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Driven by the carbon peaking and carbon neutrality target, the large-scale grid-connected of renewable energy such as wind and
solar has increased, and the volatility and randomness have posed new challenges to the stability of the power grid frequency. In
this case, battery energy storage is a grid auxiliary resource with fast response and adjustable parameters, which can provide
frequency support for the grid system in a short period. This paper studies the frequency regulation strategy of large-scale battery
energy storage in the power grid system from the perspectives of battery energy storage, battery energy storage station, and battery
energy storage system, respectively. First of all, the droop control based on logistic function and the virtual inertia control based on
piecewise function are proposed for battery energy storage frequency regulation, which improves the performance of battery
energy storage power output effectively. Second, the weighting factor is set according to the current battery charge to achieve the
most optimal distribution of frequency regulation power for each battery pack in the battery energy storage station. In the end, a
control framework for large-scale battery energy storage systems jointly with thermal power units to participate in system
frequency regulation is constructed, and the proposed frequency regulation strategy is studied and analyzed in the EPRI-36 node
model. The results of the study show that the proposed battery frequency regulation control strategies can quickly respond to
system frequency changes at the beginning of grid system frequency fluctuations, which improves the stability of the new power
system frequency including battery energy storage. In addition, this paper also provides a certain reference for the construction of
the new power system dispatching that integrates “Generation-Grid-Load-Storage” in the future.

1. Introduction

As the world is draining fossil energy such as oil and coal, the
transformation of the energy consumption structure has
become a global consensus. Driven by China’s carbon peak
and carbon neutrality target, the country’s energy system has
developed toward one that is clean, low-carbon, safe, and
efficient, and a new power system dominated by new energy
has been set up [1, 2]. However, the new energy sources
connected to the grid do not have the ability to participate in
grid frequency regulation, which can put the grid frequency
at great risk and even cause severe power outages [3]. On
August 19, 2019, for example, Hornsea offshore windfarm

suffered a massive outage due to a chain trip that caused the
frequency to fall out of the normal range, which led to power
outages in parts of England and Wales for up to 1.5 hours
[4, 5]. To this end, it is thus clear that maintaining the
frequency stability of the power grid system is the prereq-
uisite of its normal operation.

At present, scholars at home and abroad have conducted
a lot of research on the frequency response of new energy
sources connected to the grid. Literature [6] proposes a
comprehensive control method including rotor kinetic
energy control and pitch angle control to achieve a DFIG
responding to system frequency changes directly in the full
wind speed range. Literature [7] proposes an optimal
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strategy for wind turbine generator auxiliary frequency
control using rotor kinetic energy. The optimal frequency
regulation control method for wind turbine generators is
implemented in the case of insufficient rotor kinetic energy
by adjusting the power output curve of the wind turbine
generator. Regarding photovoltaic power generation sys-
tems, a new maximum power point tracking method based
on the parameters of power deviation, voltage difference,
and duty cycle change is proposed for photovoltaic systems
in literature [8]. This method ensures that the power output
of the photovoltaic power system is stable around the
maximum power point and provides stable power support.

The research results of the abovementioned authors
provide a reference basis for the new energy sources’
frequency regulation. Nevertheless, the forecast of wind
power and photovoltaic power involves many influenc-
ing factors, which still have some errors between the
forecast and the actual. Besides, new energy sources do
not provide the same stable power support as conven-
tional energy sources when encountering extreme
weather conditions such as no wind and no sun. For this
reason, it is necessary to have other forms of spare ca-
pacity to participate in grid frequency regulation tasks.
The battery energy storage system has the advantages of a
high climbing rate, fast response speed, and high control
accuracy, which can make up for the lack of active power
in the grid system effectively [9]. On the one hand,
battery energy storage can assist conventional units to
maintain the frequency stability of the grid system;
otherwise, battery energy storage can also be used as a
separate frequency regulation power source to com-
pensate for the frequency fluctuations caused by new
energy grid connection [10, 11].

Meanwhile, research on energy storage participating
in system frequency regulation has been carried out. In
literature [12], the rule-based fuzzy logic controller of the
battery energy storage is proposed for coordinated fre-
quency and voltage support. The method was tested on
the IEEE 33-node distribution network and the results
showed that the battery energy storage could provide
both frequency and voltage regulation support to meet
the operating limits. Literature [13] proposes a coordi-
nated frequency control strategy with rotor kinetic en-
ergy and supercapacitor energy storage, which uses rotor
kinetic energy and supercapacitor to achieve inertial and
droop characteristics similar to synchronous machines
respectively, and ensures that the doubly-fed turbine
provides a durable output when the system frequency
fluctuates. Literature [14] investigated the performance
of battery energy storage participating in the frequency
regulation of the all-island Irish transmission system,
and the results showed that sufficient capacity of battery
energy storage can reduce grid frequency fluctuations
effectively. The fuzzy theory approach was used to study
the frequency regulation strategy of battery energy
storage in the literature [15], and an economic efficiency
model for frequency regulation of battery energy storage
was also established. Literature [16] proposes a method
for fast frequency regulation of battery based on the
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amplitude phase-locked loop. Moreover, the method
designs the battery to participate in primary frequency
regulation and inertia emulating control based on the
grid frequency deviation and differential signals detected
by the amplitude phase-locked loop so that the battery
can obtain better dynamic support performance. In lit-
erature [17], the frequency regulation model of a large-
scale interconnected power system including battery
energy storage, and flywheel energy storage system was
studied. The effect of communication delay on frequency
regulation control and the battery is analyzed by building
a detailed model of the battery energy storage system.

In the abovementioned literature, the method of
energy storage participating in frequency regulation has
been studied only from a single perspective and factors
such as battery charge and frequency drop deviation have
not been considered. Also, there is also no in-depth study
on the issue of battery pack power distribution in the full
charge range and the cooperation between battery energy
storage and conventional units. Hence, it is difficult to
reasonably assess the advantages and disadvantages of
battery energy storage participating in system frequency
regulation. For this reason, this paper studies the fre-
quency regulation control strategy concerning the large-
scale BESS jointly with the thermal power units from
aspects of the battery energy storage, the battery energy
storage station, and the battery energy storage system,
respectively. In addition, the research results also pro-
vide an approach for the dispatching control of the power
grid system and also lay a theoretical foundation for the
subsequent construction of a new “Generation-Grid-
Load-Storage” power system.

The contribution of this paper is summarized as
follows: (1) Two conventional frequency regulation
methods are improved according to the battery charge,
and the energy storage system can select the frequency
regulation control strategy adaptively according to the
system frequency drop deviation. (2) The method of
battery pack distribution based on weight factor is
proposed to achieve the optimal distribution of battery
pack output power in the full charge range. (3) The
frequency regulation control framework for battery
energy storage combined with thermal power units is
constructed to improve the frequency response of new
power systems including energy storage systems.

The remainder of this paper is organized as follows.
Chapter 2 describes the control method and strategy of
battery energy storage frequency regulation and establishes
two models of improved droop control and improved virtual
inertia control with the feedback of battery SOC. Chapter 3
studies the power optimal distribution control strategy of
each battery pack participating in the system frequency
regulation from the battery energy storage station level. In
Chapter 4, the frequency regulation control framework of
battery energy storage-thermal power coordinated partici-
pation system is constructed. Chapter 5 verifies the capa-
bility of the battery energy storage-thermal power
coordinated frequency regulation strategy through the
EPRI-36 node model. Chapter 6 concludes this paper.
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2. Battery Energy Storage Frequency Regulation
Control Strategy

The battery energy storage system offers fast response speed
and flexible adjustment, which can realize accurate control at
any power point within the rated power. To this end, the
lithium iron phosphate battery which is widely used in
engineering is studied in this paper.

At present, the battery energy storage responds to fre-
quency mainly by simulating the droop characteristics and
inertia characteristics of the synchronous generator unit.
The output power of the battery energy storage is adjusted
according to the system frequency deviation to keep the
system frequency stable [18]. Considering that the power
output of the energy storage system is closely related to the
battery SOC, using a larger charge-discharge coeflicient will
not only send the SOC over the limit but also shorten the life
of the battery; yet, a smaller charge-discharge coefficient will
be a drag on the output and make it hard to stabilize output
power. Therefore, the droop control and virtual inertia
control are improved based on battery SOC in this paper.
Also, the improved strategy can maintain stable battery
power output and reduce the damage to battery life from
overcharge and overdischarge.

2.1. Improved Droop Control Strategy Based on Logistic
Function. Droop control is one of the classical strategies for
battery energy storage to participate in the frequency reg-
ulation of the power grid. The battery energy storage outputs
active power through the droop control link, which can be
expressed as follows [19]:

AP, = -K,; + Af, (1)

where K} is the droop control coefficient; Afis the frequency
deviation of the power grid; AP, is the increment of active
power when the droop control strategy is applied to the
battery energy storage.

The droop control with a fixed coefficient proves effective
in frequency regulation when the system suffers a short-time
load disturbance or when the SOC is sufficient. However, if
such load disturbance lasts for a long time, fast charging and
discharging will not only affect the working life of the battery
but also send the frequency downward due to insufficient
energy storage output.

In view of the above problems, this paper proposes a
dynamic SOC droop control strategy for battery energy
storage based on logistic function. The active power output
of the battery is further adjusted by modifying the droop
coefficient by the battery SOC feedback. The control block
diagram is shown in Figure 1.

While preventing the overcharge and overdischarge of
the battery energy storage, this strategy reduces the impact
on the system when the battery energy storage exceeds the
limit. In Figure 1 logistic function, the solid and dashed lines
represent the discharge and charging conditions of the
battery energy storage, respectively. Taking the discharge of
the battery energy storage as an example, the discharge curve
takes up a downward spiral. With the sufficient charge of the
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FIGURE 1: Improved droop control based on logistic function.

battery energy storage, the droop coefficient remains large,
ensuring the rapid output of the battery energy storage; as
the charge of the battery energy storage declines, the droop
coefficient also decreases, and the discharge slows down. In
that case, the charge is stabilized, which avoids over-
discharge of the battery energy storage. The expression for
the logistic function is as follows [20].

KPe"

Ey E,

(2)

where P, is the initial value, the larger the P, the shorter the
saturation time; K is the final value; v is an index that is used
to measure the speed of curve change, the greater the value of
v, the faster the growth. Through calculation, it is most
suitable to take P, as 0.02 and v as 10 in this paper. Taking
Ssoc as an independent variable, and P, and v as parameter
variables, the expressions of the improved droop coeflicient
based on the logistic function are as follows [20]:

Battery discharging:

K Poev (Ssoc_ Smin)/ (Shigh _Smin)
max

Kaa = ) 3
Kmax + PO (eV (Ssafsmin)/ (shighismi“) -1 ) ( )
Battery charging:
KmaXPO ev (Smax7 Ssoc )/ (Smax 7slow)
K dec = (4)

b
K. +P, (e" (Smax=Ss0c)! (Smax=Siow) _ 1 )

where K;; and K, are the improved droop control coeffi-
cients for battery discharging and charging, respectively;
Kiax is the final value of the improved droop coefficient;
Ssoc is the current battery state of charge; Spy.x is the
maximum value of charge; Sy, is the minimum value of
charge; Spgp is the higher value of charge; Sy, is the lower
value of charge, which are 0.9, 0.1, 0.55, 0.45, respectively
[21].

2.2. Improved Virtual Inertial Control Strategy Based on
Piecewise Function. Battery energy storage can prevent the
frequency from deteriorating by simulating the inherent
inertial response process of the synchronous machine when
the system frequency rises or falls seriously. The expression
of virtual inertia control is as follows [22]:
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where K; is the virtual inertia control coefficient; dAf/dt is the
frequency change rate of the power grid; AP; is the active
power increment when the virtual inertia strategy is used for
the battery energy storage.

Considering the need for stable output from battery
energy storage in the sharp slump of frequency, an
improved virtual inertial control strategy based on the
SOC piecewise function is proposed in this chapter. The
power output of the battery energy storage is adjusted in
time by modifying the virtual inertia coefficient in this
method, and the control block diagram is shown in
Figure 2.

As shown in the piecewise function in Figure 2, the solid
line and the dotted line represent the discharge and charge
operation of the battery energy storage, respectively. Taking
the discharge of the battery energy storage as an example,
when the battery has high capacity, the virtual inertia control
coefficient adopts the maximum power coefficient for output
to ensure that the battery provides stable power. When the
battery capacity decreases to the inflection point, the output
of the battery gradually decreases to prevent the battery from
over-discharge. The expression of improved virtual inertia
coeflicient based on piecewise function is as follows [23]:

Battery discharging:

[ 0, Ssoc € [0,0.1],
K (Ssoc B Smin)Kimax (6)
id — 0.35 , Seoc € [0.1,0.45],
[ K maxo Ssoc € [0.45,1].
Battery charging:
( Kimax’ Ssoc € [O, 055],

o= (Smax - Ssoc)Kimax
KIC

0.35 o

%)

€ [0.55,0.9], (7)

L 0, S, € [0.9,1.0],

where K;; and K;. are the improved virtual inertia control
coefficients in the process of battery discharging and
charging, respectively; Kinay is the maximum value of im-
proved virtual inertia coeflicient of battery; Ssoc is the
current state of charge of the battery; S;,.x and Sy, are the
maximum and minimum values of the battery state of
charge, and the value refers to Chapter 2.1.

The virtual inertial control can contain the system fre-
quency deterioration effectively. However, the output of the
battery energy storage goes against the demand for fre-
quency restoration of the system when the frequency starts
to restore. Moreover, the virtual inertial control will be a
stumbling block, which is more likely to cause a secondary
drop in the frequency. Therefore, it is necessary to switch to
virtual negative inertia control when the frequency is re-
covered. By doing so, the system frequency could be re-
covered soon, which is in line with the requirements for the
system frequency regulation.

2.3. Battery Energy Storage Integrated Control Strategy.
With a deviation in the system frequency, the droop control
can effectively reduce the deviation of the system frequency
and avoid the malfunction or overaction arising from the
virtual inertial control to stabilize the output of the BESS.
When the system frequency changes tend to be volatile, the
virtual inertial control can better prevent the further dete-
rioration of the system frequency and give play to the BESS’s
fast response and accurate tracking to eliminate the impact
of frequency deterioration. Considering the frequency
regulation effect of the battery energy storage and the
characteristics and advantages of the two control methods,
the improved droop control based on the logistic function is
adopted in the case of small frequency deviation; the virtual
inertial control based on the piecewise function is put into
use when the frequency changes severely. The integrated
control block diagram is shown in Figure 3.

We take the power released by the battery energy storage
as an example:

(1) The system reference frequency f is set to 50 Hz; Af is
grid frequency deviation; the dead partition range of
system frequency regulation is |Af] <0.033 Hz, that is,
when the system frequency is within +0.033 Hz, the
BESS does not participate in frequency regulation [24].
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FIGURE 3: Integrated control strategy.

(2) If the system frequency fluctuation beyond the
dead partition, it is necessary to judge the battery
SOC. When the charge Ssoc€[Smin> Smax)> the
energy storage system is prepared to output
power. Otherwise, it will not work. When
Af>0.033 Hz, the system load decreases and the
battery is charged. On the contrary, when
Af<0.033 Hz, the system load increases and the
battery is discharged.

(3) When the frequency deviation Af gradually increases
but does not exceed Af,,,.x, the battery energy storage
uses the improved droop control in chapter 2.1 to
output until the system frequency returns to normal,
where the Af,,.x is the maximum value of frequency
deviation, that is, the critical switching value of
virtual inertia control and droop control.

(4) When the frequency deviation Af gradually exceeds
Afmax the improved virtual inertial control based on
the piecewise function in chapter 2.2 is adopted by
the BESS, and the appropriate inertial control co-
efficient is selected according to the size of df. When
df> 0, the system adopts the virtual positive inertia
coeflicient, otherwise, it adopts the virtual negative
inertia coefficient.

3. Battery Energy Storage Station Frequency
Regulation Strategy

The large-scale energy storage power station is composed of
thousands of single batteries in series and parallel, and the
power distribution of each battery pack is the key to the
coordinated control of the entire station. That makes it
sensible to reasonably distribute the frequency regulation
power undertaken by each battery pack in the station,
allowing full play to each battery pack’s frequency regulation
capability.

3.1. Battery Energy Storage Pack Power Optimal Distribution
Strategy. 'The basic battery unit in the battery energy storage
station is a single lithium iron phosphate battery [25]. The
battery module can be formed by connecting several single
cells in series and then in parallel; the battery cluster is
composed of battery modules in series; the MW-level battery
energy storage pack is composed of several battery clusters
connected in parallel; finally, the battery energy storage pack,
power conversion system (PCS) and battery management
system (BMS) are combined to form the battery energy
storage station.

The distribution of active power is the core control link
of the battery energy storage station. The charge of each
battery energy storage pack in the battery energy storage
station is different, which leads to a certain difference in the
output of the battery energy storage. If the BMS is set for
each battery energy storage module one by one, it will
burden the communication transmission between the bat-
tery module and the battery energy storage station and
seriously affect the ability of the battery energy storage to
participate in the system frequency regulation.

In this case, MW-level battery pack charges are moni-
tored in this article. The active power of each battery pack in
the battery energy storage stations is distributed reasonably
according to the real-time charge of the battery pack. Then,
the frequency regulation control of each battery pack is
carried out to achieve efficient utilization and effective
output of active power. First, the charge of the battery pack is
feedback to the battery energy storage station control center
by the BMS; next, the battery energy storage station control
center optimizes the battery packs in groups and formulates
a reasonable power distribution strategy; and then sends the
control command to each battery pack; finally, the battery
pack adopts the corresponding control strategy to output
active power according to the control command. The block
diagram of the power distribution strategy in the battery
energy storage power station is shown in Figure 4.



Based on the fixed coefficient active power distribution,
this chapter adopts the coordinated control strategy of the
battery pack with weight factor, and the frequency modu-
lation power reference value of each battery pack can be
calculated by this method. Taking the battery energy storage
discharge as an example, the charge amount grouping and
weight factor value of the battery pack are listed in Table 1:

The battery energy storage pack is divided into 4 groups
for control according to the state of charge, and the weight
factor of the battery pack with a high charge is larger than
that of the battery pack with a low charge. This distribution
method can give full play to the frequency modulation ability
of each battery pack and realize the optimal distribution of
frequency modulation power of each battery pack in the
energy storage power station. The distribution factor of each
battery pack can be calculated according to the weight factor
and the number of battery packs [26]:

Agpss = LNk
> Ny

where Apggs is the distribution factor of each battery pack; py
is the weight factor of the charge of each battery pack; Ny is
number of the battery packs with different charges.

The active power of each battery energy storage pack can
be calculated by the active power demand and distribution
factor of the battery energy storage station:

APpp = AP BESSABESS’ 9)

k=1,2,3..., (8)

where APy is the frequency regulation power of any battery
pack in the battery energy storage station; APppss is the
frequency regulation power reference value of the battery
energy storage station participating in the system.

3.2. Feasibility Verification of Battery Energy Storage Fre-
quency Regulation. In the same way that conventional
thermal power units function in the primary and secondary
frequency regulation of the power grid system, the BESS
directly adjusts the power output of each battery pack after
receiving the grid frequency deviation signal in primary
frequency regulation; in the case of secondary frequency
regulation, similarly, it adjusts the power output through the
instructions issued by the dispatching department. The
control objects in the above two cases are the same, adjusting
the power and capacity control system of the battery pack to
stabilize the system frequency. When the system frequency
drops, the BESS releases the stored energy to the grid,
supplementing the active power while promoting the system
frequency; when the system frequency rises, the BESS ab-
sorbs electrical energy power from the grid, consuming the
active power of the grid to reduce the system frequency.
The effectiveness and feasibility of battery energy storage
participating in system frequency regulation are verified in
the case of the power grid load increases. The research object
of battery energy storage joint with thermal power unit is
verified in MATLAB/Simulink simulation software. More
specifically, the simulation model includes fluctuating AC
load, two thermal power synchronous units G with a ca-
pacity of 200 MW and one BESS. The BESS is a 20 MW/
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FiGURE 4: The block diagram of power distribution strategy in the
energy storage power station.

TaBLE 1: Charge grouping of battery pack.

Battery pack number Charge range Weight factor

1 10, 30) 2
2 (30, 50) 5
3 [50, 70) 8
4 (70, 90] 10

2.5 MWh lithium iron phosphate battery pack, which has the
same frequency regulation capability as a 200 MW thermal
power unit [27]. The simulation model is shown in Figure 5.

On the premise that the load increases by 15 MW, the
influence of the power shortage on the system frequency and
the frequency regulation ability of the battery energy storage
to cope with the system frequency fluctuation are studied.
The fluctuation of the system frequency after the BESS is
incorporated is shown in Figure 6.

From Figure 6, after the BESS is integrated into the grid,
the frequency stability drops rapidly under load disturbance.
The speed and amplitude of system frequency drop are
significantly accelerated, which is greater than the frequency
drop value before the BESS is connected to the grid. Since the
battery energy storage does not participate in the system
frequency regulation directly, the task of frequency regu-
lation of conventional thermal power units is aggravated,
which weakens the ability of system frequency regulation.
With the gradual increase of energy storage equipment in
the power grid, the situation of system frequency drop will
become more and more serious.

In this case, energy storage equipment integrated into
the grid also needs to play the role of assisting conventional
thermal power units to participate in the system frequency
regulation. Hence, the battery energy storage system co-
operates with the thermal power unit to participate in the
system frequency regulation strategy proposed in this paper.
To verify the effectiveness and feasibility of battery energy
storage participating in the system frequency regulation
strategy proposed in this paper, the load increase is still
15 MW, and the system frequency changes are as shown in
Figure 7.

From Figure 7, due to the characteristics of large rota-
tional inertia and slow response speed, the conventional
thermal power unit regulation system frequency is usually
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FIGURE 5: Battery energy storage system simulation.
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FIGURE 6: Frequency change of battery energy storage incorporated
into the system.

completed in about 15 seconds. The system frequency can
quickly return to stability in about 5 seconds when the BESS
assists the thermal power unit to participate in the system
frequency regulation, which effectively compensates for the
slow response of the thermal power unit at the beginning of
load fluctuations. In addition, the frequency regulation effect
of the improved droop control and the improved virtual
inertia control is roughly the same, but there is a certain
difference in the frequency drop value. The frequency drop
value of the improved droop control is 49.723 Hz, and the
frequency drop value of the improved virtual inertia control
is 49.741 Hz. Both control methods can provide stable active
power output in the early stage of the frequency drop.
Therefore, the BESS participates in the frequency regulation
of the system through the frequency regulation strategy,
which is more conducive to the frequency response of the
system, and further shows that it is feasible for the BESS to
cooperate with the thermal power unit to jointly adjust the
system frequency.

4. Battery Energy Storage Thermal Power-
Coordinated Frequency Regulation Strategy

The grid frequency is related to the rotational speed of
conventional thermal power units in some way. In case of
power shortage and frequency fluctuation in the power grid,
the conventional thermal power units usually respond to
system frequency changes within 5 seconds and gradually
increase active power within 10 to 15 seconds, due to their

50 -

49.9

49.8

f(Hz)

49.7

49.6

0 5 10 15 20 25 30
t(s)

—— Conventional system control
- -- Improved droop control

Improved virtual inertial control

FIGURE 7: Battery energy storage participates in system frequency
regulation.

characteristics such as large rotational inertia and slow re-
sponse speed; until the frequency returns to stability.
According to the feasibility study results of the BESS in
power grid system frequency regulation as stated in chapter
3.2, with a frequency fluctuation in the system, the BESS can
respond within five seconds and effectively suppress the
frequency drop in most cases. To this end, to solve the
problem that thermal units cannot respond to the system
frequency in the first 5 seconds, the battery energy storage
system cooperates with thermal units to participate in the
system frequency regulation proposed in this paper. The
battery energy storage system is used to compensate for the
power shortage of thermal units in the first 5 seconds to
achieve the purpose of regulating the frequency stability of
the grid system. The framework of the battery energy storage
system in cooperation with the thermal power units to
participate in the system frequency regulation strategy is
shown in Figure 8.

The dispatching center distributes the power shortage to
the battery energy storage station control center and the
thermal power plant center to realize coordinated operation
through the security constraints of the power grid. This
process includes the coordination of battery energy storage
and thermal power units, the coordination of each battery
energy storage station in the battery energy storage control
center, and the coordination of each battery pack in each
battery energy storage station. Specifically, when the power
shortage AP is appeared in the power grid system, resulting
in a frequency drop. The dispatching center distributes the
power shortage to the thermal power plant center AP and
the battery energy storage station control center APy
according to the standby power uploaded in real-time by the
thermal power plant center and the battery energy storage
station control center. The thermal power plant center and
battery energy storage station control center compensates
for the power according to the power shortage distributed by
the dispatching center, and feedback the additional power
information P; and Py to the dispatching center respec-
tively. Among them, after receiving the power shortage APy
distributed by the dispatching center, the battery energy
storage station control center will distribute the power
shortage to each battery energy storage station AP, .. .APg,,
one by one according to the standby power uploaded in real-
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FIGURE 8: Battery energy storage-thermal power coordinated frequency regulation strategy.

time by each battery energy storage station; each battery energy
storage station optimally distributes the power of each battery
pack in the battery energy storage station according to the weight
factor, and returns the additional power information Py, .. .Ppg,,
to the battery energy storage station control center one by one;
after receiving the distributed power APg,,...APg,,, each
battery energy storage pack adopts the control strategy proposed
in chapter 2 to provide active power, and returns the additional
active power Py, .. .Py,, to each battery energy storage station.

The total active power that can be added by the battery
energy storage station is Pp; the active power of the battery
energy storage station which is distributed by the control
center of the battery energy storage station is APp:

APy, Pp>APg,
APB=<| B E B

(10)
Pz Pp<APg

The output power of conventional thermal power units
has a hysteresis. Hence, the power of the battery energy
storage station can be used for power compensation in the
initial stage of system power shortage. If the power provided
by the battery energy storage station is insufficient, the
frequency regulation power required by the conventional
thermal power unit is as follows [28]:

m
APg = Y PG, = AP - Py, (11)

n=1

where Pg, is the additional active power that can be gen-
erated by the n-th thermal power unit in the conventional
thermal power plant; m is the number of conventional
thermal power units.

5. Example Analysis

5.1. Introduction of Simulation Example. In this chapter, the
EPRI-36 node model based on MATLAB/Simulink simulation
software is used to study the effectiveness and feasibility of the
large-scale battery energy storage coordinated thermal power
frequency regulation strategy, as shown in Figure 9.

In the EPRI-36 node system, the total installed capacity
of 8 conventional synchronous generator units G1~G8 and
total load active power are 5112 MW and 4150 MW, re-
spectively. Among them, the capacities of G7 and G8 are
286 MW and 388 MW, respectively. When the battery en-
ergy storage is not connected to the EPRI-36 node system,
the system operates normally with an initial frequency of
49.97 Hz. The two synchronous generators G7 and G8 at the
bus7 and bus8 in the system are replaced by two battery
energy storage stations B1 and B2, respectively. According to
the calculation, the power and capacity of the battery energy
storage stations Bl and B2 with the same frequency regu-
lation capability as the synchronous generator G7 and G8 are
about 30 MW/4 MWh and 40 MW/5MWHh, respectively
[27].
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FiGure 9: EPRI-36 node network wiring diagram including battery energy storage.
5.2. Simulation Calculation Analysis. The disturbance mode
of the power system is load increase in this chapter, thatis, | A~ _
20 MW and 30 MW loads are increased at bus20 and bus33
respectively. The grid system operates normally and its initial
frequency is 49.97 Hz when the BESS is not connected to the
system. In addition, it is assumed that the battery energy
storage has sufficient charge in the simulation process. To
20 25 30

verify the performance of improved droop control strategy
based on logistic function and improved virtual inertia
control strategy based on piecewise function in a large-scale
grid system, classical droop control, and virtual inertia
control are added for comparative analysis in this paper.
Assuming a sudden increase of 50 MW in system load at 1
second, the simulation calculation results of the improved
droop control strategy are shown in Figure 10.

From Figure 10, the system frequency drops rapidly after
1 second due to a sudden increase in load. The system
frequency is gradually restored to stability after 10 seconds
when the conventional thermal units are generating addi-
tional active power only. The system frequency response is

—— Conventional system

<<<<<< Improved droop control

-—-- Droop control

F1GURE 10: System frequency response for improved droop control.

significantly improved when the battery energy storage is
added to the system to generate additional power together
with the thermal power unit. In the initial stage of frequency
drop, the battery energy storage quickly provides power
support and thus stabilizes the system frequency in a short
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------ Improved virtual inertia control

.=~ Virtual inertia control

FIGURE 11: System frequency response for improved virtual inertial
control.

time, which significantly shortens the restore time than the
conventional thermal power units to cope with frequency
fluctuation; meanwhile, the battery energy storage uses a
control strategy to make the system frequency dip minimum
also has a 0.124 Hz recovery. In addition, the differences
between the classical droop control and the improved droop
control proposed in this paper are compared in Figure 10.
The system frequency was also improved after the classical
droop control was adopted for the battery energy storage.
However, the frequency fluctuations occurred in the process
of frequency restoration, and the system frequency was
restored to stability until about 8 seconds. Also, with the
improved droop control strategy proposed in this paper, the
system frequency is quickly restored to stability within 5
seconds. No frequency fluctuation has occurred during the
restoration process. The system frequency drop value is
49.762 Hz with the improved droop control, which has a
0.045Hz recovery from the lowest value of the classical
droop control.

The simulation calculation results of the improved vir-
tual inertia control strategy are shown in Figure 11.

From Figure 11, the drop value of system frequency is
49.747 Hz, which has a recovery of 0.109 Hz compared with
the frequency drop value of conventional thermal power
units, and the system frequency gradually returns to stability
in about 8.5 seconds. With the improved virtual inertia
control strategy proposed in the paper, the drop value of the
system frequency is 49.781 Hz, which has a recovery of
0.143 Hz compared with the lowest value of the frequency
drop of the conventional thermal power unit, and the system
frequency returns to stability after 5.5 seconds. It can be seen
that the improved virtual inertia strategy proposed in the
paper is more effective in frequency regulation, which not
only makes significant improvements in frequency drops but
also has good results in the speed of system frequency
restoration.

Combining the characteristics of slow response, stable
power increase of thermal power units, and fast response of
battery energy storage, this paper proposes a strategy for
battery energy storage to participate in system frequency
regulation together with thermal power units. The battery
energy storage rapidly releases power at the early stage of
frequency fluctuation; the thermal power unit steadily
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FIGURE 12: SOC of partial battery pack.

replenishes power at the middle and late stages of frequency
fluctuation. The frequency response of the system was sig-
nificantly improved, and stability was quickly restored
within a short period. To illustrate the effectiveness of the
proposed strategy in this paper, Figure 12 gives the changing
states of some battery packs SOC during the power release
process.

From Figure 12, the output of battery energy storage is a
uniform straight line when the battery SOC is not used as
feedback. The charge decreases rapidly and the battery SOC
exceeds the limit, which affects the service life of the battery
and may have an adverse impact on the system. The two
improved control strategies proposed in this paper are to
avoid overcharging and discharging the battery to a certain
extent and improve the utilization of the battery. When
encountering the situation of insufficient battery SOC, both
control strategies can quickly adjust the output coefficient of
the storage battery according to the state of charge in time to
slow down the output and avoid the impact on the system
caused by the battery exceeding the limit.

6. Conclusions

Aiming at the problems of low climbing rate and slow fre-
quency response of thermal power units, this paper proposes a
method and idea of using large-scale energy storage battery to
respond to the frequency change of grid system and con-
structs a control strategy and scheme for energy storage to
coordinate thermal power frequency regulation. Moreover,
the simulation calculation is carried out in the EPRI-36 node
arithmetic case. The conclusions are as follows:

(1) The classical droop control and virtual inertia control
are improved with battery charge as feedback. Also,
the battery energy storage can respond to system
frequency changes by adaptively selecting a fre-
quency regulation strategy based on system fre-
quency drop deviations. Compared with thermal
power unit frequency regulation, the battery storage
with improved droop control and improved virtual
inertia control in cooperation with thermal power
unit frequency regulation is enough to make the
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lowest value of frequency droop have 0.124 Hz and
0.143 Hz recovery, and the system frequency can be
restored to stability in about 5s, which is shorter
than the recovery time of the classical control
strategy to cope with frequency fluctuations.

(2) Aiming at the problems such as a large number of

battery packs and the complicated control difficulty
in the battery energy storage station, the battery pack
is divided into 4 groups according to the battery
charge, and the corresponding weighting factors are
set, respectively, to realize the optimal distribution of
the frequency regulation power of the battery pack in
the battery energy storage station.

(3) Both battery frequency regulation strategies can

quickly release power at the beginning of the fre-
quency drop, and make up for the disadvantages of
slow response time and lagging frequency regulation
power of thermal power units. The frequency re-
sponse capability and system stability of the new
power system including battery energy storage are
improved effectively.

Abbreviations

BESS:

Battery energy storage station

WTG:  Wind turbine generator

PCS: Power conversion system

BMS: Battery management system

EPRI-36: Electric Power Research Institute-36 Nodes

System

Symbols

Kz Droop control coeflicient

Af: Frequency deviation of the power grid

AP;  Output power of battery energy storage in droop
control strategy

Py: Initial value of logistic function

K Final value of logistic function

v Index of curve change

Ssoc: Battery charge status

Smax:  Battery charge maximum

Smin:  Battery charge minimum

Shigh:  Battery charge higher value

Siow:  Battery charge lower value

K; Virtual inertia control coefficient

Kimax: Virtual inertia coefficient maximum

Kis  Battery discharge coefficient in droop control
strategy

K, Battery charge coefficient in droop control strategy

Kinax:  Final value of improved droop coefficient

dAfl  Frequency change rate of the power grid

dr:

AP;:  Output power of battery energy storage in virtual
inertia strategy

Kz Battery discharge coefficient in virtual inertia
strategy

Ki:  Battery charge coefficient in virtual inertia strategy

Apgss:  Distribution factor of each battery pack

Weight factor of the charge of each battery pack
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Ni: Number of the battery packs
APgp: Frequency regulation power of battery pack in BESS
APppes: Reference value of frequency regulation power in

BESS

Pp: Output power provided by the BESS

APg:  Active power allocated by the control center of the
BESS

Pg,:  Additional active power generated by the n-th
thermal power unit

m: Number of conventional thermal power units.

Appendix

(1) Classic droop control, virtual inertia control

coefficient:

Power loop droop coeflicient: Dp =1.4; Power loop
damping coefficient, inertia coefficient: D= 1200,
J=10; reactive power control proportional coefhi-
cient, integral coefficient: Kp =0.5, Ki=5.0; phase-
locked loop proportion, integration coeflicient:
Kp=1.5, Ki=20; voltage outer loop proportion,
integration coeflicient: Kp = 7.0, Ki = 2; current inner
loop proportion, integration coefficient: Kp=0.1,
Ki=10.

(2) G1-G6 in the 36 nodes are all conventional syn-

chronous units, and their parameters are as follows:

Gl: Sy=18.8 MVA, Py =15MW, X,;=0.282 (Pu),
X,=0.282 (Pu), X;=0.282 (pu), X;=0282 (Pu),
X7=0282 (Pu), X;=0282 (Pu), T;=10 (s),
Tj =0.1 (s), T;=7.49 (s); G2: Sy=7.06 MVA, Py
=6 MW, X;=2.266 (Pu), X,=2.266 (Pu), X;=2.266
(pw), X;=0.27 (Pu), X7 =0.168 (Pu), X =0.168
(Pu), T =8.375 (s), T/ =0.224 (s), T;=4.25 (s); G3:
Sv=8.82MVA, Py=75MW, X,;=1217 (Pu),
X,=0.6 (Pu), X;=1217 (pu), X;=0.349 (Pu),
X7 =0250 (Pu), X;)=0.250 (Pu), Tj=7.24 (s),
Tj =0.1 (s), T;=9.01 (s); G4: Sy=2.35MVA, Py
=2.0MW, X,;=181 (Pu), X,=1.81 (Pu), X;=1.81
(pw), X;=0.284 (Pu), X/ =0.183 (Pu), X/ =0.183
(Pu), T; =62 (s), Tj =0.192 (s), T;=6.67 (s); G5:
SN=6.375MVA, Py=51MW, X;=1951 (Pu),
X,=1.951 (Pu), X;=1.951 (pu), X;=0.306 (Pu),
X7 =0198 (Pu), X;=0.198 (Pu), T;=62 (s),
T/ =01 (s), ;=615 (s); G6: Sy=1.0MVA, Py
=0.000 MW, X,;=1.633 (Pu), X,=1.633 (Pu),
X;=1.633 (pu), X;=0.197 (Pu), X/ =0.148 (Pu),
X; =0.148 (Pu), T;=6.92 (s), T/ =0.1 (s), T;=2.62
(s)
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