steam governor model (type B) with a droop setting
of 5% (see Figure 6) (Yang et al., 2021). The capacity of the BESS
is 5.0 MWh when connected to the power grid by a 5 MW DC/
AC inverter with SOCs of 50 and 25%. The SOC,,., and SOC,,;,,
are set to 90 and 10%, respectively.

The wind farm and photovoltaic power plant are in the
maximum power point tracking operation, and as a result,
only the BESS participates in the inertial control of the
frequency drop.

The dynamic system frequency indices (frequency nadir,
maximum df/dt, and settling frequency) of the proposed
combined inertial control strategy with an adaptive control
coefficient are compared to that of the inertial control strategy
with fixed coefficients (20 and 50) and without a control
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strategy. They are represented as “proposed,” “fixed (50),”
“fixed (20),” and “w/o control” in the following
explanations. In this section, since the system frequency
indexes are related to the sizes of disturbance and SOCs of
the BESS, the effectiveness of the proposed scheme is indicated
by using case 1 and case 2 with various disturbances. The
effectiveness of the proposed scheme is presented under SOCs
of the BESS using case 1 and case 3.

Case 1: Disturbance of 60 MW With an Initial

SOC of 50%
As displayed in Figure 6A and Table 1, if there is no control

scheme implemented in the BESS, the dynamic system
frequency indices (maximum df/dt, frequency nadir, and
settling frequency) are -0.364Hz/s, 59.395Hz, and
59.773 Hz, respectively. When the BESS implemented the
inertial control strategy with fixed control coefficients (20
and 50), the dynamic system frequency indices are
improved to -0.349 Hz/s, 59.432Hz, and 59.778 Hz, and
-0.340 Hz/s, 59.455 Hz, and 59.782 Hz, respectively. This is
because the BESS could feed a certain amount of active power
to the grid to counterbalance the disturbance. When the BESS
implemented the proposed inertial control strategy with an
adaptive control coefficient, they are improved to —0.315 Hz/s,
59.521 Hz, and 59.792 Hz, respectively, since more power is
fed to the grid by employing the adaptive control coefficient in
Eq. 11.

The peak values of the injected power from the BESS of the
fixed control coefficients (20 and 50) are 1.1 and 2.7 MW,
respectively. The values of the injected power from the BESS
during the steady state are 0.5 and 0.9 MW, respectively (see
Figure 6B). These are the reasons that the inertial control
strategy with a fixed control coefficient can enhance the
dynamic system frequency indices. With an increasing
coefficient, the benefits of improving the dynamic frequency
indices become better. In the proposed inertial control strategy
with an adaptive coefficient, the peak value of the injected
power and value during the steady state are 7.1 and 3.6 MW,
respectively. As a result, the reduction in the SOC of the
proposed inertial control strategy is larger than that of
other strategies, as illustrated in Figure 6C.

Case 2: Disturbance of 120 MW With an
Initial SOC of 50%

Compared with case 1, a severe disturbance is employed to
explore the performance of the proposed inertial control
strategy of the BESS.

The dynamic system frequency indices of “w/o” are
-0.781 Hz/s, 58.771Hz, and 59.524 Hz, respectively, which
become worse due to the severe power deficient, as shown in
Figure 7. When the BESS implemented the fixed control
coefficient inertial control strategy, the injected powers of the
BESS increase to 2.2 and 5.9 MW and then decrease to 0.9 and
2.0 MW; as a result, the dynamic system frequency indices are

Enhanced Inertial Control Strategy of BESS

improved to -0.773 Hz/s, 58.808 Hz, and 59.529 Hz, and
—0.735 Hz/s, and 58.861 Hz, and 59.537 Hz, respectively. When
the BESS implemented the adaptive control coefficient inertial
control strategy, the injected power of the BESS increases to
14.2 MW and then decreases to 5.6 MW; as a result, the dynamic
system frequency indices are improved to -0.663 Hz/s,
59.007 Hz, and 59.559 Hz, respectively.

Compared with those of case 1, the proposed synthetic
inertial control strategy is able to improve the dynamic system
frequency indices because of the increased df/dt and frequency
excursion (see Table 1). Thus, the proposed synthetic inertial
control is adaptive to the sizes of the disturbance.

Case 3: Initial SOC of 25%

Figure 8 and Figure 9 illustrate the simulation results when the
BESS is with a low initial SOC of 25% under various sizes of
disturbances. Compared to case 1 and case 2, due to the low
initial SOC, even though the adaptive control coefficient
become low compared to that of case 1 and case 2, the
proposed inertial control strategy with an adaptive control
coefficient could improve the dynamic system frequency
indices. In a small disturbance, compared to the fixed
control coefficient strategy, the indices are improved to
-0.341 Hz/s, 59.474Hz, and 59.785Hz, respectively (see
Figure 8). In addition, the dynamic indices are increased to
—-0.713 Hz/s, 58.900 Hz, and 59.540 Hz, respectively (see
Figure 9). Consequently, the proposed synthetic inertial
control strategy is able to improve the frequency stability
even in a low initial SOC situation.

CONCLUSION

To solve the frequency stability issue when a large amount of
renewable power generation is integrated in a power grid, this
study addresses an SOC-based flexible synthetic inertial control
strategy of the BESS to improve the dynamic system frequency
indices. To do this, the control loops based on the frequency
excursion and df/dt are implemented into the controller of the
BESS. The adaptive control coefficient of both control loops is
adjusted according to the instantaneous SOC so as to inject more
active power to the grid at a higher SOC. The control coefficient is
a linear function of the SOC, which is easy to implement. The
benefits of the proposed combined inertial control strategy are
investigated with various sizes of disturbance and SOCs of the
BESSs.

Simulations based on EMTP-RV clearly illustrate that the
proposed synthetic inertial control strategy of the BESS is able to
enhance the dynamic system frequency indices in terms of
improving the maximum df/dt, frequency nadir, and settling
frequency. With the increasing sizes of disturbance, the
frequency excursion and df/dt become severe; consequently,
the benefits for enhancing the dynamic frequency indices
become better. In addition, the proposed synthetic inertial
control strategy could enhance the dynamic frequency indices
in a lower scenario.
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