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Peak Operation Mode-Matching Online Fast Frequency Response Capacity
Estimation for Lithium-ion Battery Energy Storage System

Shaoxin Shi"”, Qiao Peng

and Jinhao Meng

Abstract—Fast frequency response capacity (FFRC) is critical
for frequency support performance and safe operation of battery
energy storage system (BESS). Conventional methods fail to match
the specific fast frequency response (FFR) requirements of the
grid, leading to conservative assessment or inaccurate estimation-
caused penalty. This letter proposes a peak operation mode (POM)-
matching online FFRC estimation method for BESSs. An elastic
resistor-based equivalent circuit model is developed to address
modeling inaccuracy under strongly nonlinear impedance behavior
during FFR-POM. Then, an impedance construction method is
developed to obtain the continuous impedance curve, based on
which online FFRC estimation is realized by iterative search-
ing under multiconstraint. Experimental results prove the excel-
lent estimation accuracy of the proposed method under various
conditions.

Index Terms—Equivalent circuit model (ECM), fast frequency
response capacity (FFRC), lithium-ion battery energy storage
system (BESS), online estimation, peak operation mode (POM).

I. INTRODUCTION

ITHIUM-ION battery energy storage systems (BESSs) are
L one of the key technologies in modern power systems due
to the rapid response speed and high controllability [1]. Among
different ancillary services required by the grid, fast frequency
response (FFR) is critical for BESSs [2]. To maximize efficiency
and ensure battery safety, accurate evaluation of available FFR
capacity (FFRC) is important.
The FFRC of BESS is constrained by both the power con-
version system and the battery output capacity. The power
conversion system constraint has been widely discussed [3],

Received 14 May 2025; revised 20 June 2025 and 12 July 2025; accepted 23
July 2025. Date of publication 1 August 2025; date of current version 8 Septem-
ber 2025. This work was supported by the National Natural Science Foundation
of China under Grant 52207218 and in part by the Guizhou Provincial Science
and Technology Support Plan under Grant [2023] General 293. (Corresponding
author: Qiao Peng.)

Shaoxin Shi, Qiao Peng, and Tianqi Liu are with the College of Elec-
trical Engineering, Sichuan University, Chengdu 610065, China (e-mail:
shishaoxin@stu.scu.edu.cn; gpeng @scu.edu.cn; tqliu@scu.edu.cn).

Jinhao Meng is with the National Innovation Platform (Center) for Industry-
Education Integration of Energy Storage Technology, Xi’an Jiaotong University,
Xi’an 710049, China, and also with the the School of Electrical Engineering,
Xi’an Jiaotong University, Xi’an 710049, China (e-mail: jinhao@xjtu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2025.3594960.

Digital Object Identifier 10.1109/TPEL.2025.3594960

, Member, IEEE, Tianqgi Liu
, Senior Member, IEEE

, Senior Member, IEEE,

rt /- CP-POM Pt Activation
\ \—Sustainjng support
r
- - Taaf i Taur J
CV-POM
0 [ [id
@ 0 ()

Fig. 1. Output power of BESS under: (a) Convention POMs and (b) FFR-
FOM, where Pg is the output power, T, is the activation time, and Ty, is the
sustaining support time.

while the limitations on the battery have rarely been reported.
Such output capacity of BESS is usually referred to as the state of
power (SOP). When assessing the SOP of BESS, most existing
studies assume a fixed peak operation mode (POM) within the
prediction window, e.g., constant current (CC), constant voltage,
or constant power [4]. However, the output power of BESS
under FFR-POM differs a lot from the conventional POMs, as
depicted in Fig. 1. Note that the polarization effects, especially
the electrochemical polarization and concentration polarization
of battery, are significantly impacted by the POM, i.e., the time-
varying current trajectory [4]. Thus, existing methods designed
for conventional POMs are not applicable for FFRC estimation,
which will lead to conservative results or induce safety issues.
In [5], the concept of sustaining power boundary is proposed
for assessing the inertia-supporting capacity of BESS, reducing
the estimation error by 50% over the CC-POM. These findings
highlight the importance of customizing POM for estimating
BESS’s output capacity. When estimating the FFRC of BESS,
the specific FFR-POM that typically consists of activation phase
and sustaining support phase should be adequately considered
[6], which has not been discussed in previous studies.

For SOP estimation, the model-based methods are widely
utilized, which can capture the impedance of battery and support
online application [7], [8]. Equivalent circuit models (ECMs),
such as the Thevenin and dual-polarization (DP) models, are
common options due to the tradeoff between accuracy and
computational cost. However, these models can hardly capture
the nonlinear behaviors of battery during unconventional POM
[9], where the high rates and sustaining output demand may sig-
nificantly intensify polarization [10]. Although electrochemical
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model (EM) can characterize these phenomena, the numerous
parameters and partial differential equations of EM impose a
huge computational burden, limiting its online application. Aim-
ing at this point, several studies consider electrochemical effects
in ECMs. For example, Arrhenius and Butler-Volmer equations
are introduced into the Thevenin model in [11] to reflect current-
rate-dependent polarization. The dependence relationships of
current and concentration are incorporated in [12]. However,
these models suffer from complex parameterization and high
computational burden and fail to capture complex polarization
under time-varying POM. As revealed in [13], the negative
resistor can be applied to address the intensive polarization effect
of battery in irregular working conditions, while its applicability
in FFRC estimation has not been investigated. Therefore, there
still lacks effective methods regarding battery modeling under
FFR-POM for FFRC estimation.

In view of the above issues, a novel model-based method for
POM-matching online FFRC estimation is proposed in this let-
ter, where an elastic resistor-based ECM (ER-ECM) is applied.
The main contributions are summarized as follows.

1) ER-ECM is developed for accurately capturing the non-

linear characteristics of battery with a simple structure.

2) The developed experiment-based full-range impedance

construction method efficiently supports online applica-
tion of the ER-ECM.

3) The proposed iterative searching-based multiconstraint

FFRC estimation strategy improves accuracy and safety
of battery.

II. FFRC ONLINE ESTIMATION METHOD
A. FFR Output Requirements

FFR is rapidly adjusting the output power to compensate for
the grid power deficit and prevent frequency drop. For central
dispatching and revenue settlement, the FFR-POM is specified
by grid operators. The output power of BESS should match the
POM requirement, or the FFR support cannot be certificated
and rewarded. Typically, the FFR consists of two stages, i.e.,
activation and sustaining support [2], as shown in Fig. 1(b). The
FFR output power can be described as

P maxL70<t<T
PB(t){ BrmaxT o™ =7 = fat

1
PB,ma)ut > Tact~ ( )

B. ER-ECM

In this letter, a representative cell model is employed to
approximate the BESS behavior, assuming great consistency
among battery cells. The consistency of cells can be maintained
by improved manufacturing and equalization technologies and
has been validated in prior studies [14], [15].

Under the FFR-POM, battery’s current and voltage exhibit
monotonically grow and decline with mutual coupling. Impacted
by a sustaining and high discharge rates output condition, the
complex effects from solid phase diffusion reaction and lithium
depletion in the electrolyte accelerate the nonlinearity of battery
impedance at the late stage [16]. Moreover, experimental results
indicate that the nonlinearity is highly related to real-time state
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Fig. 2. Model structure of ER-ECM.

of charge (SOC) of battery. It is difficult for conventional ECMs
to describe the nonlinearity, as their component parameters
are positive and fixed, which are typically identified in normal
conditions.

Thus, an elastic resistor-based RC link is proposed in this
paper to capture the complex polarization of battery, based on
which the ER-ECM is developed. The structure of ER-ECM is
shown in Fig. 2, where R- is the elastic resistor. As shown in
Fig. 2, R, can be positive or negative, and its corresponding RC
link characterizes the phenomenon of polarization saturation or
enhancement, respectively. The elastic resistor-based RC link
is characterizing the combined effect of solid phase diffusion
reaction and lithium depletion in the electrolyte of battery. Note
that the ER-ECM is different from the conventional DP model,
as the second RC link represents different electrochemical re-
actions within the battery, and with Rs can be negative. The
operational characteristics of a battery based on the ER-ECM
are expressed as

Vi = Vi1 5/ T 4 I 1 Ri(1 — e T/ 7)
Vie = Vock — Vor,k — Voo, — Ik Ro (2)
SOCy, =SOCy_1 — I1;_1Ts/ Qn

where the subscript k& denotes the time step, 75 denotes the
sampling interval, V},; (i = 12) and 7; = R;C; are the voltage
and time constants of the ith RC link, respectively, V; and I are
the terminal voltage and current, respectively, R is the ohmic
resistance, Oy is the nominal capacity, and Voc is the open
circuit voltage, which can be obtained by the SOC [17].

The equivalent impedance of ER-ECM Z, is derived as

Ze(t) = Ro+ Ri(1 — e "/ F100) 4 Ry(1 — ¢ ¥/ F2C2) (3)

€q

Z, (1)

where Z;, is the polarization impedance, Ry # 0, and C, > 0.

C. Full-Range Impedance Construction

As the elastic resistor can be positive or negative, the pa-
rameter identification of the ER-ECM is challenging, especially
in online application. Conventional identification is performed
under normal operating conditions with relatively mild dis-
charge rates, which lacks information on nonlinear polariza-
tion behavior under FFR, leading to model mismatches. In
this letter, the experiment-based impedance measurement and
impedance curve fitting method is applied to obtain the full-
range impedance curve for online parameter identification. At
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the experiment stage, the model parameters are identified under
the predesigned FFR pulses (FFRPs) test, consisting of pulses
at varying T, and a fixed Tqy, for 30 s, covering SOCs from
80% to 20% at 10% intervals. Prior to each test, the battery
is discharged to the specified SOC and fully relaxed, then
discharged under the FFR pulses until the voltage reaches its
cutoff, recording the equivalent impedance corresponding to the
FFR pulses.

Based on the experimental impedance, the model parameters
can be identified offline, and the relationship of model varia-
tion with SOC can be established for online application. Con-
ventional parameter fitting (PF) method relating parameters to
SOC may cause overfitting when Rs crosses zero for ER-ECM.
Considering the continuous variation of the impedance curve, a
hybrid strategy is proposed to identify the impedance, where the
PF is applied to Ry and curve fitting is performed for Z, under
different SOC and T, i.e.,

Z,(t) = F(SOC, T, 1). @)

The full range of polarization impedance curves can be con-
structed by (4), which avoids overfitting of Rs.

Based on (4), the time-dependent curve of Z, ;(f) can be
estimated online by real-time T, and estimated SOCy. Then,
the ER-ECM parameters ¢ = [Rq, Ci, Ro, Ca] of Z, 1(t)
are identified using a multistart nonlinear least squares by
minimizing

min F () = Z [Zp k(1) — Zp,k(ta V)

¥ teR

]2

(&)

where Zp is the estimated polarization impedance.

D. Multiconstraint FFRC Estimation

With the identified ER-ECM parameters, the FFRC can be
estimated. To ensure safe operation, FFRC estimation must
consider the constraints of voltage, current, SOC, and state
of energy (SOE). Since the estimation target is output power,
the FFRC under SOE constraint at moment k can be directly
expressed as

SOEj, — SOE i) EN
Pson]?ax _ ( k min (6)
Bomak (Tsup + Tact/ 2)

where Ey is the nominal energy and SOE,,;,, is the lower limit
of SOE.

Unlike SOE, voltage, current, and SOC are time-varying and
couple with each other under FFR-POM. At the same time,
given the low cost and fast computation requirements for online
deployment. An iterative searching strategy is proposed in this
letter to address these constraints and online requirements. The
BESS output power over the prediction window is

P iyj = Iiq 5[0 (SOCrqj—1, Ty j—1)
— ha(Vpiktj—15Titj—1) — Rowliysi] (D)

where j = {1, ..., K} with K being the prediction window
length, Py j; denotes the discrete FFR power at time k+j,
with P, 4j = jTsPB max, /T act during the activation stage, and
PB,k+j = PB max, during the duration stage, 1, represents Voc
as a function of the SOC and I at the previous moment, and /-
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expresses V},; as a function of polarization voltage and I at the
historical moment.

Solving (7) yields the estimated Ij,;, and then Vj_; and
SOC}, ;. This chainwise estimation continues iteratively until
the end of a prediction window. Due to the monotonic evolution
of battery current, voltage, and SOC, all their boundary condi-
tions occur at end step K, which is denoted as Yx = [V, Ik,
SOCk]. The constraint vector of Y is denoted as Y. = [V} min,
Inax, SOCpin], corresponding to the cutoff voltage, the maxi-
mum current, and the lower limit of SOC, respectively. Then,
based on the relationship between Yx and Y., the estimated
PB max can be iteratively adjusted according to the following
until multiconstraints are satisfied:

Ykn+K = g(P]g,max,k) (8)
P]g,max.,k = Pg,;r}ax,k + wZ*lpd

where 7 is the iteration count, g(.) denotes an implicit nonlinear

function of a given Pp max With estimate Y, Pgq is the adjust-

ment step, and w is the correction weight, which is used to adjust

the direction of the next search, and w is determined as follows.

1) Allthe variables in Yk are within the constraint, indicating
that Pp max 1S underestimated. Set w = 1.

2) Any variables in Y violate the constraint, indicating that
PR max 1s overestimated. Set w = —1.

3) Some variables in Y opportunely reach their thresh-
olds while others still satisfy their constraints, indicating
that Pp max 1S optimal. Set w = 0, and the iteration is
terminated.

To balance estimation efficiency and accuracy, the variable in
Yk approaches its threshold with absolute deviation of less than
0.4% can be considered as reaching the threshold. Considering
the continuous variation of the battery output capacity, the
estimation result at moment k-1 is used as the initialization of the
iteration at moment k, i.e., Pé’max’ = PB,max, k1. Therefore,
the multiconstraint FFRC estimation result is obtained by

MC . SOE
PB,mach = mln(PB,max,kﬂ PBJUB«XJC)' (9)

III. EXPERIMENTAL VALIDATION

A. Experimental Setup

The experimental tests are conducted on a cylindrical ICR-
18650 lithium-ion battery with nominal capacity of 1.5 Ah and
rated voltage of 3.6 V. The operating constraints are [V min,
Imax, SOCpmin, SOEnin]l = [2.5 'V, 27 A, 15%, 15% ]. The
battery test platform shown in Fig. 3 consists of a programmable
battery charge/discharge tester, a host computer for generating
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Fig. 4. Polarization impedance results for 7ot = 1 s FFRP test.
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Fig. 5. RMSE of different models in FFRP test.

control signals and collecting data, and a temperature chamber
for ambient control. The time configuration of the FFR-POM is
[Tact, Taur]l = [ 0.7/1/1.3 s, 30 s] with reference to Energinet’s
FFR technical requirements in the Nordic Synchronous Area
[2]. Pqissetto 0.1 W.

B. Validation of ER-ECM

This section verifies the accuracy of the proposed ER-ECM.
Fig. 4 presents the polarization impedance under the Tt = 18
FFRP test. The results reveal a distorted saturation growth in the
high SOC region and a pronounced acceleration in the low SOC
region, indicating strong nonlinear polarization behavior. The
ER-ECM is then compared with the Thevenin and DP models.
As shown in Fig. 5, the ER-ECM consistently outperforms the
others across the full SOC range, achieving a maximum root-
mean-square error (RMSE) of 0.45 m{2, which is 83% and 33%
less than the Thevenin and DP models, respectively.

C. Validation of FFRC Estimation

The proposed FFRC estimation method is validated through
static and dynamic tests. Given a set of SOC points with an
interval of 0.1% in the range of 20% —80% SOC, the proposed
method will produce the FFRC estimation of the battery under
the equilibrium initial state. In addition, online SOE estimation
is realized by leveraging the strong correlation between SOC
and SOE [18]. Its validity is verified via static FFRC tests
conducted at SOC levels from 25% to 75% in 10% intervals.
In each test, an FFR pulse is injected into a fully rested battery
at the specified SOC. When the injected FFR pulse did not reach
boundary conditions, the amplitude of the pulse is adjusted until
areference value that meets the boundary conditions is obtained.
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Fig. 6. Experimental results of static Thct = 1 s FFRC estimation.
TABLE I
ESTIMATION ERROR OF STATIC FFRC (% )
Method RMSE MAE
Proposed 1.95 1.63
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Fig. 7. FRWC current profile and SOC estimation results. (a) Current.

(b) Online SOC estimation results.

Fig. 6 shows the results of static T,y = 1 s FFRC estimation.
The estimated FFRC accurately tracks the reference values with
amaximum absolute error of 1.3 W, which indicates the excellent
performance of the proposed method. A comparison between the
proposed method and two methods based on the hybrid power
pulse characterization (HPPC) and PF parameterized DP model
is given in Table I. The HPPC method yields RMSE and mean
absolute error (MAE) of 9.1% and 7.69%, respectively, while the
PF method results in errors of 6.38% and 4.48% . In contrast,
the proposed method achieves lowest RMSE and MAE of 1.95%
and 1.63% . It represents a reduction in RMSE by 7.15% and
4.43% compared to HPPC and PF methods, respectively.

Dynamic FFRC tests are conducted under frequency regula-
tion working condition (FRWC) with an interval of 1000 s, as
shown in Fig. 7(a). The dynamic FFRC test follows the same
principle as the static one but without a relaxation period before
the FFR pulse. An extended Kalman filter algorithm is employed
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TABLE II
ESTIMATION ERROR OF DYNAMIC FFRC BY DIFFERENT METHODS (% )

Method RMSE MAE

Proposed 4.22 3.04
Offline test 5.49 4.0
HPPC&DP 10.91 8.06

PF&DP 11.26 8.84

for online SOC estimation, achieving high accuracy with the
estimation error consistently within 2%, as shown in Fig. 7(b).
Based on the online SOC and SOE estimation results, the FFRC
estimation under FRWC can be realized.

Fig. 8 illustrates the dynamic T,.; = 1 s FFRC estimation
results, comparing the proposed method with the offline test,
HPPC, and PF methods. The offline test method measures the
FFRC under various SOC and T, in a controlled experimen-
tal environment. It assumes that the measured FFRC changes
continuously and monotonically with SOC, and this trend is
captured using a fitting function. Since the procedure of the
offline test is same as the static FFRC test, the measurement
results of the offline test are based on the static FFRC test results.
The proposed method accurately tracks the reference throughout
the test, while the offline test exhibited a noticeable deviation
around 2000 s, indicating its limitation for online applications.
Furthermore, both the HPPC and PF methods demonstrate in-
ferior performance. As summarized in Table II, the proposed
method achieves the highest accuracy, with both RMSE and
MAE below 4.3% . Compared with the offline test, HPPC, and
PF methods, the RMSE of the proposed method is reduced by
1.27%, 6.69%, and 7.04%, respectively.

IV. CONCLUSION

This letter proposes a novel POM-matching online FFRC
estimation method for BESS. The ER-ECM can effectively
capture the strong nonlinearity of battery polarization with a
simple structure. An experiment-based impedance construction
method facilitates reliable online application of the ER-ECM.
Moreover, the multiconstraint FFRC estimation strategy im-
proves estimation accuracy and ensures safety of battery. Ex-
perimental tests validate the proposed method, which realizes
reliable online FFRC estimation with a MAE below 3.1% under
different operating conditions.

This study focuses on battery modeling and online FFRC
estimation under FFR-POM, with an assumption that the
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consistency among battery cells in BESS remains within good
limits. When the inconsistency of cells increases, expansion and
integration of cells’ models may be required, which will be ex-
plored in future work. Moreover, the adaptability of the proposed
method on different types of battery and under different grid
support conditions will be investigated. The operational limita-
tions of the power conversion system will be comprehensively
considered as well.
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