Battery Energy Storage Systems Providing Dynamic
Containment Frequency Response Service

Xihai Cao, Jan Engelhardt, Charalampos Ziras, Mattia Marinelli, Nan Zhao

Abstract—Battery energy storage systems (BESS) have
emerged as a critical component in maintaining power system
stability through frequency regulation. Their rapid response
and flexible characteristics have generated considerable interest
among researchers. This study focuses on the provision of a
fast frequency response service, known as Dynamic Containment
Frequency Response (DCFR), in Great Britain (GB). It conducts
a detailed assessment of BESS-based DCFR service for frequency
regulation and State-of-charge (SOC) management, including the
configuration constraints set out by the energy recovery rules
and SOC management impact. A methodology is presented to
investigate the performance of DCFR-based BESS in a power
system, alongside a stability analysis focusing on the impact of
the SOC management mechanism. The stability study investigates
the potential influential factors of battery SOC management when
providing DCFR via root locus. For simulation case studies,
a power imbalance estimation method is utilized for gaining
the input. Based on the stability analysis results, key BESS
configuration parameters are examined in an integrated power
system model: C-rate, SOC management range, ratio and target.
Another influential factor, SOC management time delay, is also
analyzed. Finally, a comparison between DCFR and the previ-
ous frequency regulation service, Enhanced frequency response
(EFR), is conducted. The study reveals that improper SOC man-
agement in DCFR can lead to SOC oscillation, adversely affecting
performance. However, with proper configuration, DCFR offers
more favorable outcomes than EFR in terms of frequency quality,
SOC levels, and battery degradation.

Index Terms—Frequency response, battery energy storage
system, power system, low inertia.

ABBREVIATIONS

DCFR Dynamic containment Frequency Response

BESS Battery energy storage systems
EFR  Enhanced frequency response
ER Energy recovery

FEC  Full equivalent cycles

GB Great Britain

NGET National Grid Electricity Transmission
PFR  Primary frequency response
RES  Renewable energy sources
REV  Response energy volume

SFR  Secondary frequency response
SOC  State-of-charge

SP Settlement period
TSO  Transmission system operator

I. INTRODUCTION

HE need for decarbonization in recent years has resulted
in a notable upsurge in the integration of Renewable
energy sources (RES) in power systems, with renewables

accounting for 50.9% of the total electricity generation in the
UK during the first quarter of 2024 [1]. However, the low-
inertia and intermittency of RES introduce challenges, such as
more volatile frequency variation. Power system frequency is
a critical factor indicating the balance between generation and
demand, and requires regulation within specific limits. Various
frequency response services, including Primary frequency
response (PFR) and Secondary frequency response (SFR), are
employed to achieve desirable frequency conditions.

However, the increasing penetration of non-synchronous re-
newable generation compromises conventional frequency reg-
ulation capabilities. To overcome this shortcoming, BESS offer
a promising alternative solution due to their fast-responding,
flexible, and scalable features [2]. Therefore, there is a growing
interest in researching BESS for their potential to provide
frequency regulation services. While the utilization of BESS
for PFR has been widely discussed [3]-[5], fast frequency
response services for BESS are emerging as new techniques to
tackle frequency fluctuation. The Transmission system opera-
tor (TSO) in Ireland has developed fast frequency response
services [6], while fast frequency reserve service is being
implemented in Denmark to address frequency deviation in
a prompter way [7]. However, both products are specifically
tailored for under-frequency scenarios. On the other hand,
services such as primary containment reserve and fast instan-
taneous reserves are deployed in Germany and New Zealand
[8], [9], enabling providers the ability to deliver the support
in a symmetric manner, but fast instantaneous reserves do not
include any energy recovery rules suitable for energy-limited
units like BESS. Although primary containment reserve ac-
counts for energy management, it lacks detailed requirements
for BESS to follow during the process. In GB, EFR was
introduced in 2016 to enable faster frequency response from
BESS and studies have highlighted the importance of careful
SOC regulation for satisfactory outcomes [10]-[12]. Mean-
while, frequency quality can be compromised in certain cases
due to improper SOC management [13].

In late 2020, National Grid Electricity Transmission
(NGET), TSO of GB, developed a new suite of fast-acting
frequency response services as a step-up form of EFR [14],
with DCFR being the major service, requiring a full delivery
time within 1 second. This makes DCFR more rapid than the
aforementioned frequency regulation services. Additionally,
the symmetric design and detailed energy recovery rules make
BESS more suitable to deliver such a service. Therefore, as a
frequency response service that is applicable to any power
system, an evaluation of BESS providing DCFR in terms
of frequency quality and SOC management is a valuable
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exploration. It has to be noted that DCFR is officially named
as DC by NGET, however, it can be confusing to the readers
since it conflicts with the terminology of direct current. Hence
the term of DCFR is adopted in this paper.

Several studies have been conducted since DCFR was
launched. Researchers in [15] combine both EFR and DCFR
and compare them with traditional PFR in the event of sudden
generation loss, while the authors of [16] compare DCFR with
other newly proposed fast services and discuss their distinct
roles. However, both [15] and [16] do not specify the tech-
nology used for providing such services. Ref. [17] evaluates
the performance of a flywheel system when delivering DCFR,
which provides limited guidance for BESS units. On the other
hand, a few works explore the possibility of utilizing BESS as
the provider of DCFR. A sensitivity study of BESS performing
DCEFR is undertaken in [18], while the authors of [19] compare
PFR with DCFR for the effectiveness of improving frequency
nadir when facing disturbance. However, the SOC management
mechanism when delivering DCFR is not covered in neither
research work. Article [20] proposes a strategy for BESS to
better manage SOC levels for cost reduction, but this paper
is short of the details of SOC management. An optimizing
strategy for BESS-integrated wind farms to provide DCFR is
introduced in [21], the strategy introduces SOC management
rules but without discussing its impact on BESS performance.
Moreover, the article concentrates on the storage optimization
and power exchange between a wind farm and BESS. Hence,
the complete exploration of DCFR SOC management impact
has not yet been discussed. Furthermore, the studies in [18]-
[21] lack the analysis on the configuration constraints implic-
itly imposed by the DCFR energy recovery rules, a factor that
significantly influences BESS performance. Additionally, these
studies either rely on acquired frequency data or simply incor-
porate a random power loss in the system model, neglecting the
dynamic interplay between grid frequency and BESS. Aside
from frequency regulation, certain investigations also center on
the impact of DCFR on other aspects such as local voltage or
transient rotor angle stability of synchronous generators [22],
[23]. Table I explicitly compares this work with the above
literature related to investigation on DCFR.

Within the limited body of research on DCFR, there is a
notable research gap in comprehensively understanding the

overall operations of DCFR. The significant impact of SOC
management rules on BESS performance also necessitates a
thorough investigation of DCFR functionality. Besides, DCFR
configuration constraints imposed by energy recovery require-
ments upon BESS have not been adequately addressed in
previous studies. Furthermore, as an evolution product of
previous EFR, a comparison between DCFR and EFR is yet
to be discussed for better understanding DCFR characteristics.

Given that previous research on DCFR has largely over-
looked the interactions between grid frequency and BESS in-
put/output, a well-developed power system model is necessary
to dynamically simulate such mutual effects on a adequate
manner. Additionally, as the acquisition of model input with
high resolution is challenging to achieve, an input estimation
method is also needed for completing the investigation.

To address the identified gaps in the literature, this paper
offers an in-depth exploration of the DCFR mechanism and
operation as applied to BESS, with a focus on frequency regu-
lation, SOC management, and the implications of configuration
constraints. It also provides a stability analysis of the BESS
system under various conditions. The main contributions of
this study are:

1) DCFR service exploration: A comprehensive founda-
tion of the BESS-based DCFR service is presented,
covering power response characteristics, SOC manage-
ment rules, and the associated service configuration
constraints. This interpretation offers a perspective on
the DCFR mechanism and its operational framework for
BESS.

2) SOC management impact analysis: A stability analysis
for BESS providing DCFR is conducted, assessing the
impact from SOC management mechanism. Conditions
to maintain a stable SOC management system are sum-
marized, which are supported by case studies in the
developed integrated power system model.

3) Identification of key BESS configurations: Carry out
investigations to identify the key influential parameters
of battery settings when providing DCFR. Furthermore,
the study includes a comparative analysis between DCFR
and its predecessor, EFR, to highlight the performance
distinctions and improvements. The results offer guiding
significance to DCFR operators.



This article is structured as follows: In Section II, the tech-
nical specification of DCFR service is analyzed and described
in a detailed manner. BESS configuration constraints due to
energy recovery rules are also discussed. In Section III, the
impact of BESS on power system frequency is discussed. A
corresponding power system model integrated with BESS SOC
management system is subsequently developed. A stability
analysis of the SOC management system is also carried out
in this section. In Section IV, a power imbalance estimation
method is introduced, and the service assumptions of DCFR
are presented. In Section V, four parameters of BESS configu-
rations that can affect DCFR service performance are analyzed
individually. Finally, a comparison between DCFR and EFR
is also carried out. Section VI concludes this work.

II. DCFR SeErviCcE TECHNICAL SPECIFICATIONS
A. DCFR response characteristics

DCFR is developed to mitigate the risks associated with
reduced grid inertia and volatile power imbalances in the
power system [24]. NGET aspires to contract 1 GW of
DCEFR service [25], with a requirement for contracted quantity
delivery within 1s of the frequency deviation [26], where the
contracted quantity represents the maximum power of the ser-
vice. BESSs are well-suited for providing DCFR due to their
fast-responding capabilities. Fig. 1 shows the DCFR response
characteristic, activation is triggered only when frequency is
outside the deadband (49.985, 50.015 Hz). Positive power out-
put indicates energy injection during low-frequency situations,
while negative power output signifies energy absorption from
the system during over-frequency conditions. The knee-points
(49.8, 50.2 Hz) require a BESS to provide 5% of the contracted
quantity, while the remaining 95% is allocated further until
saturation points (49.5, 50.5 Hz). Thus, DCFR, as a frequency
regulation service, accommodates all frequency situations but
prioritizes significant deviations.

It is noteworthy that DCFR reserve capacity can be partially
or asymmetrically provided. DCFR high-frequency (DCFR-
HF) involves offering the service exclusively during over-
frequency situations, while DCFR low-frequency (DCFR-LF)
focuses on under-frequency events. A bundled service can
deliver frequency regulation in both directions but reserve
capacity may be asymmetrical.
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Fig. 1. DCFR power-frequency response characteristics

B. DCFR SOC management mechanism

The previous fast frequency service, EFR, implements a
SOC management strategy by introducing multiple response
curves (see [13]). In contrast, DCFR, as an evolved service, fol-
lows a single-curve line as SOC management is detached from
the power response. BESS manages SOC through the sub-
mission of an operational baseline in each Settlement period
(SP). SP is a half-hourly time interval during which electricity
consumption and generation are measured and recorded in GB
electricity market, as shown in Fig. 2. The operational baseline
represents the power output solely dedicated to managing
energy levels and remains constant throughout each SP. The
actual power output from BESS is the sum of the operational
baseline and real-time frequency response power (Equation
(1)). Pggss(t), Prr(t) and Psoc(t) respectively denote the
total power, frequency response power, SOC management
power via baseline. The difference between the metered power
output and the submitted baseline will be evaluated by NGET;
failure to comply with the response delivery requirements may
result to penalization.

Pgrss(t) = Prr(t) + Psoc(t). (D

It’s important to note two features of the operational base-
line: Firstly, there are ramp rate limits when transitioning
between two SPs, with a maximum limit of 5% of the
contracted quantity per minute. Single-side DCFR suppliers
have ramp rate limits in one direction only. Secondly, there
is a 1-hour gate closure before baselines can be applied due
to the convention in the balancing market [26]. BESS-based
DCEFR service providers calculate their SOC levels at the start
of each SP and submit the corresponding baseline by the
end of that SP. The baseline will then take effect after two
consecutive SPs. Thus, it will take 90 minutes for the baseline
to be applied. Fig. 2 depicts the functionality of DCFR SOC
management.

Fig. 3 demonstrates the generation of total power output by a
BESS providing DCFR service. Pgpgg, Prp and Ply - are
the rated power, contracted quantity and maximum baseline
of BESS. Q% pgg represents the rated capacity of BESS, and
K represents the ratio of Pg,~ to Pppgg, indicating the
headroom power reserved for SOC management.

The operational baseline can be calculated via presetting
the SOC management target (SOC}), as shown in equation
(2). SOCgp is the settlement period SOC, which indicates
the measured SOC level at the beginning of every SP, and
Psoc is the corresponding baseline power to be implemented
90 minutes later. tgp is the time interval of each SP, which is
30 minutes.

SOC; — SOCsp

n * QBpss- 2
sp

Psoc =

C. BESS-based DCFR configuration constraints

As part of the SOC management mechanism, NGET im-
poses the following mandatory energy requirements that influ-
ence BESS performance, as outlined in [26]:
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Fig. 2. DCFR SOC management mechanism in low-frequency situation [26]
- top plot shows frequency variation; middle plot shows BESS power output
responding to the frequency; bottom plot shows BESS SOC from the service
delivery and energy recovery. This figure only presents service delivery when
frequency is outside of knee-point range as an example

o Response energy volume (REV): the minimum energy a
BESS should be able to deliver before SOC management
is applied. It is calculated as 15 minutes of the full
contracted quantity, shown in equation (3).

o Energy recovery (ER): the minimum energy recovered
from SOC management in each SP. It is calculated
as 20% of REV, shown in equation (4). Since it is a
minimum energy requirement, it is also the lower energy
provision limit from baselines in 30 minutes.

ER:REV*02 S Psoc(t) *tgp, (4)

where tp gy is the required time interval which is 15 minutes.
Therefore, given Pg, is the maximum baseline (Pg,- >
Psoc(t) ) the relationship between contracted quantity and
maximum baseline can be derived in equation (5) and subse-
quently leads to the final formulation in equation (6).

Plpc*tsp > REV 0.2 = Ppp*trpy 0.2, (5)
Prr

T
PSOC

5*7’551)

=n< = 10. (©6)
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Equation (6) reveals that the SOC management ratio n
should be no more than 10 for BESS providing DCFR service,
indicating the power reserved for SOC management should be
at least 10% of the power reserved for frequency response.
Other than the SOC management ratio, the energy requirement
also imposes a limitation to the C-rate and SOC management
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Fig. 3. Power calculation of DCFR service - dynamic BESS power consists
of power from service delivery and SOC management

range of BESS. C-rate represents the ratio of rated power to
the rated capacity of a battery shown in equation (7).

P’r
C = 762’5’555 : )
BESS

SOC management range refers to the scope where SOC
needs to be managed once falling outside, which spans from
lower limit (SOC}) to upper limit (SOCY},). REV specifies the
minimum stored energy before SOC management takes place,
hence SOC range should provide a higher threshold than REV,
shown in equation (8). It presents that the lower limit of SOC
management range should contain at least the energy of REV;
the upper limit works the same way reversely.

Qhpss * SOC, > REV. )

Given trpy equals to 15 minutes and the energy unit is
MWh, equation (6)-(8) can be combined as equation (9).

< 4% S0C; % (n+1)
= n .

C 9

For example, a system with n = 10 will result in a C-
rate no more than 4.4*SOC), and if the lower limit of SOC
management range is set at 40%, then C,,, = 1.76, which
means the value of rated power of BESS should not be
more than 1.76 times of the value of rated capacity. The
smaller C-rate should be used if the SOC management range
is asymmetrical.



III. MODELING THE POWER SYSTEM WITH BESS
INTEGRATION

A. Swing-equation model for system frequency

System frequency can be mathematically derived through
the swing equation below [27]
2H x 7d A ()
dt

+ D Af(t) = Py(t) — Pu(t),  (10)

where H is the equivalent system inertia constant, D is the
self-regulating load response, A f(t), Py(t) and Py(t) are the
frequency deviation, power generation and power demand in
per unit manner. It is clear that the more unbalanced the
system, the greater the frequency deviation.

Equation (11) describes how frequency deviation is deter-
mined by power imbalance in the Laplace domain.

P,(s) — Pu(s)

A = —oms+ D)

an
The swing equation is adjusted by including a BESS that
aims to minimize the power imbalance, as presented in equa-
tion (12). BESS power can be expressed in a simplified manner
in equation (13), where k and b are the slope and intercept of
the DCFR response curve.
dA f(t)

2Hx—— ==+ DxAf(t) = Py(t)—Pa(t)+Pprss(t), (12)

As the intercept b and SOC management power do not
contribute to frequency response, they are excluded from
the swing equation. Hence, the modified frequency deviation
equation in Laplace domain will eventually result in

By(s) = Pa(s)

A = BHs 4 D—kxPry)

(14)

Comparing equation (14) and (11), the part of —k * Ppp
in the denominator is the impact brought by the BESS. Since
k is a non-positive value from the DCFR response curve, the
denominator gets greater thanks to BESS contribution, result-
ing in a smaller frequency deviation. Hence, the provision of
DCFR by BESS yields a favorable impact on system frequency.

B. Power system model development

Using GB power system as an example, a corresponding
model is developed based on the swing equation, as shown in
Fig. 4, to incorporate system inertia, PFR, SFR, and DCFR
service provided by BESS. The model takes power imbalance
as input and determines system frequency in each simulation
cycle. The calculated system frequency also feeds back to PFR,
SFR, and BESS blocks for determining the corresponding
frequency response power. Such dynamics are not accounted
for in the existing literature. PFR and SFR are provided by
conventional power plants with droop and integral control
signals, respectively. BESS operate in parallel with PFR and
SFR, providing dynamic containment service. The combined
power output from frequency response minimizes the power
imbalance, resulting in a smaller frequency deviation. Model

TABLE 1II
GB POWER SYSTEM PARAMETERS

System & turbines

H(s) D (puw Tr (5) Tg (s) Tp1 ()  Tpa (s)
3.62 1 0.3 0.2 8 20
Frequency response
R(pu) k(pu) ksrr (pw) kprr (pu) t (s) t2 (s)
0.5 0.006 0.48 0.6 2 10

parameters are listed in Table II, developed based on the
following assumptions:

e System inertia constant (/) is determined based on
comprehensive assessments of renewables, gas, and other
generation types using UK generation data in 2020 Febru-
ary [28] and the corresponding inertia constants [15].

o Damping constant D is set to 1.0. T and T depict the
governor and turbines response, and transient droop com-
pensator for stable frequency performance is represented
by Tp1 and Tpo [27].

e The model includes a deadband of £15 mHz for PFR
and SFR activation [29].

o NGET requires the generator governor droop settings of
3% - 5% for primary frequency response, therefore the
denominator of PFR gain R is set to 0.5 [30]. SFR is
represented by integral control, of which the gain & is
collected from another research [31].

o The ratio of generation that provides PFR is represented
by kprr, which is derived from the electricity production
by sources in the UK [28]. Since renewable generation
accounts for around 40% and possesses little frequency
regulation capability, kprg is then set at 0.6.

e The ratio of generation that provides both PFR and
SFR is represented by kspg. It is assumed that 80% of
generation that provides PFR also participates in the SFR
market [15], hence kgppr is assumed to be 0.48.

o The system model is developed based on the UK total
power demand of 41 GW [32].

C. SOC management and stability analysis

The BESS model is integrated in the power system model
in Fig. 4. As described in the above section, the total power
output Ppgggs is comprised of power for DCFR service (Prgr)
and power for SOC management (Psoc). The gain kpc
in the model represents the power-frequency characteristics
shown in Fig. 1. BESS SOC calculation is described by an
integral block, indicating the energy accumulated in the battery
and ksoc is the factor for normalizing the corresponding
energy into percentage. SOC} indicates the target level of
SOC management, hence it is introduced as a disturbance in
the model. Similarly, kop represents the operational baseline
power which converts the energy recovery into corresponding
power. It is highlighted that the energy requirement of DCFR
imposes a minimum energy recovery level for SOC manage-
ment and the maximum power is also subject to the n ratio
as outlined in section II, indicating that the power may not
correct SOC to its target level, hence kop is constrained in a
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frequency response and SOC management. Ramp rate limit, saturation and DCFR deadband components are not included in the transfer function expression

to provide a general scenario.

limited range. Finally, the operational baseline activation delay
time of 90 minutes (Tpc = 5400) is implemented. Therefore,
BESS power can be calculated via equation (15).

_ kpc*x Af(s)+kop xe P9 % SOC(s)

Pprss(s) = 1+ ks% x kop x e~Tpos ’
(15)

As an ancillary service provider, it is important to analyze
the stability performance of BESS, especially for SOC man-
agement. According to Fig. 4, the open loop transfer function
of SOC management can be obtained as given by equation
(16). Note that the ramp rate limit, saturation and deadband
blocks are not considered for stability analysis.

k
G(s) = SSOC -kop - e~ TPCE, (16)
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Fig. 5. Root locus result of SOC management, as gain increases, locus crosses
imaginary axis, resulting in a unstable system.

The root locus of BESS model is therefore drawn in Fig. 5.
It is worth noting that the delay component in equation (16)
expressed via the Taylor series expansion results in an infinite
number of characteristic roots, hence there is supposed to be an
endless number of locus. This paper simplifies the expression

by adopting only the first eight terms of the expansion, and
only the locus related to the selected terms are demonstrated
in the figure. Fig. 5 demonstrates that as the open-loop gain
increases, the closed-loop characteristic roots tend to cross
the imaginary axis and enter the right-side (unstable area) in
the s-plane, indicating that the system will lose its stability if
the gain is large enough to make the locus cross the axis.
The open-loop gain of the root locus is a combination of
ksoc and kop, implying that the factors influencing these
two gains are crucial in designing a stable SOC management
system. The variable ksoc represents the energy throughput
of the charging/discharging process, determining the rate at
which the SOC level changes corresponding to constant power,
while kop denotes the operational baseline level, which is
associated to SOC management process. This indicates that,
for a stable SOC management system, the rate of energy
accumulation during charging/discharging and the submitted
operational baseline must be constrained within a limited
range. Based on the description of Section II, the possible
means to achieve a stable system would be: i) keeping an
appropriate n ratio; ii) setting a reasonable recovery level;
iii) avoiding frequent SOC management actions. These will
be tested and discussed in the case studies.

It is speculated that the unstable issue is caused by the long
delay time for SOC management command to be implemented.
Therefore, it is also worth investigating further on the impact of
such delay time. Fig 6 demonstrates the root locus of the same
system with different delay time. Time delays of 60 minutes
and 30 minutes are investigated apart from the default setting.

It can be observed that as the delay time reduces, the poles
moves to farther left and zeros moves to farther right. Such
behaviors change the system open-loop gain threshold to cross
the imaginary axis. The critical level of the top locus for
each system to cross is 0.0174, 0.0086 and 0.0060, which
corresponds to a delay time of 30 minutes, 60 minutes and
90 minutes. The shown results imply that the system with a
reduced time delay can handle larger open-loop gain without
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Fig. 6. Root locus result of SOC management with different delay time, as
the delay time reduces the gain needed to cross the imaginary axis increases,
indicating a more stable system.

losing the stability, indicating a more stable and robust system.
Therefore, a decrease of the delay can support a stronger SOC
management system of DCFR. The investigation of the delay
time will also be conducted in a separate case study in the
following section.

IV. SIMULATION SETUP
A. Power imbalance estimation

The power system model generates the system frequency
with power imbalance as input, however, both generation and
demand data are difficult to acquire with high time resolution
due to the lack of second-based measurements. As a result,
it is necessary to employ estimation methods to derive the
model input. System frequency, as the product of system
imbalance, can be measured with a much finer precision.
Therefore, a power imbalance estimation method based on
historic frequency data is illustrated in Fig. 7.
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Fig. 7. Illustration of the power imbalance estimation method
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The method consists of three parts, beginning with fre-
quency deviation calculation, where historic frequency data
will be compared with the nominal value. Then the frequency
deviation will be subsequently fed into power deficit and
frequency regulation blocks. The power deficit can be defined
as the residual power imbalance left after the contributions
from frequency response techniques, and it can be expressed
in equation (17). This step reversely derives the imbalance
level of the system after being regulated.

APsystem(s) = Af(s) * (2H$ -+ D) (17)

Frequency regulation, on the other hand, works in parallel
with power deficit calculation. This section separates the
frequency contribution of PFR and SFR from Py sem(S),
as system frequency is also the frequency response input.
Equation (18) and (19) show the frequency response power
from PFR and SFR if deadband and service lag requirements
are met. Eventually the initial power imbalance of the system
can be determined by equation (20).

—1 1
BPprnl(s) = 8 1)« kenx ()« oy (18)
. Tpis+1 . 1
Tpa+1 Trs+1’
k 1
APspr(s) = A f(s) *kpr * kspr * (=) * 77—
S Tas+1 (19)

Tpis+1 1
* *
TD28+ 1 TT8—|— 1’

AP (8) = APsystem(s) + APprr(s) + APspr(s). (20)

This estimation method builds upon the approach proposed
in [33]. However, the previous one was applied to a small
system (the Danish island of Bornholm), where only PFR is
considered. In contrast, this estimation method can be applied
to larger-scale systems since it involves not only PFR and
SFR, but also accounts for the associated requirements such
as service lag time and deadband, which are not discussed
in previous research studies. The estimated power imbalance
data is validated by reusing it as the model input, with the
resulting system frequency data subsequently compared with
the historical data. The comparison results show that the
correlation coefficient between the two frequency datasets is
99%, demonstrating the capability of the method to replicate
the behaviors of a power system.

B. BESS configurations and DCFR service assumptions

One of the main objectives of this paper is to investigate
the impact of different configurations of the battery and
identify the corresponding challenges when providing DCFR.
Therefore, the BESS used for the simulation is considered
as an aggregated single large-scale BESS of all distributed
participants, which allows for simplified modeling and analysis
by considering the collective behavior. The DCFR contracted
quantity of the BESS is set at 1 GW as planned by NGET.
However, DCFR service also requires BESS to reserve certain
space for SOC management, hence the rated power of BESS
will be greater depending on n ratio. The ideal and initial SOC
level is set at 50% as it offers the maximum room for both
charging and discharging.

At the same time, since a large variety of DCFR options
can be selected, which adds complexity to the analysis, the
following assumptions are made throughout the simulations:

o There is no response delay as it is very small.
o DCFR service is provided as a bundled service with 1
GW in both directions.



TABLE III
SIMULATION STUDY CASES

Cases C-rate SOC management range n ratio SOC management target
Case study 1 1.76; 1.0; 0.5 40%-60% 10 Minimum ER
Case study 2 0.8 40%-60%; 30%-70%; 20%-80% 10 Minimum ER
Case study 3 1.68 40%-60% 10; 15; 20 Minimum ER
Case study 4 1.76 40%-60% 10 Minimum ER ; quarter line; middle line; edge line

o The ramp rate limit of baselines is assumed to be constant
throughout each SP on a second-by-second basis, there-
fore the maximum ramp rate is calculated in equation
(21) below.

dPsoc(t) _ PgOC(t) * 5%

(g Jmaz = 1)

tsp

V. INVESTIGATION AND RESULTS DISCUSSION

In this section, four BESS configuration parameters that
influence SOC management are described and investigated:
C-rate and SOC management range, ratio and target. The
four cases are shown in Table III, with several scenarios
assigned to each case. Moreover, two additional case studies
are also conducted to discuss the impact of delay time and
to compare DCFR with EFR. Simulations are conducted for
a 2-day time period between 22"¢ and 24'" February 2020
using GB power system. This period is chosen because of high
frequency volatility and numerous under-frequency events. The
corresponding historical frequency data can be obtained in
[34].

Since SOC level is one of the investigation focuses, the
associated battery degradation is also considered. Battery cycle
degradation, which is the degradation type caused by active
charging and discharging, is assumed to be proportional to
Full equivalent cycles (FEC) [35]. FEC refers to the number of
complete charge and discharge cycles during operation and it
is calculated in equation (22) below, where E*™(t) and E°*(t)
are the energy import and export of BESS.

S(E™ (1) + B (1)

o (22)

FEC(t) =

A. Case study 1: C-rate investigation

Different C-rates of BESS are compared in the simulation,
with corresponding settings in Table IV and results in Fig. 9.
According to the previous analysis in Section II, C' = 1.76
is the maximum C-rate when n = 10 and SOC management
range is 40%-60%. Prp and Pg,. remain constant with a
fixed n ratio, while " varies based on the specific C-rate.

TABLE IV
BESS CONFIGURATIONS WITH DIFFERENT C-RATES
Crate  Ppp MW) Pl MW) P"(MW) Q" (MWh)
1.76 1000 100 1100 625
1.0 1000 100 1100 1100
0.5 1000 100 1100 2000

“n = 10, and SOC pre-set range is 40% - 60%.

SOC exhibits significant oscillations at the highest C-rate
due to the 90-minute delay in SOC management actions. Fig.

8 illustrates the energy and SOC evolution for the C = 1.76
scenario during a 12-hour period on February 22", Energy
plots include energy provision for frequency response, SOC
management, and the overall combined results. SOC plots
display dynamic SOC variation and settlement period SOC
(the value measured at the start of each SP). At 12:30,
indicating the start of the 25t SP, a 1ow-SOC situation is
detected. A baseline for SOC management is subsequently
submitted at 13:00, and implemented two SPs later during
the 28" SP at 14:00, causing a 90-minute delay.

‘—-Response energy —Total energy --SOC energy —SOC - Settlement Period SOC‘
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Fig. 8. C' = 1.76 scenario - Energy and SOC simulation analysis for 12
hours on 22nd February 2020; red text refers to low SOC detection, while
blue text refers to high SOC detection

It is important to emphasize that SOC measurement is
continuous. If SOC falls outside the predefined range without
bouncing back, detection occurs at the start of each SP within
the next 90-minute period. In Fig. 8, SP 25, 26, 27, and 28
all detect low SOC, leading to corresponding baselines being
implemented with a 90-minute delay in SP 28, 29, 30, and
31 respectively. The focus of Fig. 8 primarily highlights the
first SP that identifies SOC outside the range as an example.
Consequently, the delayed baselines result in excessive SOC
management, causing SOC to breach the upper limit. This, in
turn, triggers additional baselines submission to reduce SOC.
However, such baselines for SOC reduction are also subject to
delays, leading SOC to drop below the lower limit, initiating
an oscillating cycle. Therefore, decreasing the time delay of
SOC management action can significantly mitigate oscillation.

In comparison to the C' = 1.76 scenario, the other two
scenarios show no SOC oscillation. Lower C-rates indicate a
larger battery capacity, as shown in Table IV, allowing for
greater energy storage to reduce the likelihood of triggering
SOC management. This behavior is also evident in Fig. 9 (a)
and (c) in terms of power output, where higher C-rates activate
power for SOC management more frequently. This oscillation
also supports the stability analysis findings in section III.C,
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Fig. 9. Case study 1 BESS performance comparison - higher C-rate causes more serious SOC oscillation

where the lower C-rate reduce the need of frequency SOC
management. In the cases of no SOC management, such SOC
feedback loop component is removed in the BESS model in
equation (16), making the root locus result in the left-side of
s-plane and increasing the stability.

The overuse of SOC management power also leads to high
energy throughput and extreme SOC fluctuations, as shown in
Table VI. The C' = 1.76 scenario exhibits four times greater
energy throughput and a wider SOC span compared to the
other scenarios. This energy throughput significantly impacts
battery degradation, measured by FEC. The C' = 1.76 scenario
shows FEC values over 6 times and 16 times higher than the
C = 1.0 and C' = 0.5 scenarios, respectively. Considering the
proportional relationship between FEC and cycle degradation,
the battery with C' = 1.76 experiences cycle degradation at
rates 6 times and 16 times faster.

In general, the negative effects of high C-rates caused by
SOC management delays necessitate a larger capacity BESS
for DCFR service. However, larger battery capacity implies
increased investment and maintenance costs, reducing financial
benefits. Hence, it is crucial to determine an appropriate C-rate
that ensures overall satisfaction.

B. Case study 2: SOC management range investigation

The impact of SOC management also varies with different
preset ranges. Fig. 10 illustrates the performance of three
scenarios with different ranges, from narrow to wide. For all
scenarios, the C-rate is set to 0.8 due to the configuration
constraints from equations (7) and (8). P and P§,~ remain
constant at 1000 MW and 100 MW, respectively, resulting in
a battery capacity Q" of 1375 MWh.

A wider range reduces the need of triggering SOC man-
agement, thereby mitigating the impact of SOC management
delays. In Fig. 10 (a) and (b), the baseline is submitted only
once for the 40% - 60% range scenario due to the larger
capacity. Importantly, SOC fluctuations remain within the
wider range for the other two scenarios, thus avoiding the
need of SOC management. As a result, the behaviors of the
BESS in these two wider-range scenarios are identical, with
overlapping curves. Similar to case study 1, the stability of
BESS model is improved with wider range due to the removal
of SOC feedback loop component in the transfer function in
equation (16).

In this case study, FEC-based battery degradation in the
40% - 60% range scenario is only 1.35 times greater than

the other two scenarios, as SOC management is triggered
only once. However, such a small difference is influenced
by the low C-rate value chosen specifically for investigating
the SOC management range. In practical applications, higher
C-rate settings are often preferred, highlighting the need for
proper SOC management to ensure a constant supply of DCFR
provision. Therefore, selecting a suitable range is vital to
accommodate overall battery configurations.

C. Case study 3: SOC management ratio investigation

Since SOC management significantly impacts power output,
this case study investigates the impact of SOC management
ratio. In Section II, 1,4, is set to 10, with P~ required to
be at least 10% of Pr.. However, reducing P¢, further can
alleviate the impact of SOC management delay, while keeping
C-rate and SOC management range at a challenging level.
Table V shows the selected scenarios, with n increased to 15
and 20. As P remains constant at 1000 MW, Pg.,~ varies
with n, along with the associated battery capacity Qzpgg-

TABLE V
BESS cONFIGURATIONS WITH DIFFERENT SOC MANAGEMENT RATIOS
nratio  Pp, MW) Pl - MW) P"MW) Q" (MWh)
20 1000 50 1050 596.59
15 1000 66.67 1066.67 606.06
10 1000 100 1100 625

*C = 1.76, and SOC pre-set range is 40% - 60%.

Fig. 11 illustrates the battery behavior of the three scenarios.
Both the n = 10 and n = 15 scenarios exhibit SOC
oscillations. However, compared to n = 10 scenario, the
oscillation is mitigated when n is higher (n = 15) due to less
power allocated for SOC management. This can be observed
in Fig. 11 (a), where the first baseline is activated before
the 16" hour, a higher n ratio corresponds to less power
for SOC management. Decreased SOC management power
indicates a reduced negative impact caused by the 90-minute
time delay. For the BESS system stability, the higher n ratio
implies a smaller value of kop in equation (16), which result
in a smaller open-loop gain of root locus, hereby leading the
relevant closed-loop poles to the left side of imaginary axis
and improve the stability.

Table VI shows that the n = 10 scenario results in energy
throughput 1.7 times and 3.7 times higher than the other
two scenarios, with no improvement on frequency quality. It
also correspondingly translates to battery FEC values 1.66
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Fig. 10. Case study 2 BESS performance comparison - narrower SOC management range is more likely to trigger energy recovery action
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Fig. 11. Case study 3 BESS performance comparison - higher n ratio can levitate SOC oscillation impact

times and 3.51 times higher. Therefore, optimizing the SOC
management power ratio when providing DCFR improves the
service quality and sustains battery lifetime.

D. Case study 4: SOC management target investigation

Similar to case study 3, reducing SOC management power
can be achieved by adjusting the SOC management target
rather than adhering to the minimum energy requirement. In
this approach, a factor of m is introduced for the calculation.

The SOC management target refers to the desired SOC level
to which SOC is recovered at the end of the SP, determining
the baseline power level. The energy recovery rules of DCFR
aims to recover at least 20% of the REV per SP, serving as the
benchmark for the case studies. However, this energy require-
ment is excessively high during normal frequency situations
due to the 90-minute delay, as indicated by previous results.
Therefore, alternative SOC management targets are proposed
for investigation, including the quarter line, middle line, and
edge line. These targets aim for specific levels within the SOC
management range.

For instance, the middle line sets the SOC level at the
midpoint between the SOC lower limit and the initial SOC
level in low SOC situations or between the SOC upper limit
and the initial SOC level in high SOC situations. For a BESS
with a 40% - 60% SOC management range, this corresponds
to 45% and 55%, respectively, with m = 0.5. The quarter
line represents the SOC level set at 25% between the range
limit and the initial SOC level, closer to the limit. In the above
example, the targets change to 42.5% and 57.5%, respectively,
with m = 0.25. Finally, the edge line requires the SOC to
be recovered exactly at the range limit, resulting in m = 0.
Thus, m C [0,1], and a smaller m value indicates less

power requirement. Equation (23) demonstrates how the SOC
management target is calculated for a specific m factor:

SOC! = (SOC,, — SOC)) * m + SOCy,
SoCh = SoC), — (SOC), — SOC,) *m,

(23a)
(23b)

where SOC; and SOC), are the lower and upper limit
of SOC management range, SOC! and SOC! denote the
SOC management target in low SOC and high SOC situations
respectively and SOC,, represents the ideal SOC set at 50%.
It should be noted that the minimum energy recovery target
required for DCFR service is considered as the maximum
baseline power in this case. Therefore, any calculated power
exceeding this level will be limited to %. Other parameters
are set to the most challenging values, with C = 1.76, n = 10,
and the SOC management range between 40% and 60%.

Figure 12 and Table VI compare the performance of the
four scenarios. The minimum energy scenario, serving as the
benchmark, exhibits the strongest SOC management action,
followed by the middle line scenario. Neither the quarter line
nor the edge line scenario triggers SOC oscillation due to their
minimal demand for SOC management. Such phenomenon
also supports the conducted stability analysis of BESS SOC
management, the system stability is improved with adjusted
SOC management targets that reduce the value of ko in equa-
tion (16), making the corresponding closed-loop characteristic
roots on the left side of the imaginary axis.

From a statistical perspective, the minimum energy scenario
results in energy throughput and FEC values 1.06 times, 4.02
times, and 3.69 times higher than the middle line, quarter
line, and edge line scenarios, respectively. Thus, effectively
adjusting SOC management targets helps mitigate the negative
effects caused by the 90-minute time delay.
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Fig. 12. Case study 4 BESS performance comparison - adjusting SOC management target helps mitigate SOC oscillation issues

TABLE VI
SIMULATION STATISTICAL RESULTS - DCFR INVESTIGATIONS

. min SOC max SOC min frequency max frequency energy export energy import

Cases Scenarios (%) (%) (Hz) (Hz) (MWh) (MWh) FEC
C=0.5 42.313 50.116 49.789 50.211 345.812 181.085 0.120

Case study 1  C=1.0 36.839 58.336 49.789 50.211 330.254 363.659 0.315
C=1.76 23.006 72.364 49.785 50.211 1253.734 1240.060 1,995

20%-80% 37.700 50.185 49.789 50.211 345.812 181.085 0.192

Case study 2 30%-70% 37.700 50.185 49.789 50.211 345.812 181.085 0.192
40%-60% 38.256 56.675 49.789 50.211 338.919 374.253 0.259

n=20 37.869 56.788 49.790 50.211 336.405 271.692 0.485

Case study 3 n=15 35.846 63.231 49.790 50.211 639.149 668.315 1.025
n=10 28.486 68.227 49.790 50.211 1130.390 1100.413 1.704

Edge line 35.262 60.791 49.790 50.211 337.027 338.254 0.540

Case study 4 Quarter line 37.869 58.777 49.790 50.211 335.594 283.083 0.495
Middle line 26.332 71.818 49.787 50.191 1199.315 1133.945 1.867

Minimum ER 23.006 72.364 49.785 50.211 1253.734 1240.060 1.995

200 - 1

E. Case study 5: Operational baseline delay time discussion
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In this case study, time delays of 90 minutes, 60 minutes,
and 30 minutes, as analyzed in the stability study, are in-
vestigated. Additionally, a 15-minute delay is also included

; . -200-
to further explore the impact of shorter delays. During the 0 4 8
simulation, the BESS is set up with a demanding configuration,
with C=1.76, n=10, SOC management range set as 40%-60%
and the energy recovery aligned with the minimum scenario.
When SOC management is required, a reduced delay time can
help the battery to make swift actions, hence mitigating the
issue of SOC oscillation, as demonstrated in Fig. 13. It is
interesting that the extent of power fluctuation in case study
5 is similar among the different delay time scenarios, which
differs from the results in study 3 and 4, as shown in Fig. 13
(a). It represents that the SOC management request via the
submitted operational baseline remains constant regardless of
the delay time, however, the decreased responding time help

Power(MW)
S
oS O

16 20 24 28 32 36 40 44 48
Time (h)
(a) Power plots

12

100

-
‘—90 minutes delay —60 minutes delay —30 minutes delay —15 minutes delay‘

16 20 24 28 32 36 40 44 48
Time (h)
(b) SOC plots

12

Fig. 13. Case study 5 BESS performance comparison - reduced time delays
mitigate SOC oscillation issues.

prevent excessive management of SOC, thereby reducing the
need for subsequent requests to correct the SOC levels.

The SOC plot in Fig. 13 (b) provides further validation
that SOC oscillation issue is significantly tackled when the
delay time reduces to 60 minutes and further mitigated with
30 minutes and 15 minutes. It demonstrates the impact of
operational baseline delay time on the behaviors of the BESS.

F. Case study 6: DCFR vs EFR

As the predecessor of DCFR service [14], EFR was devel-
oped into two types - service 1 and service 2, where service
1 focuses on SOC management, while service 2 prioritizes
frequency regulation [13]. This case study compares DCFR
with EFR for understanding its characteristics.

BESS configurations for both services are presented in Table
VII, with DCFR settings aligned to the required n ratio and
SOC management target. A narrow SOC range is selected to
maximize the differences, and a C-rate of 1.0 is chosen to
mitigate the negative impact of baseline delay. The maximum
power for frequency regulation is set at 1000 MW.

TABLE VII
BESS conricurAaTiONs FOR DCFR anD EFR
Services ~ SOC management range  C-rate  P"” (MW) Q" (MWh)
EFR 40%-60% 1.0 1000 1000
DCFR 40%-60% 1.0 1100 1100

* For DCFR, n = 10, hence P}, = 1000MW and P§, . = 100MW; SOC
management target is set to be the minimum energy requirement.



TABLE VIII
SIMULATION STATISTICAL RESULTS - DCFR vs EFR INVESTIGATIONS

. min SOC max SOC min frequency max frequency energy export energy import
Services () (%) (Hz) (Hz) (MWh) Mwh)  FEC
EFR servicel 36.936 58.909 49.848 50.144 713.618 755.959 0.734
EFR service2 13.360 63.086 49.844 50.137 1471.175 1377.418 1.424
DCFR 36.839 58.336 49.789 50.211 330.254 363.659 0.315

Fig. 14 (a) shows the frequency comparison between DCFR
and EFR services. All three services reduce frequency devia-
tion compared to basecase frequency, which is the simulated
system frequency without BESS integration. Meanwhile, the
most stable SOC curve is achieved by DCFR according to Fig.
14 (b).
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Fig. 14. DCFR vs EFR comparison - all services help improve frequency
quality, DCFR achieves the most stable SOC variation compared to EFR

Additionally, DCFR improves frequency quality by increas-
ing the number of frequency data within the deadband, as
shown in Fig. 15. EFR service 1 and service 2 sacrifice
some frequency data for SOC management, resulting in fewer
frequency data within the deadband. In contrast, DCFR im-
plements an alternative SOC management mechanism and
enhances the frequency quality. On average, DCFR service
leads to a 7.93% higher percentage of frequency data within
the deadband compared to the two EFR services. This indicates
reduced activation of PFR and SFR, which is advantageous for
financial benefits. Table VIII provides statistical comparisons
among the services.

Although DCFR has a slightly wider frequency span than
EFR, its SOC span is as narrow as EFR service 1. More-
over, the DCFR energy throughput is only 43.5% and 24.4%
compared to EFR, corresponding to 42.9% and 22.1% of
FEC, respectively. This shows that DCFR outperforms EFR
by utilizing less energy while achieving similar frequency and
superior SOC and FEC outcomes.

It should be noted that battery configurations can be further
optimized to fully unlock the potential of DCFR. Since a
significant portion of the DCFR response curve is designed for
frequencies outside the knee-point range, DCFR may play a
more crucial role in large frequency deviations in contingency
situations. Moreover, the collective impact from both DCFR
and other future ancillary services is also worth investigating,
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Fig. 15. Frequency probability density for DCFR and EFR - DCFR leads
EFR by achieving more frequency data inside PFR/SFR deadband

particularly via experimental validation, this will be explored
in the future research analysis.

VI. CoNcLUSION

This paper provides an assessment and analysis of DCFR
frequency response service, including the response curve, the
SOC management rules, and the associated unit configuration
constraints. A methodology is presented to investigate the per-
formance of DCFR-based BESS in a power system, alongside
a stability analysis focusing on the impact of the SOC man-
agement mechanism. The stability assessment is conducted
via root locus study, where the theoretical findings show that
large open-loop gains could cause instability to BESS SOC
management system due to the long delay time. The results
are supported by a comparative stability study aiming for
different time delays, which demonstrates that the reduced
delay enables the SOC management system to handle larger
open-loop gains without losing the stability. Furthermore, four
BESS configuration parameters that are relevant to the value
of such gains in BESS SOC management system are identified
via dynamic simulations for the service performance: C-rate,
SOC management range, ratio and target.

A power imbalance estimation method is utilized for gaining
the simulation input for the integrated power system model.
The simulation results show that DCFR can improve frequency
quality, but SOC management affects the power output signif-
icantly due to its 90-minute time delay and it might cause
SOC oscillation if the battery is configured improperly. Low
C-rate and wide SOC management range are less likely to
cause SOC oscillation and low FEC, as they can alter the
value of open-loop gains of the transfer function of SOC
management system. Two other parameters are also analyzed:
SOC management ratio and SOC management target. Low



SOC management ratio generates SOC oscillation and causes
high FEC. Meanwhile, the impact can be alleviated by re-
configuring the SOC management target, the minimum en-
ergy recovery requirement ends up with more serious SOC
fluctuation and high FEC than adjusted SOC management
target scenarios. Both methods affect the stability of the SOC
management system by changing the value the open-loop gain,
hence avoiding the oscillation. A case study is dedicated for
the time delay, the findings showcase that the SOC oscillation
can be mitigated with reduced time delay even the BESS is
set up with demanding configuration. Finally DCFR service
is also compared with EFR, the results present that it utilizes
less than 50% of energy throughput and achieves the best SOC
curve. DCFR also outperforms EFR by leading the share of
frequency inside deadband by 7.93% on average.
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